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Abstrakt v českém jazyce
Název doktorské práce: Vývoj a využit́ı zobrazovaćıch metod v bĺızkém poli v terahertzovéspektrálńı oblasti
Autor: RNDr. Milan Berta
E-mailová adresa autora: milan.berta@gmail.com
Školitel: Dr. Filip Kadlec
E-mailová adresa školitele: kadlecf@fzu.cz
Škoĺıćı pracovǐstě: Odděleńı dielektrik, Fyzikálńı ústav AV ČR, v. v. i. v Praze, Na Slovance 2,CZ-182 21 Praha 8
Konzultanti: Prof. Norbert Klein a Dr. Petr Kužel
Abstrakt: Předkládáme výsledky studia citlivosti a rozlišeńı kovově-dielektrických sondurčených k zobrazováńı v bĺızkém poli. Š́ı̌reńı elektromagnetického pole sondou byloexperimentálně studováno pomoćı časově rozlišené terahertzové spektroskopie a numerickymodelováno v prosťred́ı CST MicroWave Studio® 2008. V bĺızkosti koncové plochy sondy bylonalezeno několik zón citlivých na lokálńı dielektrické vlastnosti a lokálńı anizotropii vzorků.Byla provedena mě̌reńı citlivosti a kontrastu v několika různých uspǒrádáńıch sondy a vzorků;výsledky byly potvrzeny numerickými simulacemi. Źıskaná data byla analyzována metodousingulárńıho rozkladu, která umožnila rozlišit nezávislé fyzikálńı jevy v mě̌rených datecha oddělit vněǰśı vlivy od užitečného signálu. Byly odděleny a rozpoznány nezávislé složkyodpov́ıdaj́ıćı charakteristickým změnám ve výstupńım terahertzovém pulzu, např́ıklad p̌ri změnáchvzdálenosti sondy a vzorku, a při zkoumáńı lokálńı anisotropie ferrorelectrického krystalutitaničitanu bárnatého (BaTiO3). V zobrazeńı vzorku ferroelektrického BaTiO3 byly rozpoznánydoménové struktury s charakteristickým rozměrem 5 µm, t. j. s rozměrem deset krát menš́ım nežbyly charakteristické rozměry výstupńı plochy sondy a čtyřicet krát menš́ım než byla nejkratš́ıvlnová délka použitého zá̌reńı. V terahertzové spektrálńı oblasti jsme prozkoumali citlivost sondyna index lomu pomoćı několika vzorků s volným povrchem a následně s povrchem přikrytýmpolyetylénovým filmem. Tenký plastový film zapř́ıčinil sńıžeńı citlivosti sondy na index lomuvzorků pod ńım, ale přesto umožňoval jejich rozpoznáváńı. Vynaložili jsme úsiĺı na zhotoveńıdvojité kovově-dielektrické sondy složené ze dvou spojených sond s ćılem zvýšit rozlišeńızobrazováńı. Zobrazovaćı experimenty na vzorku s kontrastem kov-dielektrikum prokázalyfunkčnost této dvojsondy.
Kĺı̌cová slova: mikroskopie s rozlišeńım pod difrakčńım limitem, zobrazováńı v bĺızkém poli,dielectrické vlnovody, terahertzové a mikrovlnné zářeńı
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Abstract in English
Title: Development and applications of near-field imaging methods in the terahertz spectraldomain
Author: M.Sc. Milan Berta
Author’s e-mail address: milan.berta@gmail.com
Advisor of the doctoral work: Dr. Filip Kadlec
Advisor’s e-mail address: kadlecf@fzu.cz
Training institute: Department of Dielectrics, Institute of Physics of the AS CR, Na Slovance 2,CZ-182 21 Prague 8
Consultants: Prof. Norbert Klein and Dr. Petr Kužel
Abstract: We are reporting on a study of the near-field sensitivity and resolution of ametal-dielectric probe (MDP). The propagation of the electromagnetic field across the probewas studied experimentally by means of time-domain terahertz spectroscopy and numericallysimulated by CST MicroWave Studio® 2008. Several localised areas at the probe end facetwere distinguished and showed to be sensitive to the local dielectric properties and localanisotropy of the sample. Contrast and sensitivity measurements were conducted in severalconfigurations of a MDP; the results were confirmed by simulations. The acquired data wereanalysed by using singular value decomposition that enabled separating independent physicalphenomena in the measured datasets and filtering external disturbances out of the signal.Independent components corresponding to the changes in the output terahertz pulse uponvarying the probe-sample distance and reflecting the local anisotropy in a ferroelectric bariumtitanate (BaTiO3) crystal were extracted and identified. The domain structure withcharacteristic dimensions of about 5 µm was resolved during imaging experiments on theferroelectric BaTiO3 sample, i. e. the resolved structures were ten times smaller than thecharacteristic dimensions of the end facet of the probe and forty times smaller than the shortestwavelength employed. Sensitivity of the MDP to refractive index was examined employingsamples with bare surfaces and consequently with Mylar-covered surfaces. The thin coverage ofMylar film slightly decreased the sensitivity of the probe to the refractive index of the sampleunderneath, but it still allowed distinguishing among samples. Effort has been put forth tomanufacture a metal-dielectric dual probe consisting of two joined MDPs with the aim toenhance the resolution at imaging. Imaging experiments demonstrated the sensitivity of thedual probe on a sample with metal-dielectric contrast.
Keywords: microscopy with subwavelength resolution and near-field imaging, dielectricwaveguides, terahertz and microwave radiation
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Preface

In 2004 preliminary experiments were made in the laboratory of the terahertz (THz) group ofthe Institute of Physics of the AS CR, Prague (IoP) to show the possibility of near-field THzmeasurements with a new method based on radiation waveguiding and focusing [Klein et al.,2005]. The concept consists in concentrating a significant part of a single pulse into an areamuch smaller than the wavelength used, very close to the sample surface. The idea came fromcooperation between Priv. Doz. Norbert Klein (then head of the microwave (MW) research groupForschungszentrum Jülich, Germany), and Dr. Filip Kadlec and Dr. Petr Kužel (head of the localTHz research group), and it became the base of a patent application later. The results of theseexperiments have shown the potential of the method and the worth of focusing on improving theresolution and sensitivity of the near-field probe in this concept. In that year the THz grouphad also obtained a new room, and shortly, work had been started on building a new THz(pulsed) near-field setup from scratch to continue and develop the technique there.The aim of the present work is to investigate a specific near-field imaging technique suitablefor the THz and MW frequency regions, both experimentally and theoretically. We describe theprinciples of the experiment and compare it with the state-of-art techniques. We present theexperimental setup, the improvements made during the work and the obtained results.The thesis is divided into four chapters, as follows:
� Chapter 1 gives an introduction to the subject of the THz radiation as well as to imaging,spatial resolution and concepts of near-field imaging. We compare our method to thealternative ones within their principal and also technical differences.
� In chapter 2 we describe the tools used for obtaining all the data to be evaluated:the probes, the experimental setup in MW and THz frequency domains, the simulationtool, the structure of our datasets and the application of the method of singular valuedecomposition, which helped us with data-mining.
� In chapter 3, we present the original experimental results and compare them to resultsfrom simulations, part of which was published earlier [Berta and Kadlec, 2010; Berta
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xvi
et al., 2009]. We present results of the preliminary experiments, of the distribution andcharacteristics of the electromagnetic field at the end of our probe, of the broadbandmeasurements with and without spatial resolution, of the MW measurements and resultsof the sensitivity of a dual probe.
� Chapter 4 summarises and draws conclusions on the presented work.The electronic version of this document in a PDF format is available upon request at

milan.berta@gmail.com for personal needs only. It contains coloured hyperlinks to cross-references and to citations and is identical with the printed publication regarding the contentand the format.
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Chapter 1

Terahertz radiation, spectroscopy and
near-field imaging

In this chapter, we introduce the reader to properties of the terahertz (THz) radiation (section 1.1),to techniques for generating and detecting it (sections 1.2 and 1.3), to THz spectroscopy andimaging (sections 1.4 and 1.6), as well as to requirements for imaging with subwavelengthresolution (sections 1.7 and 1.8). We explain the concepts behind various techniques used fornear-field imaging in the THz frequency range in the past and in the present (section 1.9).Further, a theoretical description is given on waveguides and transmission lines (section 1.10),and at the end, we summarise the properties of the materials that were under study in ourexperiments (section 1.11).
1.1 Terahertz spectrum and terahertz radiation

Until the early 1980s the electromagnetic spectrum (see fig. 1.1) was loosely divided into twobroad areas. The frequencies belonging to the radio and microwave (MW) regions (/ 100 GHz)were accessed directly with electronics, while the frequencies of infrared (IR) radiation andabove (' 2 THz) were handled by photonics, by the production of photons through quantumtransitions [Hwang and Lin, 2007]. The frequency range between the MW and IR hardlyaccessible, because the electron mobility, crucial for MW techniques, is rapidly decreasingtowards higher frequencies, and because of the lack of semiconductor materials with a wide-enough band-gap. This electromagnetic-frequency range between MW and IR waves which
1



1.1. TERAHERTZ SPECTRUM AND TERAHERTZ RADIATION 2
spans over frequencies from 0.1 to 10 THz (according to a commonly accepted definition) isnamed the the THz gap, THz radiation, THz waves, terawaves, submillimetre radiation, millimetreband, millimetre wave (sometimes abbreviated MMW or mmW), THz light, T-rays, T-light, T-lux,or simply THz. The term T-rays was originally coined by Bell Labs in the mid-1990s, and itgained the most popularity in commerce, but the scientific community still did not fully agreeon the best choice of the name of the frequency-domain (FD) [Abbott and Zhang, 2007].

Figure 1.1: Each decade of the electromagnetic spectrum spanning from low-frequencies to
γ-rays has its own merits. Examples of industries are displayed below a specific spectraldomain. Industries are typical for the domains or are using the domains preferentially. One ofthe least explored frequency domain is the THz, and it conceals potentiality for many industries.

In recent years there have been many publications released presenting an overview of thecurrent knowledge about T-rays and their use to the wide scientific community, e. g. [Dexheimer,2007; Lee, 2008; Mittleman, 2004; Sakai, 2005; Tonouchi, 2007].The value of frequency ν of 1 THz can be expressed by various units as follows:
1 THz ∼ 1 ps ∼ 300 µm ∼ 33 cm−1 ∼ 4.14 meV ∼ 48 K. (1.1)

and they are in order of enlistment as follows: frequency, period, wavelength, wavenumber,energy and Boltzmann equivalent temperature. As a part of the electromagnetic (EM) radiation,that of THz also fulfils the Maxwell equations. Their integral and differential forms are displayedin table 1.1.
CHAPTER 1. TERAHERTZ RADIATION, SPECTROSCOPY AND NEAR-FIELD IMAGING 2
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Name of the law Differential form Integral formGauss’s law ∇· E = ρ

ε0
‚

∂V E · dA = Q(V )
ε0Gauss’s law for magnetism ∇· B = 0

‚
∂V B · dA = 0Maxwell–Faraday equation(Faraday’s law of induction) ∇× E = −∂B

∂t

¸
∂S E · dl = −∂ΦB,S

∂tAmpère’s circuital law (withMaxwell’s correction) ∇× B = µ0J + µ0ε0 ∂E
∂t

¸
∂S B · dl = µ0IS + µ0ε0 ∂ΦE ,S

∂t

Table 1.1: Maxwell’s Equations in their classical continuous differential and integral forms.
Although the first record of observation of the THz radiation is dated late 1800s [Rubensand Snow, 1893] according to some reports [Kimmitt, 2003], this range has stayed outside themain interest of researchers for a long time. While both parts of the spectrum below and above1 THz have had a long history of research and development, leading to commercially availablesources, detectors, meters and many various devices, the THz range is still in its childhood,representing the last unexplored part of the electromagnetic spectrum. This delayed developmentwas mainly caused by difficulties in producing reliable and practical THz-wave sources, as wellas by the complexity and low sensitivity of sensors that could detect this unusual radiation.

1.1.1 Fundamental applications

The relation (1.1) suggests an idea of cases in which the observation with THz radiation can bemeaningful [Grischkowsky et al., 1990; Miles et al., 2007], e. g. studying:
� free carriers or charge transport in semiconductors, plasma, liquids, etc.;
� low-frequency phenomena such as rotations of molecules in gases;
� lattice vibrations in solids and libration of complex molecules;
� relaxation of solutions (solvation dynamics) and relaxation of charges.In diverse basic-research areas, the time-domain terahertz spectroscopy (TDTS), includingvarious ultrafast pump-probe experiments (see section 1.4), are employed as the most versatiletechniques for studying the above mentioned phenomena in material research [Schuttenmaer,2002] and spectroscopy. Other studies employ high frequency-resolution spectroscopy (seesections 1.2.2 and 1.2.6.1), far-field imaging (see section 1.6) or near-field techniques (seesection 1.9).
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1.1.2 Safety issues

All the IEEE RF [IEEE International Committee on Electromagnetic Safety and Instituteof Electrical and Electronics Engineers and IEEE-SA Standards Board and IEEE Xplore(Online service), 2006], ICNIRP [International Commission on Non-Ionising Radiation Protection(ICNIRP), 1998, 2009] and the ANSI Laser safety standards [American National StandardsInstitute and Laser Institute of America, 2007], have safety limits into the terahertz region, butthose are based on extrapolation [Berry, 2003]. (An abstract of the documents above and astatement is available via the National Reference Laboratory of the Czech Republic in Czechlanguage [Jeĺınek and Pekárek, 2009].) In the first approximation, it is expected that effects ofthis non-ionising radiation on tissues are only thermal in nature and, therefore, predictableby conventional thermal models [Nussbaum, 1982; Oleson, 1984]. Considering the fact thatthe outer biological tissues contain ca. 70 % water [Johnsen et al., 2009; Warner et al., 1988],dielectric models of water [Kristensen et al., 2010] can be used for modelling the damage ofTHz radiation on human skin. Successfully, dielectric models (in terms of multiple Cole-Coledispersion) were applied for modelling biological tissues at frequencies from couple of Hz totens of gigahertz (GHz), too [Gabriel et al., 1996a,b,c]. The authors also released an interactivedatabase for calculating various dielectric properties for different types of human tissues atfrequencies 10 to 100× 109 Hz [Andreuccetti, 2007].But, in spite of the non-ionising nature of the THz radiation, there are some concernsregarding its genotoxicity. This is due to proven change in cellular membrane permeability [Siegeland Pikov, 2010] and a theoretical study of Alexandrov et al. that proposed a model describingspontaneous opening of a chain of deoxyribonucleic acid (DNA) [Alexandrov et al., 2010].However, the predicted peculiar DNA unzipping has not been verified experimentally yet. Alsounder some specific conditions, epigenetic effects and genotoxicity were shown on dividinglymphocytes [Korenstein-Ilan et al., 2008].The investigations of biological effects of THz radiation are still at the beginning, asevidenced by absence of safety standards and quantification of maximum harmless power,i. e. the maximum permissible exposure, of THz sources for single-pulse and continuous-waveexposure [Berry, 2003; Berry et al., 2003; Walker et al., 2002]. But, research is underway tocollect data to populate the background of experience in this spectral region and validate safetylimits [International Advisory Committee, 2006; THz-BRIDGE and Gallerano, 2004].
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1.2 Sources

Many of the techniques described further, in section 1.9, make use of a dipole or of its behaviour.A dipole here means an elementary doublet of a small length of conductor d < λ carrying analternating current:
I = I0e−iωt, (1.2)

where ω = 2πν is the angular frequency, and I is a phasor.The emission of the dipole is described in [Born and Wolf, 1999], points out the dependenceof the field emitted by the dipole vs. the distance r form its centre as varying in inverse powerof r , r2, r3 It is easy to show the the term r−1 is associated with a propagating field obeyingthe energy conservation law. Most of the emitting sources, described in the following, makeuse of this radiating term. The other two terms cannot be explained simply: they carry noenergy and therefore do not propagate. They are often called non-radiating terms. However,they cannot be neglected in near-field optics for they are one of the bases of a sub-wavelengthresolution as described in section 1.7 (adapted from [Courjon, 2003]).On both sides of the spectrum, there have been sources which could reach out more or lessinto the terahertz gap, but most of them have their own limitations of usage.Sources can be distinguished based on their technical specifications by:
� frequency range and frequency bandwidth: monochromatic (narrowband and with asingle-frequency emission, continuous wave) and broadband, i. e. pulsed radiation;
� tunability: none, discrete or continuous;
� power of the emission: ranges from the weakest source of black body background around300 K to GW-peak-energy radiation from free-electron lasers (FELs) [Williams, 2004];and
� operability: turn-key systems [Coherent Inc., 2007; TeraView Ltd., 2010], table-top, extras(a need of cryogenic cooling) and large facilities (running under international cooperation).The list of available sources and detectors written below is derived from [Bogue, 2009;Carlstrom and Zmuidzinas, 1996; Hindle et al., 2009; Lee, 2008; Mukherjee and Gupta, 2008;Sizov, 2009; Ward et al., 2008], and it includes some recent experimental results [Johnston,2006], too.
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1.2.1 Glow lamps

A straightforward way of generating THz radiation is to use glowing objects where the black-body radiation of a heated object, e. g. a Mercury glow lamp emits also at THz wavelengths.The accuracy of the measurement recedes toward lower frequencies due to the rapid decreaseof the brightness of the radiation source in relation with Plank’s law [Planck, 1901]. Suchincoherent sources are used mostly in Fourier-ransform infrared (FTIR) spectroscopy, theirfrequency resolution is usually high (a few GHz) and frequencies down to 0.5 THz can bereliably measured this way [Han et al., 2001; Pashkin, 2004].
1.2.2 Sources based on de-/accelerating charged particles

The THz radiation can be also generated by decelerating or accelerating electrons or othercharged particles. Gyrotrons, synchrotrons, FELs and backward-wave oscillators (BWOs) belonghere. The gyrotrons, synchrotrons and FELs are massive installations based on a similarconcept—utilising charged particles in motion, and they are often results of internationalcollaboration.
� A gyrotron is a high powered vacuum tube which emits monochromatic THz beams inpulsed or continuous regime by bunching non-relativistic electrons with cyclotron motionin a strong magnetic field [Flyagin et al., 1982, 1983]. Its frequency output is about0.02 to 1 THz and the typical power is 1 to 1000 kW [Yan et al., 2009].On the other hand, synchrotrons [Abo-Bakr et al., 2003; Carr et al., 2003] and FELs [Carret al., 2002] make use of relativistic electrons, thus, they emit higher frequencies up to3 THz [Williams, 2004].
� In BWOs (or carcinotrons) [Kantorowicz and Palluel, 1979; Kozlov and Volkov, 1998],belonging to the travelling-wave tube family, the THz radiation is a result of the interactionbetween an electron beam and a slow-wave structure. Severe conditions are requiredto operate a BWO such as high temperatures T ≈ 1200 ◦C, high precision of 10 µmin manufacturing the slow-wave structure, high voltage U ≈ 6 kV, a medium vacuum
p ∼ 10 to 100 mtorr and a highly-homogeneous magnetic field M ≈ 10 kG = 1 T. Dueto the good quality wavefront they emit, prompt tunability induced by ν ∝ U 1/2 up to1.5 THz, their high power of 100 mW and monochromaticity ∆ν ≈ 10−5ν , they find useas illuminators in terahertz imaging [Gompf et al., 2006], see section 1.6. Higher powerof 2 MW is available for shorter time of few tens of µs only [Ginzburg et al., 2002].
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� By combining the concepts of gyrotron and that of BWO, a so-called gyro-BWO apparatuscan be constructed able to emit powerful and broadband 100 MHz-wide pulses [Rozentalet al., 2005].

1.2.3 Coherent sources (THz lasers)

In general, a laser is an example of an extremely coherent source of radiation. To operate alaser on a certain frequency, this frequency has to be present in the band-gap transition in aform of energy-level change. Towards 1 THz, there is only a couple systems capable of lasing.
� Among far-infrared (FIR) lasers, the gaseous (molecular) types [Large and Hill, 1965] arethe most effective in their operation. Such a FIR laser consist of a resonator (1 to 3 mlong) filled with gaseous organic molecules that are pumped optically or using highvoltage. The (tunable) narrow-band frequency range of these table-top instruments fallsinto 0.3 to 10 THz.
� In case of solid-state lasers, p-doped Germanium is used as a lasing medium [Komiyamaand Kuroda, 1986], and they are called p-Ge lasers or hot-hole lasers [Kinsler andWenckebach, 2001]. Its emission lines spans over several invcm [Lewis et al., 1992]. Thelasing occurs between the energy level of light holes and the energy level of heavy holesand it ranges from 1 to 4 THz, depending on the applied magnetic field B.
� Compared to all the available THz sources, a relatively recent achievement is a quantumcascade laser (QCL) [Faist et al., 1994] and it has a potential to become a reliableminiature source of a coherent THz radiation . A QCL is a quantum heterostructure,in which a stairway of subbands allows a single electron to cascade down generatingmultiple photons. The QCLs produce coherent narrowband emission, the frequency ofwhich is given by the design of the heterostructure (that is, they are not tunable), andtheir power can reach several mW. The operating temperature of QCLs is limited onprinciple and it is related to the energy of the emitted photon

E (T ) = kBT = hν , (1.3)
where kB is the Boltzmann constant, and h is the Planck constant. The frequency rangeof 0.3 to 3 THz corresponds to the temperature range of 15 to 150 K. That means, in thecase of THz QCLs, cryogenic cooling is needed for their operation [Borak, 2005].
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1.2.4 Sources based on Cherenkov-like phenomena

The Soviet physicist Askar’yan predicted [Askar’yan, 1962a,b, 1990] and later Auston fromthe U. S. A. generated THz waves in a form of a Cherenkov radiation [Auston, 1983; Austonet al., 1984b]. Auston excited a LiTaO3 crystal by subpicosecond laser pulses. The Cherenkoveffect is a result of a charged-particle travel, most commonly an electron, through a dielectric(electrically polarisable) medium with a speed greater than that at which light would otherwisepropagate in the same medium [Cerenkov, 1934].Making use of the Cherenkov-like effect, unusual sources of THz radiation can be set up:
� Generating the Cherenkov radiation by intense laser pulses in centrosymmetric mediasuch as gases is possible [Cook and Hochstrasser, 2000]. A fundamental and second-orderharmonic-wave mixing is present at the photoionisation of air; in that case the phenomenoncan be also described as a third-order nonlinear four-wave mixing process.
� Instead of an arduous adjustment of the second-order harmonic wave in the aboveexperimental setup, the gas under bias can be photoexcited by an intense single pulsewith a similar effect [Löffler et al., 2000].
� The Cherenkov-like phenomenon gives rise to a radial broadband radiation in a frequencyrange of 0.2 to 2.5 THz and this radiation is emitted in the shape of a cone symmetricalaround the laser-radiation axis. Studies have shown that radiation can be also emittedin forward direction in preference in so-called transition–Cherenkov process instead ofemitting radially [Amico et al., 2008].

1.2.5 Semiconductor electronics sources

A Gunn diode (also a transferred-electron device) is a diode with a region of negative differentialresistance in its I-U curve—that is, an increase in the current entering a port results in adecreased voltage across the same port. Gunn diodes made of gallium nitride (GaN) are ableto emit frequencies up to 3 THz with a power of 1 W [Barry et al., 2010; Gribnikov et al., 2001].A Schottky diode (also a hot-carrier diode) is a semiconductor diode with a low forward-voltage drop and it is able to emit thermionic radiation [Ward et al., 2008; Wu, 2008]. It is alsoused as a THz detector, see section 1.3.3.
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1.2.6 Sources emplyoing nonlinear optical properties of crystals

Sources that make use of nonlinear optical properties of crystals such as second-and-higher-order susceptibility, χ (2), or χ ijk), are photomixers, electro-optical rectification (EOR), surfaceemmiters, photoconductive switches and frequency multiplicators [Sakai, 2005; Wang, 2005].
1.2.6.1 Photomixers

Photomixing (difference frequency generation, or down-conversion) is a process of emissionof tunable monochromatic and coherent radiation based on nonlinear frequency mixing ofdual-wavelength laser beam [Sakai, 2005, Chap. 6]. Two continuous-wave lasers with identicalpolarisation are required, the lasers lasing at frequencies ω1 and ω2 = ω1 + ∆ω = ω1 + ωTHzare spatially overlapped. The co-linear lasers then illuminate a biased ultra-fast semiconductormaterial such as low-temperature-grown Gallium Arsenid (GaAs). The photonic absorption andthe short charge-carrier lifetime results in the modulation of the conductivity at the desiredTHz frequency, ωTHz = ω1 − ω2 [Chusseau, 2007; McIntosh et al., 1995].
1.2.6.2 Sources based on electro-optical rectification

EOR (also optical rectification, or inverse Franz-Keldysh effect) is a nonlinear second-orderoptical process of generating a DC polarisation in a nonlinear medium at the passage of anintense optical beam [Bass et al., 1962; Yang et al., 1971]. When a nonlinear medium is irradiatedby such a continuous wave at a frequency ω, polarisation is induced in the crystal at thedifference frequency (static polarisation) and the sum of the individual frequencies (2ω) [Chuanget al., 1992]:
P(2ω) = χ (2ω; +ω,+ω)E (ω)E (ω) (1.4)
P(0) = χ (0; +ω,−ω)E (ω)E (ω) (1.5)

For ultrashort laser pulses (usually generated by Ti:sapphire lasers) have large bandwidth(ω − ∆ω, ω + ∆ω), the static polarisation is replaced by the pulse envelope, and the variousfrequency components are differenced with each other to produce a bandwidth from 0 THz toseveral THz (0, 2∆ω) [Lee et al., 2003]. Various media are suitable for EOR [Bignell and Lewis,2008], such as bulk semiconductors [Auston and Nuss, 1988; Dakovski et al., 2005], inorganiccrystals LiTaO3 and LiNbO3 [Winnewisser et al., 1997; Wu and Zhang, 1995], GaP [Wu and
CHAPTER 1. TERAHERTZ RADIATION, SPECTROSCOPY AND NEAR-FIELD IMAGING 9
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Zhang, 1997a], GaSe [Liu et al., 2004] and ZnTe [Han and Zhang, 1998; Wu and Zhang, 1997b],metal surfaces [Kadlec et al., 2004, 2005], electro-optical polymers [Nahata et al., 1995, 1996a;Sinyukov and Hayden, 2002] organic crystals (or a highly birefringent organic salt DAST) [Hanet al., 2000; Schneider et al., 2003, 2006; Zhang et al., 1992]—used for emission as well as fordetection.EOR can be also employed in a near-field technique called THz imaging by a local source,see section 1.9.2, where the THz radiation is locally emitted.
1.2.6.3 Surface emitters

When a bulk semiconductor is illuminated by an ultrashort (100 fs or shorter) optical pulsewith its wavelength (energy) above the energy band gap of the material, mobile carriers arephotogenerated in the vicinity of the surface (within ca. 1 µm). The surface here plays two mainroles: causes band bending and breaks the symmetry.
� The surface generates a band bending which has the effect of accelerating and separatingcarriers of opposite charges in opposite directions (normal to the surface) creating adipole. This effect is known as surface field emission or a photo-Dember effect (seecitation within [Johnston et al., 2002]).The concept of surface field emission is employed in so-called nanoklystrons where thelarge collective surface of carbon nanotubes is illuminated [Manohara, 2004; Manoharaet al., 2001].
� The surface also causes a break of symmetry and that results in photo-generation ofcharge carriers being able to move (in average) only into the bulk of the semiconductor. Inconsequence of the difference of mobilities (or diffusion constants) for holes and electrons,a charge dipole in the vicinity of a semiconductor surface is formed (see citationswithin [Johnston et al., 2002]). The phenomena is particularly strong in high-mobilitysemiconductors such as InAs.

1.2.6.4 Sources based on photoconductive switching

The first THz emission by a photoconductive (Auston) switch was based on the idea of Hertzoriginal experiment [Hertz, 1893] and was realised by irradiating a biased semiconductor(aluminium-oxide) plate with high-energy argon ions [Auston et al., 1984a; Smith et al., 1988].In a photoconductive switch an undoped semiconductor material placed under bias is illuminated
CHAPTER 1. TERAHERTZ RADIATION, SPECTROSCOPY AND NEAR-FIELD IMAGING 10
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Figure 1.2: The scheme of a photoconductive switch in which the ultrashort laser pulseexcite charges in a biased semiconductor and those, accelerated by the bias, emit radiationperpendicular to their travel.
by ultrashort laser pulses (/ 100 fs), see fig. 1.2. Necessarily, the photon energy has to exceedthe band-gap energy of the illuminated material. A pair of free carriers (an electron-hole pair)created in this process can be well approximated by an elementary Hertzian dipole p [Austonet al., 1984a]. The dipoles are accelerated by the applied voltage and the dipole in motionforms a current I = ∂p(t)/∂t. Finally, the carriers are rapidly trapped or they recombine and thecurrent density returns to its steady-state value. The rapid variation of the current density givesrise to a pulse of a radiation emitted perpendicularly to the biased field:

E (t) = − eµ04πr ∂I(t)∂t (1.6)
at the distance r from the source, where e is the elementary charge and µ0 is the permeabilityof the vacuum.In fig. 1.3 a typical example is this process is shown: the radiated field deduced fromeq. (1.6), the current waveform (fig. 1.3a) is depicted in fig. 1.3b and appropriate spectra of bothare drawn in fig. 1.3c and (d) respectively.area photoconductive switches are manufactured, that are in fact, numerous very thinphotoconductive switches placed next to each other to form an interdigitated structure [Dreyhauptet al., 2005, 2006]. Large-aperture antennas have substantial influence on the temporal pulseprofile in both the near field and the far field, and usually they result in better forward directivityand homogeneity of the radiation [Gürtler et al., 2000]. Such a switch, able to generate broadbandpulses within ν ≈ 0.1 to 4 THz, is used in our experiment, see section 1.4 [Dreyhaupt et al.,
CHAPTER 1. TERAHERTZ RADIATION, SPECTROSCOPY AND NEAR-FIELD IMAGING 11
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Figure 1.3: (a) The evolution of the current flowing through the emitter. (b) The shape of theelectric transient far from the emitter. (c) The spectrum of the current and (d) spectrum of theradiated field. (Picture kindly granted by H. Němec.)
2005; Gigaoptics GmbH, 2009].For detecting an extremely broad frequency band spanning over 60 THz at room temperatures,a low-temperature-grown GaAs can be used as a substrate [Kono et al., 2002].THz ellipsometry is possible using multi-contacts photoconductive antenna [Tani et al., 2006]emitting circularly-modulated THz waves.The photoconductive (see section 1.2.6.4), surface field and photo-Dember (see section 1.2.6.3),and EOR (see section 1.2.6.2) emitters are indirect single-cycle-emission sources, convenientlyused mostly in TDTS for their broadband characteristics [Sakai, 2005, Chap. 2]. In the case ofthe EOR source and the photoconductive switch, the emitted THz pulses are (very approximately)the envelopes of the input laser pulses.
1.2.6.5 Frequency multipliers

A frequency multiplier is an electronic circuit that produces an output frequency that is an integralmultiple N ·ω of an input angular frequency ω. By frequency multiplication of two coherent MWsources, one can obtain ultra-narrow-linewidth continuous-wave THz sources [Maestrini et al.,2008]. All of the newly created frequencies (and mentioned coherent sources, see sections 1.2.2and 1.2.3) can be further frequency multiplied to achieve other discrete frequencies.
CHAPTER 1. TERAHERTZ RADIATION, SPECTROSCOPY AND NEAR-FIELD IMAGING 12
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1.2.6.6 Sources based on parametric amplification

In some cases tunable THz-wave sources with high temporal and spatial coherence are needed.For this option, tunable THz-wave parametric amplification using the resonant frequency offerroelectric crystal lattices is an optimal solution [Kawase et al., 2002]. In that, a grating couplerfabricated on the surface of an lithium niobate (LiNbO3) crystal is pumped by a Q-switchedNd:YAG laser, and the idler (Stokes) and the signal (anti-Stokes, THz) waves are generatedfrom the pump (near-infrared (NIR)) wave in the direction consistent with the noncollinearphase-matching condition inside the LiNbO3 crystal—the group velocity is equal to speed oflight in the material, ng = nTHz. The grating ensures a better out-coupling of the THz waveinto the free space.
1.3 Detectors

In the next section, we describe the principles and operation of the detectors used for THzfrequencies, e. g. those based on thermal effects, see section 1.3.1, those based on electro-opticaleffect, see section 1.3.2.1 and photoconductive sensors, see section 1.3.2.2.
1.3.1 Detectors based on thermal effects of the THz radiation

When a thermally stabilised THz absorbing material in contact with a thermometer (usually atroom temperature, but not rarely cooled at liquid-nitrogen or liquid-helium temperatures) isirradiated, various thermal effects can occur. The thermal energy absorbed by irradiation cancause
a change of the material resistance (in a bolometer);
a rise of an electric potential, i. e. a thermoelectric effect (in a thermopile detec-tor);
a variation of the spontaneous polarisation (in a pyroelectric detector);
a dilatation of a gas (in a Golay cell).

The noise-equivalent power (NEP) of these devices is usually 10−6 to 10−10 W Hz−1/2 andthe response time is in ms, which is sufficiently good for a passive charge-coupled device(CCD)-type imaging, but limits their usage for terahertz-pulse imaging (TPI) and spectroscopy.
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1.3. DETECTORS 14
1.3.2 Detecting broadband pulses

Detectors can be also based on the reverse phenomena employed at the emission of the THzradiation itself. In most cases, that makes great sense (the response times of the emissionand detection and the frequency bands are equivalent), and the experimental setup is morecompact. That is ideal for TDTS using a photoconductive switch (section 1.3.2.1) or a nonlinearopto-electric crystal (section 1.3.2.2) allowing for ultrafast and phase-sensitive detection. Theresponse times of a room-temperature photoconductive switch and also of an electro-opticalcrystal can be as short as a fraction of a ps [Winnerl et al., 2008].
1.3.2.1 Detectors based on electro-optical (Pockels) effect

Figure 1.4: Scheme of electro-optical sampling: The polarisation of the optical pulse is modifieddue to birefringence induced in the electro-optical crystal in the presence of the electric(THz) field intensity E , proportionally to its value. Mapping the resulting intensity difference(representing the ellipticity) by a pair of balanced photodiodes with respect to the relative delaytime gives a signal that is proportional to the THz field.
Electric-field induced birefringence in a 〈110〉 oriented zinc telluride (ZnTe) crystal is widelyused as a room-temperature THz-pulse detector [Auston and Nuss, 1988; Jepsen et al., 1996b;Nahata et al., 1996a; Wu and Zhang, 1995]. The E of the THz pulse induces a birefringence inthe ZnTe crystal which is read out by a linearly polarized visible pulse [Planken et al., 2001;van der Valk et al., 2004], see fig. 1.4. When both, the collinear visible pulse and the THz pulseare present in the crystal at the same time, the polarisation of the visible light will be rotatedowing to the induced birefringence. Using a λ/4 waveplate and a beamsplitting polariser (or aWollaston prism) together with a set of balanced photodiodes, the relative THz-pulse amplitude
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1.4. TIME-DOMAIN TERAHERTZ SPECTROSCOPY 15
is recorded by monitoring the visible-pulse polarisation rotation behind the ZnTe crystal as afunction of delay time with respect to the THz pulse.A variation of the electro-optic sensing is the magneto-optical sensing employing theFaraday-rotation effect induced by transient magnetic THz field. Instead of an electro-opticalcrystal, a crystal sensitive to a magnetic field (with high magneto-optical susceptibility) is usedand the magnetic component of the THz pulse is mapped. Sensors made of Bi-substitutedyttrium-iron-garnet film and SF-59 amorphous glasses were constructed [Elezzabi and Freeman,1996; Riordan et al., 1997].
1.3.2.2 Photoconductive detection

In section 1.2.6.4 the photoconductive switch is described which is used for generating THzradiation by ultrashort optical pulses. Instead of the bias constant in time, the varying electricfield of the THz pulse can be used to accelerate the charges generated by the ultrashortoptical pulse. The accelerated charges create a potential difference on the opposite sides ofthe photoconductive sample and the integrated current in various relative optical–to–THz pulsetime delay is recorded—in that the shape of the THz pulse is projected [Nahata et al., 1996b].
1.3.3 Other detector types

In Schottky diodes the THz electric field generates a charge on a metal-semiconductor junction (aSchottky barrier). A typical low-barrier Schottky diode has NEP = 10−10 WHz−1/2 near 1 THz.Also, a setup for detecting THz pulses due to electric-field-induced optical second-harmonicemission in a centrosymmetric media (e. g. silicon) has been demonstrated [Nahata and Heinz,1998].
1.4 Time-domain terahertz spectroscopy

With the introduction of ultrafast emission and detection systems [Jepsen et al., 1996a; Leit-enstorfer et al., 1999], see sections 1.2.6 and 1.3.2, in 1980s already mentioned before, TDTSwas developed and had been pursued in a couple of laboratories (the pioneer groups were thatof Auston and Nuss [Auston and Nuss, 1988; Auston et al., 1984b] and that of Fattinger andGrischkowsky [Fattinger and Grischkowsky, 1988]).
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1.4. TIME-DOMAIN TERAHERTZ SPECTROSCOPY 16
The technique of TDTS is phase-sensitive [Dragoman and Dragoman, 2004]. This is animportant advantage over the FTIR spectroscopy where the information about the phase changeis lacking, and the technique is much faster for broadband detection than a narrowband systemwith a tunable THz source or with a Mach-Zehnder interferometer. TDTS uses single-cyclepulses of broadband THz radiation generated using ultrashort laser pulses, which have becomecommercially available. Similarly, ultrashort laser pulses from the same sources are used fordetection of the THz pulses, see fig. 1.5.

Figure 1.5: Our near-field setup evolved from a standard TDTS setup of which a schematicdrawing is shown above. Optical pulses (solid lines, —) are converted to THz pulses (greybeam, �) at the emitter. A small fraction of these optical pulses deflected by a beam-splitterand delayed by a delay-line is used for electro-optical detection. The generated THz radiationis shaped by parabolic mirrors (or by plastic lenses) to create a homogeneous and uniform beamwaist where a sample is placed, [Dexheimer, 2007; Nuss and Orenstein, 1998] and [Sakai, 2005,Chap. 7]. (Picture kindly granted by H. Němec.)
Because of the ability to read out the dependence on time of the full electric field, i. e. bothamplitude and phase change; a table-top TDTS is the most useful and versatile for comprehensivematerial research, and it eliminates many disadvantages of narrow-band, tunable-only and largefacilities. This versatility and efficiency of TDTS caused a boom in exploration of the vanishingTHz gap. TDTS is currently used in diverse basic-research areas [Hoffmann, 2006; Němec,2006; Schuttenmaer, 2002; Walther, 2003], e. g. contact-free measurement of complex dielectricresponse [Kužel and Petzelt, 2000; Mickan et al., 2004; Schmuttenmaer, 2004], free-carrierstransport and concentration of carriers in semiconductors [George et al., 2008], plasma-chargetransport in liquids [Kaatze, 1997; Mics et al., 2005], investigation of transient FIR dynamics
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1.5. NOISE AND ARTEFACTS IN THE TDTS SYSTEM 17
in condensed-matter research [Němec et al., 2005a,b], biology and medicine [Siegel, 2004;THz-BRIDGE and Gallerano, 2004; Woodward, 2004] and modifications of it for imaging inmedicine [Kadlec et al., 2008; Löffler et al., 2002] and security, see section 1.6.The spectral resolution ∆ν of the TDTS is limited by the duration of the optical samplingpulse, sensor time response and also by a long-enough time frame (a temporal scan length) τavailable for data acquisition and consequently for fast Fourier transform (FFT) (see [Kammler,2007; Kauppinen and Partanen, 2001] for more on FFT).

∆ν i = 1
τi

, ∆ν =∑
i

1
τi

. (1.7)
But ν-resolution better than 1 GHz is rare, i. e. that would involve a ca. 15 cm-long movingdelay line and perfectly collimated optics. With substituting the classical moving corner-mirrordelay line with a rotary optical delay line [Jin et al., 2008; Kim et al., 2007; Klatt et al., 2009],even spectroscopy of gases with their narrow vibration lines is possible this way [Harmon andCheville, 2004].A special class of studies are measurements of dynamical states in the matter by pump-probeexperiments. In those measurements, the material is excited by a pump in the ultra-violet (UV),optical, or IR frequency range and it is consequently probed by a THz pulse with a variabletime delay. The pump-probe experiments requires strong pump pulse, therefore THz pump/THzprobe setup is rare, but feasible [Hoffmann et al., 2009a,b].
1.5 Noise and artefacts in the TDTS system

Noise is a random (correlated or diffuse) process characterized by stochastic properties such asits variance, distribution and spectral density. The spectral distribution of noise can vary withfrequency, and its power density is measured in W Hz−1. Noise levels are usually viewed inopposition to signal levels and they are often seen as part of a signal-to-noise ratio (SNR).
SNR = Psignal

Pnoise = (Asignal
Anoise

)2 ; SNRdB = 10 log10
(
Psignal
Pnoise

) = 20 log10
(
Asignal
Anoise

) (1.8)
In the TDTS system described in section 1.4, there are several possible sources of noiseand disturbances influencing the acquired data.
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1.5. NOISE AND ARTEFACTS IN THE TDTS SYSTEM 18
Air impurities and air flow, scattering on dust

First of all, in measurements under ordinary atmospheric conditions, where no vacuum ordry-nitrogen atmosphere is provided, the THz radiation passes the humid air which leaves itsown significant pattern in the waveforms and the spectra [van Exter et al., 1989]. Additionally,there is no easy way to regulate and define the air humidity in an open space, which wouldenable to remove it after the measurement [Wang et al., 2009b; Withayachumnankul et al., 2008],unless a sophisticated closed air-circuit is defined and built with defined inputs and outputs, butthis is close to a temperature-regulated clean-room facility. The air humidity and circulationaffected by an air conditioning system leaves tracks in the measurement (see later section 3.4).Strong air flow or noise can also affect a pellicle beamsplitter that aligns the optical beaminto the THz beam. A pellicle beamsplitter is fabricated by stretching a thin membrane overa metal frame and has many advantages over the conventional glass beamsplitter. Chromaticand spherical aberration in converging beams is negligible and ghost images are virtuallyeliminated due to the thin nature of the membrane. The pellicle beamsplitter is like a drumand thus is sensitive to acoustical disturbances. Thus it needs to be isolated from this type ofenvironment. The pellicle membrane is usually coated with a metallic coating to produce thedesired beamsplitter, thus absorption is present.Dust are solid impurities in the air and their presence and scattering on them is causingtemporal changes in beam intensity.
Beam vibrations

Further, the optical beam generated by a laser is not stable in space. Vibrations in thelaser-beam-spot position on the photoconductive switch can cause the THz beams vary inintensity (flicker) due to a changing number of illuminated gaps on the switch participating onthe emission. But, within certain limits, the emission of THz pulse by a photoconductive switchdoes not depend on the angle of incidence of the laser beam, therefore no angle changes of theTHz beam are present.The beam vibrations can cause, on the other hand, change in position of the diodes, the lastcomponents in the optical path. The solution for this is to make the focus spot on the detectiondiode as small as possible
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1.6. TERAHERTZ PULSE IMAGING 19
The detection crystal—replicas in the waveform

The electro-optical detection using ZnTe or GaAs crystal (section 1.3.2.1), requires a crystal witha certain optimal thickness and that is about 1 mm for ZnTe and 0.1 for GaAs [Planken et al.,2001; Zhao et al., 2002]. This is due to the not-perfect phase-matching condition in relationwith dispersion [Turchinovich and Dijkhuis, 2007] and the necessity to enhance the sensitivitywith growing interaction path. The thickness of the crystal conditions the time delay betweenthe replicas of the pulse ≈ 20 ps arising due to inner reflections introduced within the crystal.The problem can be solved by introducing a non-electro-optical medium with a same refractiveindex just behind the ZnTe crystal which delays the reflection at the sensor–air interface andthat the optical and the terahertz pulse are travelling further without an interaction. A plateletmade of sapphire (α-Al2O3) is very suitable for this case: n ZnTe/nsapphire ≈ 2.8/3.0 [Parshin,1994; Wang et al., 2007]. Simply, cutting the waveform before the first replica is sufficient, butthis method decrease the frequency resolution to ca. 50 GHz. Or one can subtract the replicasassuming there is a certain reproducibility, convolution and shifting of the original pulse [Dorneyet al., 2001; Hirsch et al., 2008].
1.6 Terahertz pulse imaging

Imaging with FIR/THz radiation was already performed in 1975, by Barker, Hodges, andHartwick employing a continuous-wave FIR waveguide laser [Barker et al., 1975; Hartwicket al., 1976]; there a contrast of a hidden metal object (key) was revealed behind an obstacle(a paper box). But, only the invention of a photoconductive switch used for generating asingle-cycle broadband THz pulse in the early 1980s by of Auston et al., see section 1.2.6.4,was the marking event of the history of widespread exploitation of THz radiation, when the THzgap interconnecting the MW and IR frequency ranges was bridged. Shortly after, the samegroup introduced ultrafast generation and detection of these pulses. The use of the pulsed THzradiation soon expanded into another dimension—towards pulse imaging.Once important system issues have been resolved and signal processing optimised for TDTS,TPI came to the scene using THz pulses to image objects in the focal plane. The technique hasattracted considerable attention since its first demonstration [Hu and Nuss, 1995] and has gainedimportance as a promising tool for various basic-research and industrial applications [Abbottand Zhang, 2007; Bogue, 2009; Chan et al., 2007; Fitzgerald et al., 2002; Mittleman, 2004;
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1.6. TERAHERTZ PULSE IMAGING 20
Woolard et al., 2005] and [Sakai, 2005, Chap. 9]. It has been increasingly used in diverse areassuch as
� non-invasive packaging inspection (in contrast with X-ray imaging); used for scanningmails [Kawase et al., 2005], e. g. for narcotics, to detect hidden explosives and weaponryin luggage and personal belongings at airports [Leahy-Hoppa et al., 2007; on Assessmentof Security Technologies for Transportation and Council, 2007; Woolard, 2007; Yinon,2007] as they are a common threat [Thiesan et al., 2004];
� quality control of plastic parts and material inspection [Dean et al., 2008; Duling andZimdars, 2009; Zhang, 2004] in industrial production;
� biomedical diagnostics and epidermal tissue imaging [Nakajima et al., 2007; Schade et al.,2005] and
� imaging in pathology diagnosis [Nakajima et al., 2007; Pickwell and Wallace, 2006; Wood-ward et al., 2002], e. g. for skin cancer [Wallace et al., 2004] and tumour detection [Gompfet al., 2006], especially, the basal cell carcinoma [Pickwell et al., 2004].
� dentistry [Crawley et al., 2003],
� 3D-computed tomography [Ferguson et al., 2002; Withayachumnankul et al., 2007] andeven broadband 3D imaging using a reconstruction algorithm based on time reversal [Bumaand Norris, 2004].The primary interest in application is linked to the transparency of commonly used materi-als [Piesiewicz et al., 2007], e. g. clothes [Bjarnason et al., 2004], plastics [Halpern et al., 1986],wood and paper [Koch et al., 1998], normal glass, soil [Bosq et al., 2005, 2008; Dodson et al.,2005] and non-metallic construction materials.On the contrary, water [Venables and Schmuttenmaer, 2000] and most metals (for thicknessabove 30 nm [Walther et al., 2007]) are opaque to T-rays.When using TPI in the most common uniaxial geometry, an exact 3D-image reconstructionor depth profiling is possible only by knowing the refractive indices of the material in theinner structure [Mittleman et al., 1997]. But, the variety of projections and useful informationthat is possible to obtain by TPI and consequent artificial feature definition, visualisationand classification techniques [Chamberlain et al., 2002; Löffler et al., 2002] and [Sakai, 2005,pp. 339–341] is surprisingly broad and literally colourful, and potentially it represents a powerfulbasis for tissue or material classification, mainly for biomedical applications.Many of the imaging tasks above can be accomplished using conventional focal-planeimaging, also called far-field imaging. The interest in high spatial-resolution THz imaging grew
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1.7. THE NEAR-FIELD AND FAR-FIELD SPATIAL ZONES 21
much just after resolving major technical issues of TPI using TDTS setups in the mid-1990s [Huand Nuss, 1995]. Nonetheless, in conventional focal-plane imaging, the spatial resolution islimited by the wavelength used or by the size of an aperture, whereby the intensity of the changein radiation significantly decreases [Zhang, 2002]. Since then many more or less successfulapproaches were invented and applied to increase the spatial resolution in the THz FD. Most ofthe ideas were borrowed or inherited from other scientific fields where they were implementedearlier. Some were applied in the THz frequency range due to the electromagnetic scaling law.The section 1.8.1 is dedicated to possible improvements and near-field techniques.
1.7 The near-field and far-field spatial zones

In general, the space between the emitter and detector can be divided into two areas: far-fieldand near-field region.

Figure 1.6: The emission of a source with a sub-wavelength surface structure. The fieldreproduces the shape of the surface in the near zone and reconstruct in a perfect smoothenvelope in the far zone. (Adapted from [Courjon, 2003].)

CHAPTER 1. TERAHERTZ RADIATION, SPECTROSCOPY AND NEAR-FIELD IMAGING 21



1.7. THE NEAR-FIELD AND FAR-FIELD SPATIAL ZONES 22

Figure 1.7: The interaction of a plane wave with a sub-wavelength structure. The structure ofthe field potential depends strongly on the surface shape close to the surface, where the nearfield is present. Due to constructive interference, the incident wave is reproduced faithfully in thefar zone, where no dependence on the surface perturbations is present. (Adapted from [Courjon,2003].)
1.7.1 The near-field region

The near-field region is also known as near field, near zone or Fresnel diffraction region, and itis the close-in region of an antenna where the angular field distribution is strongly dependentupon the distance from the antenna [Bass et al., 1994; Born and Wolf, 1999; Saleh and Teich,2007], see fig. 1.6.In the study of diffraction and antenna design, the near field is that part of the radiated fieldof the source or the antenna, which is at distances shorter than the Fresnel parameter S / 1:
S = D2/4λ, (1.9)

where D is the size or the diameter of the source.The diffraction pattern in the near field typically differs significantly from that observed at
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infinity and varies with distance from the source, see fig. 1.7.Also, in the near-field region anon-propagative, so-called evanescent field is present.The Newton’s two-prism experiment on light coupling over the non-zero distance betweentwo perfectly flat and optically clear surfaces was, probably, the 1st reported manifestation ofthe existence of the evanescent light wave and also probably the 1st non-classical behaviour ofta physical phenomenon observed in a lab room, [Courjon, 2003, p. 9], [Newton, 1704, pp. 81–82].
1.7.2 The far-field region

The far-field region is also known as far field, far zone, radiation field, or Fraunhofer diffractionregion—in infinity, and it is the region outside the near-field region, where the angular fielddistribution is essentially independent of the distance from the source, see fig. 1.6.In the far field, the shape of the antenna pattern is independent of distance. If the source orthe aperture has an overall dimension D that is large compared to the wavelength λ, the far-fieldregion is commonly assumed to exist at distances from the source greater than the Fresnelparameter (S =� 1, see eq. (1.9)). The propagation of the THz radiation in the far-field regioncan be described sufficiently well by a Gaussian beam, e. g. [Saleh and Teich, 2007].
1.8 Feature resolution in imaging

The question of resolution or minimum resolvable distance is one of the key points when talkingabout imaging and microscopy, and the angular resolution or the spatial resolution describe theresolving power of any image-forming device. There is a fundamental limit to the resolution ofany optical system or any pattern which is due to aberration or diffraction. Several empiricalcriteria exist which have been extensively used to resolve features in images, e. g. criterion bySparrow and by Rayleigh. [den Dekker and van den Bos, 1997; Ramsay et al., 1941].For their use of simplicity and educational reasons we mention the definitions of the classicalresolution limits [Bass et al., 1994; Born and Wolf, 1999; Saleh and Teich, 2007]:
The Rayleigh resolution limit uses the model situation of two point-like objects of equal bright-ness and defines their mutual resolution as the distance, where the maximum in the imageof each of these objects occurs at the position where the image of the other object has its1st intensity minimum.
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The spatial resolution for far-field imaging given by the Rayleigh criterion is

sin θ = 1.220 λ/D, (1.10)
where θ is the spatial (or angular) resolution, λ is the wavelength used and D is thedistance of the two points. Having the function sin θ restricted in its natural limits 〈0, 1〉,one is able to find the smallest distance D that can be resolved by a certain wavelength
λ. The relation slightly differs for a lens system (such as a microscope) by a factor of thenumerical aperture of the system. Nevertheless, it is a fundamental spatial-resolutionlimit for TPI—a resolution of ca. 0.3 mm at a frequency of ν = 1 THz (λ = c0ν , where
c0 is the speed of light in a vacuum).

The Sparrow resolution limit defines the resolution as the distance between two point objectsat which a dip half-way between these two points ceases to (or starts to) be visible inthe superposition of their images; i. e. the 1st two derivatives of the intensity curve alongthe connecting line become zero. The intensities of the two point-like objects do not haveto be equal, in contrast to the Rayleigh criterion, eq. (1.10). In other words, the limit(minimum) distance, at which two point sources can be considered resolved, occurs whenthe 2nd derivative of the resultant distribution of irradiance in the diffraction image ofthese two points vanishes on-axis.Due to independence of the source intensity, the Sparrow criterion is more flexible than theRayleigh, and it can also be shown that the Sparrow criterion gives higher resolution comparedto Rayleigh’s. The resolution criteria of Sparrow and Rayleigh are sketched in fig. 1.8 whenapplied for two sources of equal intensity represented by Airy functions and separated by adistance d.
1.8.1 Improving the spatial resolution

The apodisation technique was the first to break the barriers in far-field imaging. It was basedon the theoretical scheme of di Francia, it was realised by Hegedus and Sarafis [Hegedus andSarafis, 1986] and later by Leiserson et al. [Leiserson et al., 2000; Leizerson et al., 2002]. It isa spatial filtering of the pupil, in which a pinhole aperture allows only the central lobe of theAiry profile to pass and cuts the diffraction pattern (such modification usually introduces higherside-lobes or other distortion).
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Figure 1.8: The sum of intensity (in blue, —) represented by two Airy functions (green, —, andred, —) of two apertures at various distances. There is no classical resolution criteria resolvingtwo different sources or points for situations (a) and (b), unless more information is known aboutthe sources such as their Point Spread Function. The Sparrow criterion is able to resolve twopoint for situations (c) and (d) (there is a minimum present between two maxima). While theRayleigh criterion works only for situations when the distance is larger than the distance of themaximum and the 1st minimum of the Airy function, situations (e) and (f ). The vertical linesmark the maxima and the minima of one of Airy functions in respective colours.
The spatial resolution can be improved in other ways, too, such as focusing the THzbeam [Löffler et al., 2005], beamspeckle imaging (for bright objects), a conventional lensmicroscope (improves the resolution by a factor of its numerical aperture), interferometricmicroscopy (for flat objects under coherent illumination; using the partial images from aholographic recording of the distribution of the complex optical field, where the large apertureimage can be reconstructed numerically [Kuznetsova et al., 2007; Schwarz et al., 2003]) or useof superlenses (made of metamaterials) [Pendry, 2000]. Complex-amplitude filters in confocal(non-scanning) imaging [Leizerson et al., 2002] or resolving features first in Fourier space priorto its normal space (Optical Transfer Function method) [Courjon, 1995; Greffet and Carminati,1997] are also used.
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By applying calculation algorithms (computer post-processing) on measured data, it ispossible to increase the spatial resolution, too. This can be achieved, e. g. by applyingRichardson-Lucy algorithm [Li et al., 2008] or by expectation-maximisation (maximum-likelihood)algorithm [Luo and Fan, 2007; qing Wang and guo Li, 2008].All these approaches improve the spatial resolution to some extend, but the highest spatialresolution can be attained by applying a near-field based approach in order to overcome thewavelength limitation.

1.9 Overview of the concepts for near-field imaging techniques

The first documented near-field effect at THz frequencies was shown by Budiarto et al. on adiffraction behind an aperture [Budiarto et al., 1998] and the first near-field imaging was shownby Hunsche et al. using tip-enhanced near-field technique [Hunsche et al., 1997, 1998]. Severalother methods were developed during the following decade, mainly by migrating near-fieldmethods used in neighbouring frequency regions, either in optics (an overview of optics methodsis in [Courjon, 2003; Courjon and Bainier, 1994]) or in MW [Decreton and Gardiol, 1974]. Ingeneral, these techniques make use of a sub-wavelength structure (physical or virtual) whichdisturbs the electromagnetic field or changes its spatial distribution in the vicinity of the sample.The scattered radiation is detected and, as a result, a sensitivity to local sample properties isachieved. Currently, various near-field techniques and approaches are applied successfully, themajority of these are described below.
1.9.1 Tip-enhanced near-field techniques

Tip-enhanced (or scattering-type) near-field technique is currently the easiest method used toachieve sub-wavelength resolution in any frequency range available. A sharp metallic tip isplaced close to the sample surface into the place irradiated by radiation, see fig. 1.9i. Duringthe propagation of the pulse a near field is created at the end of the probe. It is affectedby the sample characteristics and is again coupled into the far-field radiation—this way thereflected radiation embraces a small changed portion of the field from the very vicinity ofthe metal tip. Consequently, due to the dimension of the disturbance, only a small part ofthe incident radiation can be used to retrieve the near-field information. The probe-sample
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Figure 1.9: Near-field techniques (i–vi): A—aperture, D—THz sensor (opto-electric detector),S—observed sample. (i) tip-enhanced technique—a metallic (or AFM) tip is irradiated by aTHz radiation, (ii) Sommerfeld-wire technique—the THz radiation is coupled to the metallic-tipsurface, (iii) spot-sized detection technique—the detection area is given by the laser-spotsize, (iv) THz-ANSOM technique—tip-enhanced technique is combined with laser spot-sizeddetection, (v) shear-force technique—contrast is enhanced by a vibrating tip, (vi) aperture-basedtechnique—the useful information is collected from the aperture area. Continued at fig. 1.9
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interaction may be non-trivial in the time-domain (TD) regime and was recently the subject ofother studies [Thoma and Dekorsy, 2008].This apertureless approach was previously used in the optical frequency region [Betzigand Trautman, 1992; Dürig et al., 1986]), also in the MW [Matarrese and Evenson, 1970], andit was first investigated experimentally in the THz region in 1998 [Hunsche et al., 1998]. Ageneral, frequency-independent near-field tip-enhanced approach was described by Zuev andFrantnesson [Zuev and Frantnesson, 1998]. Several modification of the concept exist:
� The group of Kersting and Chen have prepared a near-field probe made of tungsten [Chenet al., 2003], and they were able to detect metal-dielectric [Cho et al., 2005] and doped-dielectric contrast [Buersgens et al., 2006]. Using an idea originating from Chen, Kersting,and Cho, later a shear force technique was employed to enhance the spatial resolutionand image contrast [Buersgens et al., 2007], see fig. 1.9v.
� Call to mind that the resolution of the image is limited by the smallest inhomogeneity ofthe sensing apparatus, see section 1.8 , one is forced to use imaging tips as small aspossible. So, AFM tips have been irradiated by THz radiation and spatial resolution downto tens of nm (equal to the dimension of the AFM tip) was demonstrated [Garcia-Etxarriet al., 2009; Hillenbrand, 2007a,b; Huber et al., 2008]. This idea was proposed by Knolland Keilmann in mid-infrared (MIR) spectral range [Keilmann and Hillenbrand, 2004;Knoll and Keilmann, 1999], and later it was combined with tapping mode of the AFMtips [Schnell et al., 2009; von Ribbeck et al., 2008].
� The concept of Sommerfield-wire waveguide method [Awad et al., 2009] can be transformedinto the tip-enhanced type. Here, the THz radiation is first coupled to a Sommerfeldwave moving along the free-standing wire surface [Sommerfeld, 1899a,b; Wächter et al.,2005], and then it travels along the surface of the metallic tip back-and-forth with areflection on the sample surface at the end of the probe where near-field phenomenaappear, see fig. 1.9ii. A combined method that couples the THz wave to the vibratingprobe [Wang et al., 2004], see fig. 1.9ii and (v), has the potentiality for pulsed THzsensing and diagnostic systems with unreported resolution [Wang and Mittleman, 2007].
� A free-standing metal wire can be used only for collecting the field at the imaging planeand the longitudinal electric field (polarized along the wire antenna) can be collectedwith subwavelength resolution [Adam et al., 2009].
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Figure 1.9: Near-field techniques (vii–xii, continuing fig. 1.9): C—confinement structure (ussuallybulk), D—THz sensor (opto-electric detector), E—THz emitter, G—gating material, S—observedsample. (vii) dynamic aperture technique—the perturbance area enhancing the near field iscreated by a laser spot, (viii) local-source detection—local source of THz radiation is createdclose to a thin sample, (ix) LTEM—a local source of THz radiation is created directly in thesample, (x) spatial confinement technique—a pyramid or cone structure is used to constrain theTHz radiation, (xi) bow-tie antenna—the structure enhances the THz field between the apices,(xii) nano slit—a nanogap is used as an aperture.
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1.9.2 Imaging techniques involving an optical laser beam

Bearing in mind that the spatial resolution is dependent on the smallest characteristic distanceof the experimental setup, reducing a certain parameter at the right place might possibly leadto better results. In the following we focus on techniques in which manipulates the laser-beamspot in sensing or creating the near field. In those technique, reducing the shape and choosingthe right placement of the laser-beam spot is playing the biggest role.
� The dynamic aperture technique uses a laser beam to create a gating to a part of theincident THz pulse in front of the sample, see fig. 1.9vii. The size of the gating, andthus the spatial resolution, is limited by the size of the laser spot and can be down to

λ/20 [Chen et al., 2000]. A similar concept was earlier developed for MIR [Palanker et al.,1998a,b].
� Placing the detection area in immediate distance to the (THz-pulse—sample) interactionarea, the presence of the near-field created by the sample structure is crucial. Bylimiting the sampling area of the laser beam on the detector crystal, information from this

spot-sized detection area is collected only [Wynne and Jaroszynski, 1999], see fig. 1.9iii.Recent results using this concept have been published by Adam et al. [Adam et al., 2008a].By this approach, field diffraction from subwavelength structures as well as coupling to thesurface are possible to follow directly [Jiang et al., 2000; Seo et al., 2007; van der Valk andPlanken, 2002]. Near-field images of the spectral amplitude and phase of the electric fieldare possible to reconstruct, to show the formation, propagation and attenuation of surfacewaves, and to allow distinguishing between propagating and stationary modes [Bitzer andWalther, 2008; Bitzer et al., 2009]. By contrast, scanning near-field optical microscopy(SNOM)-based (tip-enhanced and confinement-type) techniques are mainly sensitive toonly the longitudinal electric field component and can not directly provide the magneticinformation.
� The technique of THz imaging by a local source (also, imaging by a sub-wavelengthsource) is a method based on the fact that sub-wavelength sources can exist and arecapable of emitting far-field radiation [Dakovski et al., 2005], see fig. 1.9viii. The sourceof the THz radiation is usually a thin electro-optical THz ZnTe emitter. Theoreticalestimation of the spatial resolution of λ/300 proposed by Dakovski et al. is within resultsof recent measurements provided by Grésillon’s group (λ/10) [Lecaque et al., 2006, 2008]and Zhang’s group (λ/100) [Yuan et al., 2004a,b].
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� The LTEM is closely related to the previous method of imaging by a local source. Buthere, the local THz source is created directly in the studied sample, see fig. 1.9ix. Thesetup uses a femtosecond laser [Rullière, 2003] to excite THz waves in various electronicmaterials due to ultrafast current modulation [Planken et al., 2005]. The current modulationis realized by the acceleration or deceleration of photo-excited carriers, and thus LTEMvisualizes the dynamic photo-response of substances [Kiwa et al., 2003; Murakami andTonouchi, 2008].

1.9.3 Tip-enhanced terahertz apertureless near-field optical microscopy

THz-ANSOM is a complex result of combining the tip-enhanced method with the laser-beaminvolved imaging [Planken and van der Valk, 2004; van der Valk and Planken, 2002]. Here, theTHz near field in close vicinity of a metallic (or SNOM) tip is detected by the optical samplingbeam in a sensor just behind a thin sample, see fig. 1.9iv. Active works are under progressby Adam et al. [Adam et al., 2007; Seo et al., 2007]. Even an all-component (transversal andlongitudinal) field measurement of the near field around a metallic disturbance was proposedand assembled [Adam et al., 2008a,b].
1.9.4 Aperture-based near-field techniques

Aperture-based near-field techniques use a small opening (or an aperture, or pinhole) in frontof the sample to enhance the spatial resolution, see fig. 1.9vi. On Babinet’s principle, thediffraction pattern should be the same from a tip and from a hole of the same diameter sizeexcept for the overall forward beam intensity [Balanis, 1996, chap 2]. And, the power of theuseful signal is dependent on the size of the opening and is strongly attenuated [Bethe, 1944;Mair et al., 2004; Mitrofanov et al., 2001b]. Nevertheless, successful experiments were providedby Masson et al. [Masson et al., 2006a,b] and Mitrofanov et al. [Mitrofanov et al., 2000, 2001a],[see also Mair et al., 2004].
� Recently, it has been shown that using a metallic nano slit, in the shape of a thinnano-sized long perforation in the metal layer or film, see fig. 1.9xii, creates a near fieldsensitive perpendicular to the opening and spatial resolution down to λ/30 000 [Seo et al.,2009].
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1.9.5 Confinement methods

Confinement near-field methods are such techniques in which the radiation is constrainedinto a small volume by a waveguiding structure. Most of the waveguiding structures are oftransmission-line of waveguide types, see section 1.10.Originally developed for IR waveguides [Keilmann, 1995], it was first experimentally demon-strated using a tapered metal tube [Hunsche et al., 1998] similar to one from SNOM. For across-section of such a symmetrical structure, see fig. 1.9x. It can be calculated that an all-sideconfinement structure (a waveguide) shows a strong frequency cut-off behaviour, see section 1.10.The cut-off can be eliminated by the following enhancements:
� A conical aperture probe placed into a powerful (synchrotron) beam is able to boostthe evanescent field behind the cut-off that a λ/40-spatial-resolution at 2 cm-1 waspossible [Schade et al., 2004].
� To eliminate the low-frequency cut-off of a constraining waveguide (technique of Keil-mann), a small wire [Schade et al., 2005] or a logarithmic coupling structure wereintroduced [Staats et al., 2006]. So, the confinement of the field at the structure openingis enhanced, coupling is more efficient and the structure is supposed to have no fre-quency cut-off at all. Chusseau was about to apply this idea to a rectangular waveguideopening [Chusseau, 2007].
� An open-side pyramidal-shaped dielectric probe also eliminates the frequency cut-off ofthe tapering, and it has been first used in the MW region in continuous regime [Ash andNicholls, 1972]. A spatial resolution of λ/200 at 80 GHz was achieved by a metal-dielectricprobe (MDP) [Klein et al., 2005]. It is a 3D structure in the shape of a pyramid metallisedfrom two opposite sides and the idea is the basic concept of the MDP we are usingfor probing the THz waves, see section 2.1. In parallel with the measurements in ourlaboratory, a similar project, based on Teflon (PTFE) pyramids, has been launched incontinuous regime by Chusseau [Adam et al., 2008b].Using the concept of an open-side pyramid-shaped dielectric probe, supporting experimentson macro-model were conducted in the MW region [Rosner et al., 2002a] to prove andshow the potential of a miniaturised lithography-built scanning probe with all-side coatingin the MW and the optical frequency region [Rosner et al., 2002b].
� Awad and Chevillea used a submillimetre waveguide confinement of broadband THz pulseswith a cylindrical-lens coupling of Mendis and Grischkowsky [Mendis and Grischkowsky,
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2001], and a metal-silicon contrast was demonstrated [Awad and Chevillea, 2005]. Thesubwavelength resolution was realised by a narrow spacing in a parallel-plate waveguide.
� Other near-field methods at microwave frequencies rely on tapered metal transmissionlines (section 1.10), for which subwavelength resolution can be easily attained, see e. g.[Tselev et al., 2003] and [Steinhauer and Anlage, 2001]. However, metal transmissionlines such as coaxial lines or coplanar tips are very lossy and difficult to machine for thefrequency range above 50 to 100 GHz.
� The group of Wächter et al. has recently patented a freely-positionable photoconductivenear-field probe-tip [Wächter et al., 2009] consisting from two tapered electrodes forfield-singularity enhanced sensitivity—in fact, it is a confinement structure in plane.
� To decrease or even eliminate the diffraction of the incident THz wave Nikoghosyanet al. tried to emit THz radiation directly in the pyramidal structure ended with asub-wavelength end-facet [Nikoghosyan et al., 2004]. In this case, the tapering structurewith no metallisation lead the wave on a long-enough distance, but side-radiance andoutreach of the travelling pulse were present.
� A bow-tie antenna design is a 2D variant of a pyramid-shaped probe, see fig. 1.9xi.Its manufacturing is easier, and it can also efficiently enhance the sensing field at theregion between the apices. The idea is currently under improvement by Chusseau, incontinuous-wave regime.There have been efforts to build a near-field CCD camera (detecting large-area laser pulsesmodified by the opto-electric element and THz-waves interaction [Hattori et al., 2004]) and asub-wavelength resolution of λ/2 was demonstrated [Jiang et al., 2000; Wang et al., 2009a; Wuet al., 1996]. But, this approach does not involve any near-field technique and conforms withthe far-field image resolution criteria, see section 1.8, unless the scanning is combined with thespot-sized laser detection, see section 1.9.2.

1.10 Waveguides and transmission lines

Waveguides and transmission lines, are structures used to guide electromagnetic waves frompoint to point. However, the fundamental characteristics of waveguide and transmission-linewaves (modes) are quite different. The differences in these modes result from the basic differencesin geometry for a transmission line and a waveguide, see e. g. [Tamir, 1979, Chap. 2].
CHAPTER 1. TERAHERTZ RADIATION, SPECTROSCOPY AND NEAR-FIELD IMAGING 33



1.10. WAVEGUIDES AND TRANSMISSION LINES 34

Figure 1.10: The basic types of transmission lines (a coaxial and a wire transmission line) maybe characterised by a cross-section and a distance.
Transmission line

� A transmission line is two or more conduc-tors separated by some insulating medium(two-wire, coaxial, microstrip, etc., waveg-uides, see fig. 1.10).
� Its normal operating mode is the trans-verse electromagnetic (TEM) or quasi-TEM mode. It can support transverse elec-tric (TE) and transverse magnetic (TM)modes, too, but these modes are typicallyundesirable.
� There is no cut-off frequency for the TEMmode.
� Significant signal attenuation at high fre-quencies is due to conductor and dielectriclosses.

Waveguide
� A waveguide is typically one enclosedconductor filled with an insulating medium(with a rectangular, circular, or othershape of its cross-section, see fig. 1.11).
� Its operating modes are TE or TM modes(cannot support a TEM mode, due toboundary conditions in the Maxwell equa-tions.).
� A waveguide must be operated at a fre-quency above the respective TE or TMmode cut-off frequency for that mode topropagate.
� There is a lower signal attenuation athigh frequencies for waveguides than fortransmission lines.Simple dielectric waveguides (enclosed or not by a conductor) can have a rectangular, acircular or a plate cross-section, and they are characterised by dimensions a ≤ b, diameter rand plate distance d ≡ a, b→∞, see examples in figs. 1.10 and 1.11. The TEkl and TMkl
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Figure 1.11: The basic types of waveguides (a hollow metallic and a dielectric rectangular, acircular and a plane waveguides) may be characterised by their cross-section and/or fillingmaterial properties, εr and µr.
modes for a can be then written as follows:

νkl = c02√εrµr
√(

k
a

)2 + ( l
b

)2, (1.11a)
νkl = c0χkl2πr√εrµr , (1.11b)
νk = c0k2d√εrµr , (1.11c)

where where k and l are positive numbers, √εrµr = n is the refractive index of the insulatingmedium, χkl is the k th root of the lth Bessel function Jl(r). For both the TEkl and TMkl modes,one can find that the cut-off frequencies for the fundamental mode (k = 0, l = 1) are
νmin = c02bmin√εrµr , (1.12a)

= c0χ012πrmin√εrµr = 2.4048 · c02πrmin√εrµr , (1.12b)
= c02dmin√εrµr . (1.12c)
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and dmin = bmin = π/2.4048 rmin are the minimal and critical cut-off dimensions of the criticalpassageway below which only evanescent wave exists [Saleh and Teich, 2007, Chap. 7]. In otherwords, frequencies below a frequency ν / νmin do not propagate further the minimal dimension.Modes higher than fundamental ((k, l) 6= (0, 1)) have higher cut-off frequencies.
1.11 Properties of some materials in the THz frequency range

The typical frequency range of the measurement is 0.1 to 1.2 THz (λ ≈ 0.25 to 3 mm) (seefig. 2.8 where a typical waveform of a reflection is depicted with its calculated FFT). This wholefrequency range was employed to analyse fingerprints of various samples (section 3.6). In thefollowing, we list characteristics of some selected materials of different types displaying distinctproperties within this frequency range. The average material constants within the experimentalFD of sensed materials are listed in table 1.2 and they are connected by eqs. (1.13) to (1.15),after [Bass et al., 1994, chap 9.7] and [Wooten, 1972, p. 49].
ε′(ω) = n(ω)2 − κ(ω)2, ε′′(ω) = 2n(ω)κ(ω), (1.13)
n(ω) =√√ε′(ω)2 + ε′′(ω)2 + ε′2 , κ(ω) =√√ε′(ω)2 + ε′′(ω)2 − ε′2 , (1.14)

n(ω) = c0
c(ω) =√ε(ω)µ(ω)

ε0µ0 =√εr(ω)µr(ω), (1.15)
where ε∗ = ε′ + iε′′ and ε′ ≡ εr.
Metal With their highly conducting properties in the THz frequency range, metals act as ashielding for thicknesses above ≈ 30 nm [Walther et al., 2007], and above this thickness, theycan be considered as perfect electric conductors (PECs), both for MW and THz radiation, seeeq. (2.1). The radiation can be efficiently coupled to a metal surface and guided as has beendemonstrated for various near-field-type probes, see section 1.9.1. At normal incidence, theirreflectivity is one, R = 1. For this reason, metal-dielectric structures with more or less finepatterns are commonly used for testing the resolution limits of imaging experiments (figs. 3.17and 3.18).
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material ε′ (εo, εeo) ε′′ κ n (no, neo)metal ∞ 0 0 ∞BaTiO3 56, 2000 – – 7.5, 45sapphire 10.5 7 1 3.07, 3.41high-ρ Si:B 11.5 1.0 to 0.1 0.02 to 0.16 3.4mid-ρ Si:B 11.45 1.0 to 0.1 0.02 to 0.16 3.4low-ρ Si:P – – – –sample glass – – – 2.08SiO2 2.8 4 1 2.11, 2.15Mylar 2.8 to 3 0 0 1.67 to 1.78Teflon 2 0 0 1.433

Table 1.2: Material parameters of samples under investigation with oour MDP. Most of thematerials are listed in [Halpern et al., 1986]. A range is given when the value varies by morethan 5 % within 0.1 to 1.0 THz. Only the found and cited values (below) are shown here, thevalues not found are shown by a missing field (–).
Silicon dioxide (SiO2) and glass Silica (SiO2) occurs commonly in nature as sandstone, silicasand or quartzite, and it is one of the most abundant oxide materials in the earth’s crust. Itcan exist in an amorphous form (vitreous silica) or in a variety of crystalline forms, often it willoccur as a non-crystalline oxidation product on the surface of silicon or silicon compounds. Itsordinary and extraordinary refractive indices in the THz range are 2.11 and 2.15 [Grischkowskyet al., 1990], respectively. The ordinary axis in our measurement was perpendicular to thesample surface.A microscopy slide was used as a sample of common glass. Its characteristics may varyfrom piece to piece, but we considered its refractive index close to that of an amorphous SiO2,i. e. ≈ 2.1 [Halpern et al., 1986]. The imaginary part usually displays moderate THz losses, incontrast to pure quartz.
Plastics We have used plastics Mylar and Teflon to broaden the family of common materialfor our measurements.
� [Krishnamurthy et al., 2001; Loewenstein and Smith, 1971] Mylar is usually used ina form of a thin foil for beam splitting in optics: n = 1.7(1) within 0.1 to 1.5 THz[Krishnamurthy et al., 2001].
� Teflon n = 1.43 @ 0.05 to 1.2 THz [Birch et al., 1981], absorption coefficient is too lowto quantify [Halpern et al., 1986] or was found to be below 0.08 cm-1 for frequencies

CHAPTER 1. TERAHERTZ RADIATION, SPECTROSCOPY AND NEAR-FIELD IMAGING 37



1.11. PROPERTIES OF SOME MATERIALS IN THE THZ FREQUENCY RANGE 38
< 0.5 THz [Birch et al., 1981].

High-resistivity and doped silicon The most common metalloid, Silicon (Si) of high bulkresistivity (ρ ' 3× 103 to 104 Ω cm) is transparent for THz radiation [Grischkowsky et al.,1990], and its transparency slightly decreases for MW frequencies below 100 GHz [Seeger,1988]. Its refractive index is n = 3.41, κ ≈ 0. We investigated three samples of doped silicondiffering in bulk resistivity ρ:
� a high-resistivity sample of boron doped silicon, Si:B, 6 to 12 Ω cm,
� a mid-resistivity sample of boron doped silicon, Si:B, 3 to 6 Ω cm,
� a low-resistivity sample of phosphorus doped silicon, Si:P, 0.09 to 0.1 Ω cm.It was not possible to calculate the dielectric constants for the low-resistivity sample of Si:Pdue to its low transparency.

Sapphire Sapphire (α-Al2O3) is a material highly transparent at MW frequencies with itsabsorption coefficient αabs increasing, αabs = 4πκ/λ > 2 cm−1 above 1 THz [Grischkowskyet al., 1990]. It is birefringent and its refractive indices are neo = 3.41 and no = 3.07 @0.1 to 1.5 THz [Grischkowsky et al., 1990] .
Silicon and gallium nitrides The nitrides are promising for MW technologies especially fortheir stable permittivities over a broad frequency range and low tangent of dielectric loss angle,5.3 to 9.7× 10−3 Silicon nitride based ceramics (Si3N4) have been widely studied becauseof their potential applications as structural components at room and elevated temperatures[Hampshire, 2007]. Silicon nitride is also a good candidate for high temperature microwavetransmission due to the high mechanical strength, good thermal shock resistance, excellentresistance to rain erosion and an acceptable dielectric property [Barta et al., 1985]. For thecontinuous-wave (CW)-MW measurements, we have disposed of two samples: undoped galliumnitride (Si3N4) (εr = 7) [Kliem and Holten, 1999] and GaN (εr = 9.0) platelets (section 1.11).
Barium titanate (BaTiO3, BT) A flat as-grown barium titanate (BaTiO3) single-domain crystalplatelet was used for domain-imaging and sample-orientation dependent measurement, whichexhibits a high anisotropy—its refractive indices are no = 45, neo = 7.5 in the THz and MWfrequency ranges [Li et al., 1996].
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Chapter 2

Data acquisition and treatment

In this chapter, we describe the concept of the metal-dielectric probe (MDP), of the metal-dielectric dual probe (MDDP) and the process of their manufacture (section 2.1). The technicalimplementation of the terahertz (THz) and microwave (MW) experimental setups (sections 2.2and 2.3) employed for measurements and the simulation tool CST MicroWave Studio® 2008employed for numerical simulations (section 2.4) is described further. Further, we give explanationon the structure of our data acquired in experiments and in simulations (section 2.5), and finally,we introduce the reader to multivariate analysis (section 2.6) and to the process of the analysisof our data (section 2.7).
2.1 Metal-dielectric pyramid-shaped probes

Our work concentrates on a broadband measurement method with an asymmetric waveguidingpyramid-shaped probe, which was developed earlier [Klein et al., 2005]. It was developed inorder to avoid three limitations of other methods:1. the problem of low sensitivity introduced by the dimensions of near-field probes—thedimensions of the tips that are necessarily much smaller than the wavelength, seesections 1.9.1 and 1.9.4;2. to overcome the cut-off problem introduced by the continuous metallisation of the probes’surfaces, see section 1.9.5;3. and finally, to overcome the problem of losses (introduced by transmission lines) innear-field probes based on a transmission line, see section 1.10.
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With this approach ([Klein et al., 2005]), we are able to concentrate THz field without substantiallosses into a small volume and provide a near-field interaction.
2.1.1 Characterisation of the probes

The MDP consists of a rectangle-shaped block of a low-loss dielectric material sharpenedto a pyramidal tip terminated by a subwavelength-sized plane facet, see figs. 2.1 and 2.18.Suitable materials for MDPs were chosen with respect to transparency and dielectric lossesin the MW and THz frequency ranges. Three materials came into question and were studiedfinally: high-resistivity Si, sapphire (α-Al2O3) and Teflon (PTFE). High-resistivity Si (ρ '3× 103 to 104 Ω cm) is transparent for THz radiation [Grischkowsky et al., 1990], but itstransparency decreases for MW frequencies below 100 GHz [Seeger, 1988], see section 1.11.With sapphire, the situation is the opposite: it is highly transparent for MW, but its absorptionincreases above 1 THz [Grischkowsky et al., 1990], see section 1.11. Furthermore, sapphireis birefringent, so care has to be taken of material orientation at fabrication and polarisationorientation of the input pulse at the experiment. Both Si and sapphire have a very low dispersionin the MW and THz frequency range [Grischkowsky et al., 1990], therefore they are suitable asMW and THz waveguides. Finally, Teflon has very low losses as well as a low refractive indexof 1.43 in the THz frequency range, see section 1.11.

Figure 2.1: The asymmetric MDPs were made of sapphire and Teflon. Two neighbouringsides were tapered and two broader sides metallised usually. (The narrower sides are shownmetallised in this schematic drawing.)
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The benefit of the relatively large wavelength at THz frequencies is that the technicalrealisation of a focusing near-field probe is easier due to electromagnetic (EM) scaling thanto build up the same structure for a similar effect at shorter wavelengths. Note that a similarmethod was applied in the MW and optical domain some years ago, where they used etchingand electron-beam lithography method for probe manufacturing [Rosner et al., 2002a].

Figure 2.2: Measurements using probes with two different tapering were realised. Probes madeof silicon with a cross-section of 1 mm× 1 mm or 1 mm× 2 mm were tapered on a distance ofca. 2 mm (short symmetric tapering). Probes made of sapphire and Teflon (with a cross-sectionof 1 mm× 2 mm and 2 mm× 2 mm, respectively) were tapered on a distance of ca. 5 to 6 mm(long tapering), i. e. α < β . (Here, the dimensions of the probe ends are not to scale forillustration of the tapering and the asymmetry.)
Blocks of dielectrics were prepared with dimensions
� 1 mm× 2 mm× 12 mm to 15 mm (silicon probes),
� 1 mm× 2 mm× 15 mm (sapphire probes) and
� 2 mm× 2 mm× 25 mm (Teflon probes—these could be cut to a shorter length easily).They were cut and polished into a form of a quadrilateral truncated oblique frustum, i. e. anasymmetric pyramid with a small end facet, see fig. 2.1. The tapering angle of these frustavaried within our set of probes. The pyramidal tips could be symmetric, semi-asymmetric, orfully asymmetric. At first experiments, we disposed of symmetric MDPs (made of silicon; thelength of the tapering was 1 to 2× longer than the sides of the rectangle in cross-section ofthe probe). Later we widely employed asymmetric MDPs (made of sapphire and Teflon, andof which the length of the tapering was 2 to 6× longer than the sides of the rectangle incross-section of the probe), see fig. 2.2. Simulations and experiments of Dudorov on waveguide
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transitions showed that the longer tapering has less side leakage and less influence on theshape of the transient pulses [Dudorov, 2002].Two opposite sides of the tapered block were metallised—the coating consisted of a 10 nmtitanium as an adhesive layer, 1 µm of silver as a conductive layer and 30 nm of gold as aprotective layer. The thickness of the (silver) conductive layer was ca. 4× larger than theskin depth δskin at the lowest frequencies of our experiments, νmin ≈ 76 GHz (for microwaveexperiments), i. e. very close to the limit of a perfect electric conductor (PEC):

δskin =√ 2ρ2πνµ0µr ≈
0.23 µm @ 76 GHz80 nm @ 0.6 THz (≡ νm,THz) (2.1)

where the bulk resistivity and the relative permeability for silver are ρ ≈ 1.6× 10−6 Ω cm [Lide,2001, p. 12-43] and µr ≈ 1 (µr ≡ 1+ χm, where the magnetic susceptibility χm = −2.4× 10−5[Griffiths and College, 1999, p. 275], derived from [Lide, 2001, p. 4-134]) at 20 ◦C, respectively.The νm,THz ≈ 0.6 THz is the mean frequency of the THz range with the typical frequency rangesensed 0.1 to 1.2 THz, see fig. 2.8.The dimensions of the end facets of the tested MDPs spread in the range from 30 µm× 50 µmto 90 µm× 140 µm. The metallisation on the two sides prevents a cut-off, which would be, inthe case of all-side coating, νmin ≈ 1.5 THz for the extreme end facet of 30 µm× 50 µm of asapphire probe, see eq. (1.12a).The tapering of a MDP with an angle ∠ ≈ 15 to 30 ° focuses the incident wave ontothe end facet, giving rise to a highly localised EM field. This field is thus sensitive to thepermittivity (conductivity) in the close vicinity of the end facet and it is suitable for broadbandapplications. From simulations, see section 3.7.4, it can be deduced that the near field is splitup into multiple lobes and the overall interaction volume of the detected signal is just slightlylarger than the area of the end facet. That was also confirmed by experiments by using asapphire probe (fig. 3.17).Most of the probes were fabricated in the optical workshop of the Institute of Physics ofthe AS CR, Prague (IoP) (prepared by the former group leader Jǐŕı Fryštacký); a part of themwas prepared by CrysTec GmbH company specialized in crystal manufacturing [CrysTec GmbH,2010]. The optical workshop in Prague was able to process both Si and sapphire probes withhigh quality end facets. The sapphire probes polished by CrysTec GmbH showed high ratiodeformation in the end-facet area—the end facets were elongated, their dimensions varied from
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5 µm× 40 µm to 20 µm× 150 µm and they were of irregular shape. CrysTec GmbH reportedthat they were not able to process Si probes using industrial methods due to the high fragilityof the material.The MDPs were placed into an opto-THz setup that was a modification of a time-domainterahertz spectroscopy (TDTS) in reflection geometry (see section 2.2 for a detailed description).The emitting and the detecting part of our experiment were the same in concept as those for aTDTS with a sample in reflection geometry, see section 1.4 and figs. 2.6 and 2.7 for the TDTSsetup and for the imaging setup.The described confinement structure enabled us to concentrate THz pulses into a small(subwavelength) volume at the tip end and near the sample surface. However, the time-domain(TD) profile of the output THz pulses is influenced by the inner reflections in the waveguideand by irregularities of the end facet. Also, there is a high impedance mismatch between theMDP end and the adjacent sample medium due to their different ε∗. Therefore, a rather smallfraction of the output THz pulse is reflected back at the tip-sample interface and only thisfraction carries the information about the sample local properties. These features prevented astraightforward evaluation of the raw experimental data; therefore a data-mining technique wasused to extract useful information, see section 2.7.
2.1.2 Teflon probes

Figure 2.3: The special holder made of a steel block was used for manufacturing the Teflonprobes.
The Teflon probes were manufactured by using a holder, specially designed to this purpose.It consisted in a steel block with slots of widths of 2 mm, 3 mm and 4 mm, a tapering under 20°
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and fixtures for clamping the Teflon blocks, see fig. 2.3. In order to manufacture a Teflon probe,first, a block of a square cross-section and a 40 mm length was cut from a large plate and thecut sides were polished by emery and sanding papers of different granularity (using granularitygradually from 200 to 2000 and sanding papers used for polishing optically smooth surfaces,too).Then the block was clamped into a slot and its ending at the tapering was covered by an(ordinary) two-component epoxy resin. The hardened coat of the resin protected the soft Teflonblock from fringing and deformation while polishing down to the steel holder. After sandingoff the resin and creating a small wedge, the block of the Teflon was turned by 90° in theholder and the process of glueing and polishing was repeated. This way an asymmetric probe(fig. 2.1) was created with no frustum—that protected the yet uncut tip of the probe until it wasmetallised. By a careful sanding, it was possible to create very smooth surfaces and to polish aTeflon block into a sharp probe with useful dimensions of ca. 100 µm at the end.The Teflon surfaces to be metallised were modified by ion bombarding by ions of oxygen(O+2 ) at ca. 5× 10−4 mbar [Lee et al., 2004]. The modified surfaces were covered by a titaniumlayer of 1000 Å by an electron gun (Igun = 60mA, Ugun = 10.35 kV, vacuum 2 to 3× 10−7 mbarand decomposition rate of the layer 4.0 to 4.2 Å/s) and by a golden layer of 1500 Å froma crucible (vacuum of 8 to 9× 10−8 mbar, grow rate 3.0 to 4.0 Å/s. The temperature of thelayer close to the samples was T max = 29 to 30 ◦C. The metallisation of the MDPs withstandcleaning in a sonicator.After cutting off the ending as short as possible that was usually distorted by sanding andmetallised from all sides, the MDP was ready for measurements. The surface conductivity waschecked by measurement of a resistance between two points on each of the sides separately(30 to 60 Ω ≈ ρs) and between the opposite sides (ca. 0.1 MΩ). In cases when the probe endwas still metallised, a resistance of 30 Ω was measured. Finally, the probes were used forscanning in a dual probe (section 3.8) or separately with flat or tilted end facet (fig. 3.18).
2.1.3 Concept of the dual probes

In this section, we describe the concept of a MDDP. Experiments employing a MDDP andresults of these experiments are described in section 3.8.The changes of the relatively strong back-reflected pulse reflect the properties of the sampleunder the probe. To reveal the usually subtle and (at first sight) nonlinear changes in the
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Figure 2.4: (i) The dual-probe concept, where the probe area A1 emits the radiation andpolarises the sample area As, which then re-emits the radiation. The interaction area is aweighted intersection of the probing area A1, sensing area A2 and an area on the sample Aw.(ii) At the single probe the sensing area is equivalent to the emitting area, A2 ≡ A1 ≡ As, andthe intersection of the probing area A1 and sample area As can be much larger than at the dualprobe.
strong background (depicted in fig. 3.3 in section 3.2), a decomposition of the dataset has to beapplied, see section 2.7. The useful signal reflecting the sample properties is often 10 to 100×lower than the overall signal intensity, see section 3.2. Therefore, it would be more efficientand straightforward to have the background already extracted during the measurement. Toachieve that, we proposed a so-called dual-probe structure that consists of two probes madeof materials with different refractive indices (without loss of generality (WLOG) we establish
n1 < n2) joined together by their metallised sides, see fig. 2.4. The two probes have similardimensions—especially, their physical lengths are almost equal so that both input facetscan be placed at the THz focal plane. A small difference in lengths l∆ is ensured so that
l1 ≈ l2 = l1 − l∆. This difference l∆ ≈ 0.5 to 1.0 mm between the input facets ensures atime delay of 3 to 6 ps of the input-facet reflections, and it enables a convenient positioningof the dual probe to its proper place, see fig. 3.33. We assume that the sensitive region ofa MDP exceeds the borders of the end facet of a probe. This idea was confirmed by resultsof a simulation and experiment described in section 3.5.2. Therefore, an intersection of twooverlapping sensitive regions exists at the junction of the two end facets of a MDDP.Due to their markedly different refractive indices, the optical lengths of the two probes differ
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(l1n1 < l2n2) and therefore, several distinct pulses can be captured in the waveform, of whichthree are significant (cf. fig. 2.5):
� Two pulses each travelling through a different probe—their times of pass are

t1 = 2 l1n1
c0 , (2.2a)

t2 = 2 l∆ + l2n2
c0 = 2 l∆ + (l1 − l∆)n2

c0 > t1; (2.2b)
� Two pulses travelling through one probe and, after interacting with the sample at theoverlapping regions, returning through the other probe backwards to the input facet. Bothcross-pulses appear at a delay time

t12 = t21 = l1n1 + l2n2 + l∆
c0 = t12 + t22 , (2.3)

i. e. exactly between the two pulses arriving at times t1 and at t2.The two cross-pulses interact with the sample surface separately at distinct times and theydo not interfere with each other near the surface sample. Instead they meet head-on in theoptically denser probe n2 at a distance t12c02 l∆�l1= l1(1 − n1+n22 ) from the sample surface andno interaction of the two pulses is present due to the weakness of their EM fields. The factthat they do not interact is important for analysing the output signal—the contributions ofthe separate cross-pulses sum up linearly creating the output signal. At this time-delay (t12)there is also almost no returning (background) signal (fig. 2.5, black line, —), i. e. the ratioof the amplitudes of the signal and the change is highest in the whole collected time domain.Concurrently, the amplitude of the change is comparable at other times (those at t1 and t2).
2.2 Experimental configuration for the terahertz measurements

As we have demonstrated in several places in chapter 1, the THz range has become a populardomain in spectroscopy (sections 1.1.1 and 1.4) and imaging (sections 1.6 and 1.9), mostly usingsingle-cycle EM pulses and time-domain spectroscopy (TDS) [Cho, 2009] for their broadbandcharacteristics.A schematic drawing of our full setup is shown in fig. 2.6 and the THz part of the setup is alsoshown on photographies in figs. 2.7i and 2.7ii. Free-space propagating THz pulses are generated
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Figure 2.5: The sample-probe distance sensitivity for a dual probe (fig. 2.4) was simulatedusing CST MWS. A series of simulations (e. g. section 3.5.1) was decomposed using SVD(see later section 2.7). The average of the pulse response over the full simulation time (blackfull line, —) and the sensitive areas belonging to the near-field component (red dotted line,
· · · ) are depicted. For sake of simplicity, we assume the lengths of the probes to be equal,
l1 = l2 = l. The input pulse is started to be generated at a time 0 ns, and its maximumappears at a time t0 = 0.013 ns (– –). Due to the input facets close to the radiating port, theposition of the reflection at the input facets appears almost identical at the creation of the inputpulse (t∆ = 4× 10−4 ns). The maximum of the back-reflected input pulse travelling along theoptically thinner probe is sensed at a time t1 = t0 + 2n1l/c0 (· · · ), and that of the pulse travellingalong the optically denser probe, at a time t2 = t0 + 2n2l/c0 (– –). Their cross-talk arrives backin between them, at a time t12 = t0 + (n1+n2)l/c0 (- —). Due to longitudinal/lengthwise innerreflections in the waveguide, the maximum of the 2nd reflection in the thinner probe is visibleat t ′1 = t0 + 4n1l/c0 (-·-), too. The most sensitive time-delays of the waveform belonging to areflection are usually located around the maximum of that reflection, e. g. at t1 − ∆ and t1 + ∆for the 1st pulse reflection.
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Figure 2.6: A schematic drawing of the THz near-field imaging setup. Optical pulses with anenergy of 12 nJ (solid line) are converted to THz pulses (grey area and arrows, �, →) at theemitter and a small fraction of these optical pulses (dashed line) deflected by a beam-splitter isused for electro-optical detection. The generated THz pulses are directed by plastic lenses andwire-grid polarisers onto the near-field probe.
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(i) (top view) There are two polarisers, three Picarin lenses, a pellicle beamsplitter and amirror in the THz path.

(ii) (oblique side view) The THz beam is directed to the vertically positioned probe by ametallised mirror.Figure 2.7: Path of the terahertz beam in the THz setup.
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using Ti:sapphire 50 fs-long laser pulses and Tera-SED large area biased photoconductiveemitter [Dreyhaupt et al., 2005]. The THz pulses are focused by a pair of plastic lenses ontothe input facet of the probe, so that the polarisation of the radiation is perpendicular to themetallised surface of the probe. The radiation travels along the probe (see section 2.1) andthe focusing in the pyramidal part is enabled by the metallisation on two opposite sides. Inthis way, the EM field is guided and concentrated around the end facet. The focused fieldpattern interacts with the close environment of the tip, and a substantial part of the radiation isreflected back. These back-reflected pulses are directed by the wire-grid polarisers and anotherplastic lens onto the electro-optical sensor—a 1 mm thick zinc telluride (ZnTe) crystal. Theorientation of the wire-grid polarisers is such that it is possible to deflect the back-reflectedpulses to the detection system: the 1st polariser (WGP1) is oriented along the polarisation ofthe incident THz radiation, while the 2nd one (WGP2) is turned by π/4 with respect to the 1stone (see fig. 2.6). The temporal profiles of the electric intensity of the THz pulses E (t), alsocalled waveforms, are detected by electro-optic sampling in the ZnTe crystal, see section 1.3.2.1.Typical examples of an incident THz pulse (input waveform) and of a back-reflected pulse fromthe tip (output waveform) are shown in fig. 2.8. Different materials placed into the proximityof the tip leave different fingerprints in the shape of the output waveforms (see later fig. 3.2).Our THz measurement setup can be remotely controlled by our internally developed softwarePKGraph [Kužel, 2010].

Figure 2.8: The THz waveform reflected from the input facet of the probe (a) and from the endfacet (here multiplied by 5) (b) were usually collected (left). The strong after-ringing in theinput waveform is due to absorption by water vapour and dispersion of the pulse. The meanfrequency of the output pulse frequency range (right) was evaluated to νµ ≈ 0.6 THz (eq. (3.2)).
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2.2.1 Mounting of the probes

(i) The probes were hold in a metal-plastic clampfor a single probe. Here, the clamp with a probe isphotographed being above a microscope light andunder a microscope ocular. The parts of the clampare in (ii)

(ii) A metal-plastic clamp for a single probe. Theeligibility of such a construction is in repeatabilityin placement of numerous probes (but those differingin length only, with a specified cross-section).

(iii) The dual probes were fixed by a provisionalfoam clamp. The eligibility of such a constructionis in flexibility to clamp a probe within a rangeof cross-sections. The repeatability in placementof numerous MDDPs is decreased and additionalmanual adjusting is needed.Figure 2.9: Mounting for probes: a clamp for single probe and a foam mounting for a probewith arbitrary shape.
Single MDPs were mounted in a metal-plastic clamp, figs. 2.9i and 2.9ii, which was designedfor probes with a specific cross-section, e. g. 1 mm× 2 mm.The dual probes introduced a new (larger) cross-section and could even vary in that size;the conventional single probe clamp could not be used anymore. Therefore a simple mountingwas used, made of a foamed plastic that was glued to a plate with a hole (the base of theconventional clamp), see fig. 2.9iii. The area around the input facets was shielded by pieces of

CHAPTER 2. DATA ACQUISITION AND TREATMENT 51



2.2. EXPERIMENTAL CONFIGURATION FOR THE TERAHERTZ MEASUREMENTS 52
an aluminium foil, so that most of the far-field radiation that was not coupled into the probewas screened by this shield. The horizontal positioning of a probe to the optimal place wasmade by hand while measuring in real-time fast acquisition mode. First, the position of thebeam waist was calculated and then the position of the second plastic lens was adjusted toplace the waist around the plane of the input facet.
2.2.2 Characterisation of the THz beam

Figure 2.10: The THz beam profile was characterised by using a metallic mirror with a sharpedge shifted across the beam waist. The radiation was partially reflected and the frequencycontent and intensity content were extracted from the back-reflected waveforms, see fig. 2.11.The influence of the diffraction on the edge was neglected.
As a result of the growing importance of the TDTS technique, much attention has been paidto characterizing the THz beams: divergence, spatial distribution of the frequency modes andpolarisation of the radiation. The knowledge of the divergence and focus place of the irradiatingbeam is important, because a plane wavefront of maximal-illumination density is coupled intothe probe ideally, see section 2.1. In optics, one could use visual cameras, but in the THzfrequency-domain (FD), we are limited to characterise the radiation by using secondary tools.Gallot et al. suggested to use two circular apertures (negative and positive) with different radii.Those placed in-axis into the beam would allow for a large beam-waist characterisation. Thesuggested measurement is technically complex for our purpose due to the in-axis discs alignmentand is more suitable for large ratios of the beam waist and beam length [Gallot et al., 2009].Therefore, we took advantage of the reflection geometry and we used a sliding edge ofa metallic mirror freely positionable in the focal plane by the positioning table, see fig. 2.10.
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(i) The frequency contributions to the Fourier transformsof the waveforms collected. Then the set was weightedto 0 (above) by subtracting an average waveform.
(ii) The derivative of the contributions in (i). Thedifferentiation was provided in the direction of thedisplacement (y-axis). The columns of the matrix werethen separately normalised to 1.

(iii) The derivative in (ii) with the area of the full widthat half maximum (FWHM) emphasized. (iv) The spatial distribution of the THz-beam waistin relation to frequency. The ellipses indicate theFWHM of the Gaussian beam profile (eq. (2.4)) foreach frequency. A cut through the ellipses at x = 0would fit the maxima (the area around the value 0.5)in (iii).Figure 2.11: In the spatio-frequency pattern of the THz beam waist (at the place of input facetsof probes), the FWHMs were calculated for the available frequency range.
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The waveforms reflected by the sliding mirror were collected in to a matrix; see fig. 3.1 foran example of such a back-reflected waveform. The dataset were then processed by the thefollowing steps to obtain a visual analysis:1. The fast Fourier transform (FFT) provided an image in the FD; that was normalised bysubtracting the mean waveform of the dataset, see fig. 2.11i.2. In the direction of the movement of the mirror, the data-vectors summed up (integrated) thereflected intensity—ideally, into an error function; here, the original Gaussian distributionwas obtained by a discrete differentiation (the j th column was subtracted from the (j+1)thcolumn, the diff() function can be used in MATLAB or in R environments).3. We normalised the columns so, that the values loosely fit into the range (0, 1) in fig. 2.11ii(all columns were divided by the number equal to the mean value of the first threemaxima); then4. the values around the level 0.5 were enhanced in colour to visualise the FWHM fig. 2.11iii.5. The normalised values were fitted by a Gaussian profile at several frequencies and forboth measurement directions (orthogonal to each other). The Gaussian distribution followsthe relation

f (x) = 1√2πσ 2 e−
(x−µ)22σ2 , (2.4)

in which parameters µ and σ 2 are the mean and the variance of the distribution. TheFWHMs ≈ 0.6σ were extracted from the parameters of the fits and ellipses wereconstructed using the calculated FWHMs as their diameters (fig. 2.11iv).The profiles for frequencies below 0.3 THz and above 2.0 THz are clearly no more representinga Gaussian distribution; but the FWHM for those frequencies can be extrapolated using thefrequency range in-between. It can be seen that the FWHMs of our beam is strongly dependentof the frequency, especially below 1.0 THz. But it is almost independent on frequency above1 THz and the intensity of the radiation is also much lower.
2.2.3 Optimisation of the coupling of the radiation

The frequency distribution of the THz-beam profile is depicted in fig. 2.11ii with the approximateintensity distribution and the FWHM for some discrete frequencies in fig. 2.11iv. Less thanabout 50 % of the radiation below 0.5 THz is coupled into an aligned 1 mm× 2 mm input facet
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(fig. 2.11iv). We have proposed two improvements to enhance the coupling of these lowerfrequencies.We have tried to couple the THz pulses into our waveguide by a horn launcher (based on[Dudorov, 2002]), see fig. 2.12 and by a hemispherical Si lens [Rudd and Mittleman, 2002]. Thesuccessful coupling should have had two significant consequences:
� the coupling would direct a major part of the THz radiation available onto the plane ofthe input facet; and
� it would eliminate diffraction at the edges of the input facet.Additionally, focusing a Gaussian beam is possible so that one mode is excited in the waveg-uide [Casperson, 2000; Mendis and Mittleman, 2009]. The coupling of the THz beam into awaveguide and excitation of only one mode (the 1st, fundamental), so-called mode matching,can be realised by a hemispherical lens (personal consultation with Mittleman).But additional disturbances appeared when introducing a focusing element:
� The horn launcher introduced internal reflections which distorted the final THz pulse.Unfortunately, this was later shown also by EM simulations.
� The hemispherical lens curved the radiation so much that internal reflections arose in theprobe and the reflection was highly distorted; multiple pulses appeared, and this effectwas height independent (within a small range). No useful signal was measured.Although we had studied both coupling concepts extensively, finally, the best coupling ofthe THz pulse has been realised by a free-space irradiation of the input facet, at the cost oflosing a (big) part of the THz radiation. An obvious solution would be to employ an MDPwith a large cross-section (' 4 mm× 4 mm); however, we did not dispose of an appropriatefabrication technology. The holder for manufacturing Teflon MDPs (section 2.1.2) turned outinappropriate for polishing a long tapering.

2.3 Continuous-wave microwave measurements

The CW-MW measurements are same in principal as the TD-THz measurements (fig. 2.13): theradiation is guided to the probe input facet, it interacts with the sample, and it is guided backfor detecting the changes. For the MW FD measurements a standard stepped frequency MWgenerator (fig. 2.15) was used to generate continuous waves in the range 12.5 to 15.0 GHz,a part of the co-called Ku-band. That was amplified and 6× multiplied in an RF multiplier(fig. 2.15) to a range from 75 to 90 GHz, that is a significant part of the co-called M-band.
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Figure 2.12: The metallic horn launcher (photograph on the left, widely used in MW techniques)tested for focusing the radiation was simulated (the drawing of the field distribution on the right).Two pulses are caught: one reflected from the input facet of the probe and the other propagatingin the probe. The red arrows yield the directions of the pulses (→). The pulse in the probe hasextra power due to the focusing in the horn launcher according the simulations. But additionalafter-ringing follows the pulse and it distorts the pulse even more in the experiment (not shownhere).
Frequency sweeping and data acquisition were provided via a LabView interface (scripted by S.Danylyuk, Forschungszentrum Jülich, Germany (FZJ)). The probe was clamped in a holder madeof Teflon and cameras assisted the positioning process (fig. 2.16).A different process allows for sensing samples at the vicinity of the tip in the CW-MWexperiment than in the TD-THz experiment. The MDP at the end of the standard MW waveguideacts as a part of the whole waveguiding system ended by a semiconductor open end. Thissystem of waveguides has its own resonant frequencies at which standing waves appears in thewaveguide, see fig. 2.14. By placing a sample to the vicinity of the tip, the resonant propertiesof the system are changed and so is changed the resonant frequency fig. 3.36.
2.4 Computer simulations

The probe-sample system can be approximated by a simple model, too, e. g. by a lumpedequivalent circuit describing a transmission line [Grant et al., 1989; Krupka, 2006]. The non-collinear metallisation of the probe (fig. 2.17i) can be modelled by a capacitor of which the fringe
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Figure 2.13: Guiding of the CW-MW (top) and pulse-THz (bottom) radiation in their respectivesetups. There is no principal difference in sensing using a MDP in the two setups other thanthe guiding mechanism of the two radiations: the CW-MW radiation requires shielding whilethe pulse-THz radiation propagates in the free space.

Figure 2.14: Simulated electric-field magnitude as a standing wave at the axis of the MDP. TheMDP acts as an open-ended waveguide, and the resonance frequency is changed by placing asample in front of the opening (in front of the probe end) (from [Danylyuk et al., 2007b]).
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Figure 2.15: CW-MW setup (I): the stepped frequency generator and the positioning stage.

Figure 2.16: CW-MW setup (II): the holders of samples and MDPs.
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Figure 2.17: The probe can modelled as a capacitor, in which its sensing ability is related tothe change of the capacitance and inductance due to a sample at the opening.

Figure 2.18: Silicon probe polished and metallised in a scattering-electron microscope.
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field structure changes due to a presence of a sample (fig. 2.17ii), and the whole system can bemodelled using basic passive electrical components: capacitors, resistor and inductor in boththe probe and the sample (fig. 2.17iii). But this approximation does not allow for calculation ofthe field distribution or does not reflect parameters of a real sample; therefore, a more complextool has to be employed—the EM simulator called CST MWS was used for that purpose.The CST MWS, a general-purpose EM simulator based on the finite integration technique(FIT), was chosen for the EM simulations. The FIT was first proposed by Weiland [Weiland,1977]. The FIT is a numerical method providing a special and universal discretisation scheme,applicable to various EM problems, ranging from static-field calculations to high-frequencyapplications in either the time or frequency domain. Like most numerical methods, FIT alsodiscretises the integral form of Maxwell’s equations, rather than discretising their differentialforms. Both forms are displayed in table 1.1. In order to solve these equations numerically afinite calculation space is defined, enclosing the considered application problem. This space issplit up into several small cuboids, so-called grid cells, by a suitable meshing algorithm. Thespatial discretisation of the Maxwell’s equations is then performed within this mesh system andso the Maxwell’s equations are formulated for each of the cell facets separately [Weiland, 1996].The calculation is based on the solution of the space-discretised set of Maxwell’s GridEquations (their continuous form is in table 1.1). The electric voltage E and flux Φ are thevariables of the calculation. Both unknowns are located alternatively in time, well known asthe frog-leap scheme [Noakes and Kozera, 2001]. In a simplified situation that means that themagnetic entities at a time t = (n + 1)∆t are computed using the magnetic entities at time
t = n∆t and the electric entities at a half time step before, i. e. at time t = (n+ 1/2)∆t .In the frame of this work, the TD solver was mainly used for calculating the transientof a broadband MW pulse (with a frequency from 10 to 300 GHz, or for exceptional casesfrom 20 to 600 GHz) in the MDP. We focused on the computation of scattering parameters(S-parameters, i. e. a description of the electrical behaviour of linear electrical networks whenundergoing various steady state stimuli by electrical signals) and field distributions to checkthe efficiency of coupling and leakage of the field.The CST MWS is a general-purpose EM simulator based on the FIT. All our EM simulationswere processed using the CST MWS module [CST, 2008] for EM analysis in the high-frequencyrange. This module is a part of the CST Studio Suite™ (CST SS) [Technology, 2009] softwarepackage. The CST SS contains different modules each suitable for a particular application. Themodels of the structures to be analysed are created within the suite by a powerful computer-aided
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design (CAD)-type front-end which allows for full parametrisation of a 3D structure. A meshgrid is created based on the modelled components by an automated meshing procedure, and thesimulation engine calculates the required properties of the EM field on this grid.The CST MWS comprises several solvers applying different approaches to the calculationdepending on the desired result. The main solvers are the TD and the FD solver; the simulationresults can be visualized with different options and manner in each of these solvers. The TD(transient) solver is used for EM transient problems, mainly high-frequency applications, e. g.connectors, transmission lines, filters and antennas. In this solver an entire broadband frequencybehaviour of the model and S-parameters can be calculated. The transient solver becomesless efficient for low frequency problems where the structure is much smaller than the shortestwavelength. On the other hand, the FD solver is used for electrically small structures, or deviceswith a high quality value (Q-value), in which the direct calculation of the operating modes iseasily achieved by a frequency stepping approach.The CST MWS also features an eigenmode solver, which efficiently calculates a finitenumber of modes in closed EM devices, e. g. filters and resonators. As a result, CST MWSis capable of both the analysis and design of EM devices in combination with the built-inoptimizer and parameter sweep tools.
2.5 Structure of the data obtained at experiments

Although the concept of the MDP is simple, it was experienced that small deviations in theadjustment of the probe with respect to the incident THz beam, irregularities in its geometrycaused by fabrication (mainly the shape of the end facet) and also dynamic perturbations (e. g.air density fluctuations in the free-air THz beam path). Changes in the waveforms caused bythe dynamic deviations are often comparable in size with the level of the useful signal linkedto the sample. It appears therefore difficult to extract the information relevant to the sampleproperties without applying a calculational post-processing method on the experimental data.3D-datasets are usually generated during broadband THz imaging experiments using TDTS,when a THz waveform is recorded over a varying discrete measurement parameter or a conditionstate α . The parameter α is usually a common physical entity, such as temperature, a substanceconcentration, a distance or a position (of a sample or of delay line), or an angle of rotation, butit can even represent a position of a pixel of a charge-coupled device (CCD) camera [Janesickand Blouke, 1995], or it can be just (macroscopic) time t . For each condition state α , a waveform
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Figure 2.19: Representation of the dataset E (t, α) in a form of a 3D plot and of a matrix E .
is obtained, i. e. a function of the electric field over time, E (t). The set E (t, α) consists ofexperimentally obtained amplitudes E over a time delay t and parameter α (cf. fig. 2.19). Theset can be represented by a matrix E (t, α) with m rows (equal to the number of measurementpoints on the time-delay axis t) and n columns (equal to the number of measurement states
α ). The dataset E (t, α) is usually created with a view to resolve the relation between α and t(thus E (t)), by using multivariate analysis.
2.6 Multivariate analysis

In the following, we introduce the multivariate statistics, its application and display examples ofuse. Multivariate statistics is a form of statistics encompassing the simultaneous observationand analysis of more than one statistical variable. The application of multivariate statistics iscalled multivariate analysis (MVA). The MVA in its various forms is used in many fields, such asin consumer and market research (e. g. as a vital part of many rating methods [Liessmann, 2008,pp. 58–61]); quality control (e. g. industries of food and beverages, paints, pharmaceuticals,chemicals, energy, telecommunications); process optimization and process control; face recognitionand signal processing [Haykin, 2001], and research and development (e. g. gene expressionprofile analysis, that is sometimes also referred to as microarray-data analysis [Berrar et al.,2002])The main reasons of using a MVA are:
� Obtaining a summary or an overview of a dataset. This analysis often requires principalcomponent analysis (PCA), SVD or factor analysis (FA), see below. It is possible toidentify the dominant patterns in the data, such as groups, outliers and trends.
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� Analysing groups in a dataset, how these groups differ, and to which group individualdata rows belong. This type of analysis is called Classification and Discriminant Analysisand belongs to so-called Clustering methods.
� Finding relationships between columns in datasets, for instance relationships betweenprocess-operation conditions and product quality. The objective is to use one set ofvariables (columns) to predict another, for the purpose of optimization, and to find outwhich columns are important in the relationship. The corresponding analysis involvedcan be Multiple Regression Analysis or Partial Least Squares.The results of MVA can be further examined by a low-level data analysis meant for bi- orunivariate-data analysis, e. g. Regression analysis and Descriptive statistics.In the following, we focus on the terminology used in MVA and display examples of use ofsome of the multivariate methods. The family of MVA methods (models) that can be applied to adataset is wide and rich, see [Hair et al., 2009, Chap. 1]. Among them, we focus here on methodsfor reducing the dimensionality of a given vector set (of a measurement) and extracting significantindependent components [Bevington and Robinson, 2003; Rencher, 2002, Chap. 2.6,Chap. 3.5][Press et al., 2007, Chap. 2.6]. In the following we describe some methods of this family, theirmain characteristics and fields of usual application.

SVD, PCA and Eigenvalue decomposition: Both the SVD and PCA are rooted in the conceptof eigenvectors and eigenvalues, which are the solutions to the equation:
Ax = λx , (2.5)

where A ∈ Rn×n, x ∈ Rn×1, and λ ∈ R, i. e. in order to compute the eigenvalues, the
A must be a square matrix. The PCA is computed by determining the eigenvectors andeigenvalues of the covariance matrix [Berrar et al., 2002, p. 93] [Coombe, 2006]. (Thecovariance of two random variables is their tendency to vary together.) The SVD isclosely related to PCA and to eigenvalue computation, but the SVD is less restrictive ondimensions of the matrix A and it can be performed on any m× n matrix [Bilodeau andBrenner, 1999, Chap. 1]. The singular values of a matrix A solve the equations:

A = UΛV T, (2.6)
Au = λv , ATv = λu. (2.7)
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And while one can end up with complex eigenvalues and (even worse) complex eigenvectors,the SVD always yields real results.In these methods, the dataset E (t, α) can be regarded as vectors/columns in an N-dimensional space—the matrix A. By a mathematical procedure, the methods transform anumber of possibly correlated variables into a smaller number of uncorrelated variablescalledleft singular vector (lSV) and right singular vector (rSV) (in case of SVD) orprincipal components (in case of PCA). The observed variables can be reconstructed aslinear combinations of the singular values (SVs) (called also factors) and singular vectors,plus error terms. The information obtained about the interdependencies between observedvariables and their weights can be used to reduce the set of variables in a dataset or toreduce the amount of stored data [Henry et al., 1992; Leskovec, 2006; Martens and Næs,1991; Schmidt et al., 2002]. Examples of use in research:
� in general: reducing dimensionality and visualising data, e. g. [Pei et al., 2007];
� in pathology: diagnosis of a cancer tissue (PCA) [Nakajima et al., 2007];
� in signal processing: noise separation and noise analysis [Schmidt et al., 2002];
� in information technology: clustering a database by user-specific rating [Bell et al.,2007, 2009];
� in biology: to understand the neural representation of broadband and dynamicsounds in primary auditory cortex the analysis in spectra-temporal space wasapplied employing SVD by Depireux et al. [Depireux et al., 2001];
� in social sciences: revealing relations or belongings in groups of people, e. g.revealing a relation among representatives in connection with sponsorship andcosponsorship records in form of a political spectrum (a civic project GovTrack.us[GovTrack.us and Civic Impulse, LLC., 2010]);
� in infrared (IR) spectroscopy, the widely used 2D-correlation spectroscopy [Nodaand Ozaki, 2002, pp. 91–94] [Jung, 2004; Sasic and Ozaki, 2001] is based onSVD, too. The difference from SVD is that 2D-correlation spectroscopy applies anexponential factor for calculating SVs and so minimises the influence of the noisecomponents.For definition and deeper mathematical insight, see: [Härdle and Simar, 2007, pp. 46–47][Härdle and Hlávka, 2007, Chap. 8] [Bilodeau and Brenner, 1999; Timm, 2002].For sake of curiosity, we mention that there is a quicker and more general decompositionthan SVD with a few restrictions called generalized low-rank approximations of matrices
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[Ye, 2004] that might be suitable for larger datasets.For our work, the SVD appears as one solution and a fair alternative tool for decreasingthe dimensionality of the TDTS data and for a simultaneous optimising of their sensitivitywith respect to the studied properties.

Factor Analysis: The FA is another statistical method used to describe variability amongobserved variables in terms of a potentially lower number of unobserved variables/factors.But these factors are conceptualised as real world entities such as depression, anxietyand disturbed thought and are classified by levels. This is in contrast to SVD and PCAwhere the components are geometrical abstractions that may not map easily onto realworld phenomena [Hair et al., 2009, Chap. 3]—those methods are sometimes referred toas abstract FA. The FA originates from psychometrics and is used in behavioural sciences,social sciences, marketing, product management, operations research and other appliedsciences that deal with classified data.
Pattern recognition: (as an example of Statistical classification); For this method, an artificialfeature of the dataset is predefined, e. g. the time position of the global or local extrema,or their mutual relative time delay and the total area of the waveform. Each measurementis then quantified by this feature and replotted to the α-space. This method is usuallyapplied during tomography or in-plane imaging measurements (section 1.6) to visualisethe measurements for naked-eye sample inspection, e. g. [Löffler et al., 2002; Yin et al.,2007].
Analysis of variance (ANOVA) and others: Methods of bivariate statistics, for example ANOVAand correlation, are special cases of multivariate statistics in which two variables areinvolved.It is important to note that application of SVD, PCA, FA and others to spectral analysisis relatively recent, and these methods are evolving and consists of iterative applications ofinteractively performed analysis methods of which each has its pro et contra for a task given.The detailed process of any analysis might depend on the specific scientific questions that arebeing addressed.
2.7 Data analysis, data manipulation and data extraction

We adopted the SVD approach to decompose the dataset to elementary components. For theprocessing of our data, we used a SVD (a detailed description of the method is presented in
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section 2.7.2) to identify independent processes in the detected waveforms, and also the frequencydistribution of these processes, which is a prerequisite for performing near-field imaging with aspectral resolution. The decomposition was aimed to identify the influence of the parameter αon the measurements or, possibly, also to increase the experimental sensitivity with respect tothis parameter. By using this simple linear transformation to reduce the dimensionality of theproblem, we were able to detect very weak changes in the frequency spectra. This enabledus to evaluate the responsiveness of the MDP method (section 2.1) with respect to the spatialposition, permittivity and local anisotropy of a sample.The R programming environment [R Development Core Team, 2010] for statistical computingwas used to decompose the data by using its core svd() procedure and to manipulate theresults. The overview of the calculational environment is in section 2.7.3.1.The data processing consisted of several consequent steps:1. a pretreatment of the raw dataset, at which the dataset was prewhitened in order toobtain data less sensitive to numerical errors (section 2.7.1);2. a decomposition of the dataset to elementary components by using SVD (section 2.7.2);3. a clustering of the components based on their (non-)specific α-behaviour or a clusteringwithin a correlation matrix; and4. finally, a separation of the contributions corresponding to evanescent and to radiatingfields, contributions due to sample-specific properties and to fluctuations of the laboratoryenvironment.The steps above and the workflow are described in table 2.1 with links to equations and withexamples.
2.7.1 Data pretreatment (prewhitening)

A useful pretreatment strategy before applying a SVD on a raw non-smoothed data, as well asin many numerical calculations related to linear algebra of matrices, is to lower the conditionnumber of the matrix [Golub and van Loan, 1996, pp. 80–81] [Press et al., 2007, p. 113] [Kawand Kalu, 2008; Trefethen and Bau, 1997]. In general, some kind of pretreatment is requestedfor most matrix calculations as the very first step. The reason is that in the numerical analysis,the condition number associated with a problem is a measure of that problem’s amenability todigital computation, i. e. how the problem is well-conditioned numerically. A problem with a lowcondition number is said to be well-conditioned, while a problem with a high condition number
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is said to be ill-conditioned. Thus, the reason to decrease the condition number of the matrix isto obtain a dataset less sensitive to errors arising from numerical computer calculations.We chose a very easy and simple step to preprocess our datasets: the subtraction ofthe arithmetic mean by rows or by columns. This method is sometimes also referred to as
prewhitening of a matrix. In most of our data samples, this proved to give smoother resultscompared to a non-pretreated results. In all our data, we calculated the mean waveform, i. e.we calculated the means through rows in consistency with the definition of our datasets infig. 2.19. The reason for this is that the area integral of the E of a THz pulse is approximatelyzero (see eq. (1.6) for E ). That would mean that averaging the columns of the matrix E wouldyield a function close to 0 and subtracting that would be useless. Therefore, we chose toaverage the rows of the matrix E (t, α), to get an average waveform. The average vector E (t, α)|αwas subtracted from the rows of the original dataset, i. e. the data matrix E (t, α) (or thefrequency-dependent data E (ν, α) in which the FFT is calculated for each of the waveforms) isprewhitened by subtracting its row means.
2.7.1.1 Justification of the pretreatment

To prove that the condition number κ was reduced to justify the need of some kind of pretreatmentand ensure the adequacy of the results, we calculated that for some measurement data (following[Golub and van Loan, 1996, pp. 80–81]).Paradoxically, the svd() procedure was used as an intermediate step to calculate theinverse matrix E−1. And it is also known [Press et al., 2007] that in the Euclidean (`2) space,the condition number is the ratio of the largest and the smallest SV (λmax and λmin) of a matrix
E .

κ(E ) = λmax(E )
λmin(E ) , (2.8)

So, the factor by which the whitening reduced the condition number is the ratio of the 1st andthe 2nd SV in the final dataset: In most of the cases, we have found that the conditioningnumber was reduced only by a factor of ≈ 102. And the reciprocal of the condition numberof the measurement datasets was usually in a range 10−3 to 10−5, i. e. several orders abovethe machine’s floating-point precision (10−15) [Press et al., 2007, p. 69], which would be one ofpossible weak points in data manipulation. Nonetheless, the pretreatment helped us to eliminatesome causeless and obscure results, spikes, or reveal weak dependences hidden in an otherwisestrong 1st singular matrix (SM). The pretreatment did not influence the results too much when
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calculating with large matrices (e. g. scan of an area on a saple surface, section 3.7), but itinfluence results when working with small matrices (e. g. measuring an permittivity-dependentresponse of samples, section 3.6).
2.7.2 Singular value decomposition

The SVD is a kind of a linear transformation which we applied to analyse the raw experimentaldata obtained at different experimental configuration and to separate the independent vectorscorresponding to experimental parameters and so reduce the dimensionality of the problem. Thisdecomposition was first introduced by Golub and Reinsch in 1970 [Golub and Reinsch, 1970],but it reached wide practical use only much later, e. g. [Wall et al., 2003].An important feature distinguishing SVD (and PCA, too) from other analysis methods isthe ability to detect weak signals in the data. Even when the structure of the data does notallow separation of data points, causing other clustering algorithms to fail, it may be possibleto detect scientifically meaningful patterns [Wall et al., 2003].According to a known theorem [Hogben, 2006, Chap. 5] [Trefethen and Bau, 1997, pp. 25–37],it is always possible to decompose a matrix E into E = UΛV T eq. (2.9), where
� the matrices U and V and the vector Λ are unique;
� U , V are column orthonormal, i. e. columns are unit vectors, orthogonal to each other;
� UTU = I ; V TV = I , where I is an identity matrix;
� Λ is diagonal: Λ = diag (λ1, λ2, . . . , λn)
� λj are SVs, that are positive and sorted in decreasing order, see eq. (2.12).A graphical depiction of the SVD and resulting matrices is in fig. 2.20.Having whitened the raw dataset, the remaining data matrix E∗(t, α) was decomposed totwo normalised orthonormal matrices and a multiplication number which can be consequentlywritten as a sum of N SVs and SMs [Martens and Næs, 1991; Sharma, 1995]:

E∗(t, α) = UΛV T = N∑
j=1 λjuj (t)vT

j (α) = N∑
j=1 E j (t, α); (2.9)

here in eq. (2.9), only the amplitudes of the spectra E∗(t) are taken into consideration. The
j th term is factorised and consists of a product of three terms: a SV λj (a weight coefficient)and normalised amplitudes uj (t) and v j (α) (lSVs and rSVs). A single SM that is a layer of the
CHAPTER 2. DATA ACQUISITION AND TREATMENT 68



2.7. DATA ANALYSIS, DATA MANIPULATION AND DATA EXTRACTION 69

1. Create a dataset E (t, α) in a form of a m× n matrix:
2. Prewhiten the matrix:
� subtract the average vector E (t, α)|α from each row of the original dataset E (t, α).3. Decompose both the average and the subtracted matrices:
� apply eq. (2.9) to E∗(t, α) and to E (t, α)|α ;4. Merge results:
� paste the 2 vectors and the multiplying factor from eq. (2.14) as columns and numberto the objects U , V and Λ obtained from eq. (2.9). The merging obeys eq. (2.12),but in all our measurements, the multiplying coefficient of the subtracted u(t) (ineq. (2.14)) was assigned to index 1.5. Analyse the results:

(b) apply the scree test andlook for valid SVs,. . .
(c) . . . cluster and identifythe processes comparingthe lSVs (their distributionover the delay time t) toprevious measurements;. . .

(d) . . . or by calcu-lation their correla-tion matrix

6. Continue with lower level (univariate) analyses.

Table 2.1: Workflow for data processing
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Figure 2.20: (first row) Graphical depiction of the SVD (eq. (2.9)) of the prewhitened matrix
E∗(t, α) with notations adopted in this chapter and according to fig. 2.19. The min(m, n) ≡ napplies in this case, e. g. the number of the steps in α is lower than the number of the datapoints in measuring the time delay). (second row) Graphical depiction of a calculation of a SM(eq. (2.10)). For more on these and other relations among the components and products, see[Wall et al., 2003].
original dataset can be easily constructed by a matrix multiplication of a lSV and a rSV:

E j (t, α) = λjuj (t)vT
j (α). (2.10)

Here, the Euclidean (`2) norm of the singular vectors is equal to unity:∣∣∣∣uj ∣∣∣∣ =√uT
j uj = 1, ∣∣∣∣v j ∣∣∣∣ =√vT

j v j = 1. (2.11)
The total number of the SVs, is equal to min(m, n), i. e. the minimum of the two dimensionsof the matrix E (t, α): the number of the experimental values of the parameter α and the number
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of the measurements points of the time delay. The SVs are ordered in decreasing order:

λj+1 ≤ λj , (2.12)
but in practice the experimental data exhibits

λj+1 < λj . (2.13)
Only components up to a certain index j bear a physical meaning. The so-called scree
test [Cattell, 1966] was used to select the significant components and to reject the so-callednoise components—those creating the noise floor. An example of the applied scree test is infig. 3.11 and the itemized workflow is described in table 2.1.The average data matrix E (t, α)|α was decomposed by SVD, too. But only the 1st componenthas a meaning when decomposing E (t, α)|α (due to the columns identity). The decompositionfollows the relations:

E (t, α)|α SVD≡ λ|αu(t)|αv |α . (2.14)
and v |α ≡ 1 due to condition of the normalisation. The waveform E (t, α)|α was calculated asa mean, therefore the products of its decomposition (λ|α , u(t)|α and v |α , from eq. (2.14)) mayact as normalisation values. In order to achieve that, these products have to be extended indimensions to match the dimensions of the products of eq. (2.9), and they also have to fulfil thecondition for normalisation (eq. (2.11)):

u|α → unorm, (2.15)
v |α ≡ 1 → v norm = ( 1√min(m, n) , . . . , 1√min(m, n)

) , (2.16)
λ|α → λnorm =√min(m, n) λ|α . (2.17)

Because usually, this set has the highest magnitude among all calculated SVs λj (due toobservations only), we hold it to belong to the 1st SVs (j = 1). As such, the products ofeq. (2.14) were placed to the first places into the matrices U , V and into the Λ of eq. (2.9). Tomaintain the correct dimensionality of the matrices, the very last columns and the last SV (thecomponents of the smallest contribution to the noise) were dismissed after the merge. Thus,importantly, creating a normalisation factor did not remove any useful information from the
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acquired dataset.With this selective double decomposition, we ensured that the very first and usually strongcomponent is independent of the α parameter and that the other components (due to somehowdecreased condition number of the problem) have a more valuable shape. In many cases, weresolved less number of significant SVs or the scree test, that is necessary to resolve significantSVs, became less questionable.Another view of the meaning of lSV and rSV is offered by Haykin: one can look at them asprojection onto the axes of an hyperellipsoid in n-dimensional space [Haykin, 2001, Chap. 11].
2.7.2.1 Correlation coefficient between two variables/vectors

We learned (see later chapter 3) that different experimental features display different patterns(fingerprints) in the TD (due to orthogonality of the SVD solution) image of the measuredwaveforms. These patterns tend to persist over time, but subtle differences might appearfrom measurement to measurement. A certain experimental feature can be followed through abunch of consequent experiments by identifying its correlation with other lSVs extracted frommeasurements.The correlation coefficient indicates the degree of linear relationship between two variables,i. e. it gives the value of similarity between two vectors. Through this value the components canbe clustered into groups belonging to a shared experimental feature. The correlation coefficientalways lies between -1 and +1. -1 indicates perfect linear negative relationship between twovariables, +1 indicates perfect positive linear relationship and 0 indicates lack of any linearrelationship. In practice, the value of 0.5 has questionable significance of correlation.Where needed, the so-called Pearson correlation coefficient rP was calculated. It is definedfor two samples of paired data (xi, yi) as follows:
rP = 1

n− 1 n∑
i=1
(
xi − x
σx

)(
yi − y
σy

) (2.18)
in which xi−x

σx , x and σx are the standard score, sample mean and sample standard deviation,respectively. For two lSVs extracted from two consequent measurements, we substitute (xi) ≡
ui,meas1 and (yi) ≡ yi,meas2.
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2.7.3 Software environments employed for analyses

We employed two software environments for the data analysis described above: R and Un-scrambler. The description of the environments and our gained experience are presented in thefollowing paragraphs briefly.
2.7.3.1 R Project

We have processed most of our measurements using R [R Development Core Team, 2010], anopen-source and free software environment for statistical computing and graphics. R provides awide variety of statistical (linear and nonlinear modelling, classical statistical tests, time-seriesanalysis, classification, clustering,. . . ) and graphical techniques, and it is highly extensible.The environment provides useful features, e. g. powerful scripting language that allows forautomation and extension and a public help and discussion mailing list that represent a strongknowledge base.
2.7.3.2 Unscrambler

We have processed some measurements using a trial version of the Unscrambler® v9.8software [AS CAMO Software, 2008] in order to compare methods and results. The Unscrambleris a commercial software for multivariate-data analysis that is a product of the CAMO company.The graphical user interface (GUI) of the program is specialised for the multivariate analyseswith various templates and interactive dialogue boxes; however the program lacked automation.Data tables had to be treated individually involving user interaction, and processing all themeasurements would be time consuming and cumbersome. Because we obtained very similarresults for some typical studied cases both by calculating in R and Unscrambler, we used thesoftware only for a guidance and an assistance in rare cases.
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Chapter 3

Results

In this chapter, we show the results of the experiments in probing and scanning samples by severalmetal-dielectric probes (MDPs). At first we summarise the state-of-art of the project at the startof the doctoral work (section 3.1). Then we show preliminary results displaying the sensitivityof probes and acquired on a newly built time-domain (TD)-terahertz (THz) experimental setup(section 3.2), followed by summary of experimental configurations (section 3.3) and processesof calibration (section 3.4) and field characterisation (section 3.5). Results on broadbandmeasurements with and without a spatial resolution follow—we investigated in depth
� the relative sensitivity of the probe to samples (section 3.6), and also
� possibilities of imaging on domain structures of a barium titanate (BaTiO3) sample(section 3.7).These are followed by results of experiments by using a metal-dielectric dual probe (MDDP)(section 3.8). At last we describe some results from continuous-wave (CW)-microwave (MW)measurements (section 3.9).

3.1 Experiments preceding the work in the thesis

The development of a promising technique of the near-field MDP by P. Kužel, F. Kadlec(assoc. with Institute of Physics of the AS CR, Prague) and N. Klein (formerly assoc. withForschungszentrum Jülich, Germany (FZJ)) in 2004 was reported in [Klein et al., 2005]. Contrastof the signal on metallic stripes deposited onto a dielectric substrate was measured both inCW-MW and TD-THz setups. From these measurement, a resolution of 36 µm (λ/100 for THz
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frequencies) and 17 µm (λ/200 for MW frequencies) was proven, i. e. much smaller than thewavelength in free space. The method showed a potential for MW and THz near-field imagingand for spectroscopy at THz frequencies with micrometer or submicrometer spatial resolution.Preliminary electromagnetic simulations were made using the CST Studio Suite™ (CST SS)in the MW frequency range and an enhanced electromagnetic (EM) field was shown. It wasproposed to make the silicon MDP sharper by ion-beam etching to achieve a higher spatialresolution (below 100 nm) [Danylyuk et al., 2007b], and possibly to employ a higher THz fieldsuitable for ultrafast writing of (sub)micrometer-sized domains in ferroelectric films. Also efforthad been put forth in both laboratories in the following years to improve and analyse the MDPmethod.
3.2 Fundamental preliminary experiments

(i) The frequency characteristics of the THz beam canbe obtained via a reflection from the surface of anAl-mirror placed into the beam waist.
(ii) The frequency and phase characteristics of thewaveform (left) obtained by using FFT.

Figure 3.1: The THz waveform of a reflection on a mirror at the beam waist (left) and itsfrequency distribution and phase shift obtained by FFT (right).
One of the primary tasks of the work was building, completing and adjusting the opto-THzsetup. During that time we implemented a new laser source and replaced optical componentsin order to increase the signal-to-noise ratio (SNR). The adjusted opto-THz setup was atime-domain terahertz spectroscopy (TDTS) system in reflection geometry (fig. 2.6) providing abroadband THz spectrum, see fig. 3.1. Besides, it was also used for another experiment with
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(i) Response of a sapphire (α-Al2O3) probe in compar-ison with the input-facet reflection. The region in redrectangle (�) was significantly sensitive to a presenceof a sample (fig. 3.3).
(ii) Response of a silicon probe was usually morecomplex due to geometry of the probes (e. g. the blunttapering, see fig. 2.2) and dispersion.

Figure 3.2: Changes in the end facet reflection were significant in the first part of the reflection.Additionally multiple reflections or an after-ringing appeared behind the first reflection.
the aim of monitoring the response of the skin and its hydration in a group of patients underhaemodialysis treatment [Kadlec et al., 2008]. The main aim of the construction was to allowplacing of a MDP into the THz beam waist, and guiding the THz radiation through the probeinto a small volume in the vicinity of the sample.First, the system without a sample was observed thought installing available silicon (Si)and sapphire probes varying in length, in tapering and in dimensions of the end facets. Itwas observed that the waveforms back-reflected from the end facet of the MDPs vary theircharacteristics from probe to probe. The sapphire probes provided waveforms with shorter usefultime-delay window than the silicon ones, usually, see examples in fig. 3.2. The response of thesilicon probes were more complex due to wider tapering angle, probably. Also the frequencyspectra of the waveforms (the FFT of the waveforms) could not be compared to each other andthey displayed various anomalies, e. g. dips due to multiple pulses in the waveform (fig. 2.8).The preliminary measurements were conducted with material samples differing in dielectricconstant and conductivity in order to show the near-field sensitivity at the end of the MDP.The samples were placed in contact with the tip and results showed clearly that the responseis related to the dielectric and conductivity properties of the sample material (fig. 3.3). Usually,various parts of the back-reflected waveform were affected by the presence of the sample andmost notably the first peak displayed a shift in the time delay and change shape. These changes
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(i) Response of the pulse to samples with differentpermittivity. (ii) Response of the pulse to samples with differentconductivity.Figure 3.3: Samples differing in permittivity and conductivity were placed into the vicinity ofthe MDP and caused changes in the end-facet reflection.
displayed a monotonic behaviour in relation with the permittivity and the conductivity of thesamples, as shown in fig. 3.3. Further, strong and reproducible changes were observed when thetip reached the water surface and for the situation when the tip was emerged into the waterslightly deeper, fig. 3.4.From preliminary experiments, it was concluded that the complex structure of the reflected
E-field accounts for
� non-ideal geometry of the tip,
� coupling of the pulse into the probe,
� dispersion of guided modes,
� waveform changes due the sample presence (could be quite small).Thus, it is necessary to have the optical setup very stable and to perform additional decompositionof the experimental data. Later, we enclosed the optical table in plastic foil to reduce thetemperature changes in the opto-THz part of the setup and to cut down the influence of theair-conditioning, the mixing of air with different humidity, especially in the part of the setupwith the THz radiation. Additionally, we have whitened the raw dataset by a suitable datamanipulation—singular value decomposition (SVD), that is described in section 2.7.
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Figure 3.4: Reaching a water surface or a wet tissue with the probe tip significantly changesthe response of the probe. This acts as a zero-approximation approach to find a proper sensingplace or verifying the delay time for later more precise measurement.

Figure 3.5: The pulse (except the after-ringing) altered by the transition in the MDP can befitted by two scaled input pulses. The method of manual fitting can possibly be enhanced byfinding the proper places of the repeating pulses, e. g. by an autocorrelation method.
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We even tried to fit the after-ringing by multiple overlaying pulses (fig. 3.5), but this simpleapproximation could not describe the pulse completely.

measured waveform(t) := f (t) = A1F (t) + A2F (t + A3), (3.1)
where f (t) is the output obtained by measurement (e. g. see the red dashed line (– –) infig. 3.2i), F (t) is the input reflection (e. g. see the black line (– –) in fig. 3.2i), and Ai ∈ Rare variables to fit. The fit by the overlaying pulses did not match perfectly any place of thewaveform, especially, the tail of the back-reflected pulse (the after-ringing) had a different shape.Therefore, a different analysis had to be applied to model the waveforms, and the SVD methodhas shown to be promising (section 2.7).
3.3 Experimental configurations for studying the characteristics

of a probe and a sample

The behaviour of the output spectrum was analysed in various configurations (fig. 3.6) inexperiments and simulations to provide characteristics of the probes and samples:
� Usually at first, the performance of an experiment was characterised in a situation when nosample was present in front of the tip and no additional changes during the experimentswere made (fig. 3.6i). The measurement provided calibration for further experiments(section 3.4).
� Waveforms were collected with the probe in various distances from the sample surface.The sample surface was moved (vertically) from a position when it was slightly pushingthe probe (x < 0 in our plots of v j ) to a distance of a few λ (fig. 3.6ii). With thismeasurements, the EM-field in the near-field region of the MDP was mostly affectedand the results appointed the most sensitive regions in the waveform for that particularprobe-sample combination (section 3.5.1). Then the region of the time-delays could belimited to the useful region and measurement time could be saved in later experiments.
� Besides using a wet tissue (fig. 3.4), the sensitivity of the probe may be also checked by ascan on a sample with a metal-dielectric contrast. The scan was lead perpendicular to theborder of the metal deposited on a dielectric substrate (fig. 3.6iii) (see later section 3.5.2).
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Figure 3.6: Various experimental configurations of a probe and a sample were executed to studythe characteristics of both
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� Configurations (iv), (v) and (vi) in fig. 3.6 were a slight variation of the configuration(iii). But instead of crossing a sample with a metal-dielectric contrast, a response to a(ferroelectric) sample turning under a probe was measured (iv) (section 3.7.1), a probecrossing a domain stripe was simulated (v) (section 3.7.4), or a probe scanning a surfaceof a ferroelectric sample with domains was executed (vi) (section 3.7.3).

3.4 Calibration and removing artifacts

For sensing and imaging a sample, a specific place in the waveform may be selected (fig. 3.3);provided that the dielectric contrast is strong enough for resolving it in the waveform. Itturned out that with a help of a height measurement and the following SVD, that task can beaccomplished very easily (see later section 3.5.1). First we tried to find places in the waveformwhich would be the most sensitive to the presence of a sample in front of the tip and providemeasurements in those. Later we have found that there are zones in the waveforms in whichextremes of the left singular vector (lSV) appear, that lSV representing the near-field exponentialcomponent right singular vector (rSV) (section 3.5.1). Unfortunately, the extremes for a givenprobe and certain setup are not stable in time (within the range of minutes to days).Additionally, the vector decomposition applied to the results of the experiments and sim-ulations allowed us to extract the independent processes contributing to the dataset. Theseindependent processes were represented by singular vectors that were orthonormal to eachother (their correlation coefficient were close to experimental zero). But, the decomposition doesnot provide any information about the nature of the independent processes. To identify theextracted processes, it was necessary to compare them with components extracted and identifiedpreviously in earlier experiments. For this, experiments aimed at identification and calibrationwere executed usually before each experiment.The behaviour of the output spectrum was analysed in two measurement configurations toprovide a calibration or information for further experiments.1. First, the performance of the experiment was characterised in a situation when no samplewas present in front of the tip and no additional changes during the experiments weremade (fig. 3.6i). The analysis of this 1st configuration revealed singular values (SVs)originating from time-varying disturbances, such as thermal oscillations of the surroundingair (within 1 ◦C) and air flow irregularities. Thus, it was possible to identify these SV infurther experiments and configurations.
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(i) Functions of two significant rSVs during an exper-iment with three phases. The experiment was let tostabilise (phase I lasted for 80 min), then the air con-ditioning was switched off (phase II lasted for 35 min)when the temperature went under control, and finally,the air conditioning was switched back to its normalfunction and the setup has been stabilised in tempera-ture within its limits (phase III lasted for 60 min).

(ii) The temporal profiles (lSVs) of the two rSVs belong-ing to air conditioning (left). These components wereconfronted with components in later and more complexexperiments by visual comparison or by employing acorrelation matrix.

Figure 3.7: The influence of the air-flow and temperature instability, especially, that of the airconditioning, is identified by one of the calibration experiments.
2. In some cases, the waveforms were collected with the probe in various distances from thesample surface (fig. 3.6ii). With this measurements, the EM-field in the near-field regionof the MDP was mostly affected and the results appointed the most sensitive regionsin the waveform for that particular probe-sample combination. Then the region of thetime-delays could be limited to the useful region and measurement time could be savedin later experiments.Noise components with various scales of periodicity can be distinguished in the experiment.Noise with a quick run causes spikes or changes in the signal in periods of seconds or minutes.Noise of such a nature originates usually in temporal changes that can be avoided to someextent:
� air-conditioning (fig. 3.7);
� mechanical vibrations (those are causing changes in the position and the amplitude ofthe THz pulse);
� vibrations expanding through walls (doors, steps, other machines in neighbouring rooms);
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� electromagnetic loops in the circuit of the measurement devices.The influence of the air-conditioning and the temperature changes could be somehowreduced. Covering the optical table with plastic sheet during the measurements reduced theirinfluence by a factor of 3, see section 3.2. There are more complex solutions to this problem,e. g. enclosing the part of the experiment with THz radiation into a box made of Plexiglas(PMMA) and purging that by dry nitrogen gas, but that would require rebuilding the experimentand solve some configuration issues.Long run noise causes continuous changes in the signal in periods of minutes or hours.Noise of such nature originates usually from long-term changes, such as temperature changesdue to opening the doors, stabilising the setup or slow misalignments arising during the daytime(the rising slope of the oscillation in fig. 3.7).

3.5 Characterisation of the field of the MDP

In this section, we elaborate on the spatial distribution of the field at the end of the MDP. Bothin experiment and in simulations, two approaches were adopted to get better understanding ofthe field distribution:1. a sample was placed to different distances from the tip (ranging from the vicinity of thetip—distance 0 µm, to few tens of µm usually) and waveforms were collected for eachposition (fig. 3.6ii);2. a discrete longitudinal scan was performed through a border of dielectrics and metalwith the metallisation of the MDP parallel or perpendicular to the border (fig. 3.6iii);waveforms were collected during the scan at reasonably small steps being a fraction ofthe dimensions of the probe end facet (ca. 1 to 15 µm);3. EM pulse was numerically simulated in a model of a MDP to analyse the E-fielddistribution in the probe.In approaches (1) and (2), sets of waveforms were collected, each waveform being a results of ameasurement or a simulation at a given distance d and h. Then, this set was usually analysedby multivariate methods, see section 2.7.
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3.5.1 On-axis distribution of the THz field

To provide a clear explanation on the character of the field at the tip, we examined results froma series of EM simulations as well as from experiments. In the simulations, a setup analogousto a calibration within the experiment was simulated: the responses of a probe-sample systemwere simulated, each with a different tip-sample distance h (fig. 3.6ii). The tip-sample distancewas varied within 0 to 3000 µm in 50 discrete points and in view of the frequency range of10 to 300 GHz, i. e. the change in distance with respect to the employed wavelength was:0 to 1.5 of λµ (λµ = c0/νµ , see eq. (3.2)).SVD of simulations, which were obtained by using the CST MicroWave Studio® 2008ver.06 (CST MWS) software tool, also revealed several SVs depending on the tip-sampledistance (fig. 3.8). A model was created of a shorter probe with a 50 µm× 100 µm end-facetand fed with a Gaussian excitation pulse in the frequency range of 10 to 300 GHz. Thislower frequency range was required by the software tool capabilities with respect to modelproportions and extended meshing. The permittivity of the sample was chosen to match that ofBaTiO3 (section 1.11)—making it possible to compare the simulation results with the analogousexperiments on a BaTiO3 sample. The output pulses yielded by the simulations were analysedby SVD and five significant SVs were identified. Here we note that in simulations, there wasan unstable region occurring when the probe tip was placed within few µms from the samplesurface. Simulations regarding the close vicinity of the EM-field of the tip were not trustful.In the following, we associate (the sums of) the singular matrices (SMs) with the near- andfar-field radiation. The v 1(h) represents a mean that may be used as normalisation value forthe other rSVs and lSVs. The rSV that represents the near field displays an exponential-likeprofile (usually for j = 2); this component result in a sensitivity on the permittivity of a sample.In the other significant components a rising number of oscillations appears: one oscillation for
v 3(h), two for v 4(h) and so on (fig. 3.8iii); the oscillations become denser in h as their order jincreases. This tendency was explained by summing up the SMs (fig. 3.10) for various j (a SMjis a product of the SVj , lSVj and rSVj ).A similar experiment was conducted with a real BaTiO3 sample under a probe with thedimension of the end facet of 80 µm× 140 µm. The distance h between the tip and the sample(with a permittivity ε = 56) was then varied across an interval of 100 µm with steps of 4 µm.For a comparison with the amplitudes uj (h) extracted from the experiment, see fig. 3.12. Theabscissas were rescaled to hνµ , where the mean frequency νµ takes on the values of 0.155 THz
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(i) The 1st 5 SVs with the scree test. (ii) The 1st 5 lSVs.

(iii) The 1st 5 rSVs displaying rising number of oscilla-tions. (iv) The prewhitened dataset E∗(t, h), where both thenear-field and the far-field radiation are present.Figure 3.8: The decomposition of the results of a series of simulations a varying tip-sampledistance. Clustering of the components to contributions to the near field and to the far field isshown in fig. 3.9.
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and 0.60 THz in case of simulations and for the experimental data, respectively.

νµ =
0.155 THz ≡ 2000 µm of the frequency range of the simulations,0.60 THz ≡ 500 µm of the frequency range of the experiments. (3.2)

The probe is 1 to 30 λ long @ 10 to 300 GHz (λ ≈ 1 to 30 mm), while in the experiment it islong 25 to 300 λ long @ 0.100 to 1.2 THz (λ ≈ 0.25 to 3 mm). Then, the shape identity afterrescaling the distance is a direct consequence of the scalability of Maxwell’s equations.The 1st non-constant rSV v 2(h) appears to have a decaying shape similar to that shown inrecent absorption measurements using a microstrip-line near-field THz waveguiding technique[Byrne et al., 2008]. In that work, the evanescent electric field above THz on-chip waveguideswas used to measure properties of dielectric samples.Further, we compare the simulation results (figs. 3.8 and 3.9) to an experimental one(fig. 3.11). In figs. 3.9ii and 3.11iii the direction of the speed of light c0 is displayed by a vector:
v = 2∆h∆t (≡ c0). (3.3)

There is an agreement between the speed of light and the velocity of the far-field radiation inthe experiments and also in the simulations within the error of ca. ±0.5× 108 m s−1 ≈ 0.15c0.
3.5.2 In-plane distribution of the THz field

The in-plane distribution of the field at the end facet of the probe was studied by simulationsof the transient EM pulse and by scanning of a sample with a metal-dielectric contrast. Thesimulations showed that the extrema of the E in the vicinity of the end facet of the probe arelocated in several lobes (fig. 3.14, see fig. 3.13 for the Cartesian coordinate system in 3D).Additionally, each component of the E displays extrema at different places, thus each componentis sensitive to a different projection of the local permittivity. The E x and Ey are sensitive to thehorizontal components of the local permittivity (the 1st and 2nd column in fig. 3.14, respectively).But the E x displays the broadest lobe of all, and only the Ey determines the resolution atimaging. These four lobes of the Ey determined the resolution and sensitivity at imagingexperiments on a ferroelectric sample (section 3.7.2). The extrema of the E z are located in two
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(i) The SM2 in a logarithmic scale (pertaining to thesymbol4 in (iv)); here, no far-field radiation is present. (ii) ∑15
j=3 SMj (pertaining to the symbols + in (iv)).The break in the data around 300 µm is associated toa step in the meshing within the series of simulations.

(iii) ∑50
j=16 SMj displaying the noise in the dataset(pertaining to the symbols × in (iv)). (iv) The λj values with the scree test clustered to themean (◦◦◦), near-field (4), far-field (+) and noise (×)components.Figure 3.9: Contributions (i) to the evanescent (near-), (ii) to the radiation (far-) field and (iii)to noise were separated. The components from earlier results fig. 3.8 obtained by SVD were totup; cf. fig. 3.8iv.
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Figure 3.10: Example of the spatio-temporal layers (SMs) that were extracted from the seriesof simulations with varying sample-tip distance (fig. 3.8). The mean component (SM1) is placedto indices A1, and the SM components run in left-to-right and top-to-bottom order in the table.The axis and limits of all the layers are identical with those in figs. 3.9ii and 3.9iii.
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(i) Characteristic examples of amplitudes v j (h) (rSVs) of the experi-mentally obtained output THz pulse depending upon the tip-sampledistance h, for j ≤ 5 (ii) display characteristic oscillations. (Thecolours and symbols in (i) and (ii) does not correspond)

(ii) The separated components were clustered and theSVs λj are shown here belonging to different sums ofSMs. The scree test (section 2.7.2) is plotted, too, todemonstrate the noise level.
(iii) ∑5

j=3 SMj , belonging to symbols + in (ii). Thesample touches the probe at y = 2790 µm, and it isaway 140 µm at y = 2650 µm. The c0 is displayed bythe arrow (eq. (3.3)).Figure 3.11: Contributions to the radiation field (experiments).

CHAPTER 3. RESULTS 89



3.5. CHARACTERISATION OF THE FIELD OF THE MDP 90

Figure 3.12: Comparison of the amplitudes uj (hνµ) extracted from the experimental and thesimulated datasets. The amplitudes are plotted against the entity hνm, where h is the distancebetween the sample and the end-facet of the probe, and νm is the mean frequency of thefrequency range of the output pulse.
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Figure 3.13: The end facet of a simulated MDP at the vicinity in a sample surface (view of amodel in 3D). The Cartesian coordinate system matches that in fig. 3.14.
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(i) (a)–(c) Field components E x , Ey and E z at the probe end projected into the yz-plane.

(ii) (d)–(f ) Field components E x , Ey and E z at the probe end projected into the xz-plane.

(iii) (g)–(i) Field components E x , Ey and E z at the probe end projected into the xy-plane.Figure 3.14: Field components at the end of the probe from a simulation with a thin stripe(fig. 3.6v, with complete results in section 3.7.4) were projected onto the three Cartesian planescrossing the probe end facet. The field pattern is displayed for the time when the pulse arrivedto the sample and displayed the highest sensitivity (fig. 2.5, at t1 + ∆). The time equals to thefirst sensitive time-delay appearing in lSV2, that displaying the sensitivity on permittivity of thesample (fig. 3.31). The orientation of the axes and a 3D view of the tip end of the simulatedprobe are depicted in fig. 3.13 for better illustration. All the projection planes are displayedin the 3rd column by dotted lines (· · · ). The 3rd column, figs. (c), (f ) and (i), shows the E zcomponent that is sensitive to the domain stripe in the simulations (the domains were isotropic).The distribution of this component matches the response of the probe to the stripe (fig. 3.31).But these components should not be sensitive to the domains in a real BaTiO3 sample—the E xand Ey components should be sensitive in that case (fig. 3.25).
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lobes (the 3rd column in fig. 3.14) around the border of the waveguide and the metallisation,and they are sensitive to the projection of the permittivity to the z-axis.In the experiment, the sample in fig. 3.15 was scanned by a Teflon (PTFE) and a sapphireMDP, those probes creating a MDDP for later measurements (fig. 3.32), i. e. the sample wasscanned by a MDDP within the time-delays corresponding to sensitive time domains of theparticular MDP (fig. 2.5). Two selected time cuts of the measurement sets obtained by the twoprobes are shown in fig. 3.16. Two observations can be made by looking at them:
� the scan by a Teflon probe displays worse resolution;
� the scan by a sapphire probe displays ghost images.The reason for worse resolution of a Teflon probe may be a worse sensitivity to a contrast inrefractive index for probes that have a low refractive index of the waveguide. This would bea consequence of the measurements on sensitivity described later in section 3.6. The smallerrefractive index of the waveguide means longer wavelength in the probe, and that may causewider lobes, too (fig. 3.14).A part of the scan (the area within the four corners in fig. 3.16ii) obtained by the sapphireMDP was analysed for slopes. Two slopes and steps found in the projection onto the y axis(fig. 3.17i) may be a consequence of the localised lobes at the sides of the end facet fig. 3.14.The numerical derivative of a smooth approximation of the step-like function in fig. 3.17i isdepicted in fig. 3.17iii. The two maxima with a spacing of ca. 70 µm reflects the characterisationof the sensitive lobes at the end facet of the probe (fig. 3.17ii). End facets of smaller dimensionsmay have even one the sensitive area (the two lobes on the sides would overlap, see fig. 3.18).
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Figure 3.15: Metal-dielectric sample used for contrast measurements. It consists of gold (lightregions) deposited on LaAlO3 substrate (dark region, background); n = 5.0 (ε′ = 25) at 1 THz.The hatched region (mostly visible in the bottom-left corner) are striae made by a sapphireprobe—the hard sapphire furrow channels into the soft metallisation. These striae did not affectlater measurements.

(i) A metal-dielectric sample was scanned by a Teflonprobe (its metallisation and the primary and secondaryscanning directions are depicted on the right). Theboundaries between the dielectric substrate and themetallic layer are blurred due to a wide end facet ofthe probe (300 µm× 300 µm, see fig. 3.32) and weakresponse of the signal.

(ii) A metal-dielectric sample was scanned by a sap-phire probe. The area within the four black cornerswere analysed for linearity and slope later fig. 3.17i.

Figure 3.16: Scans of a sample with a metal-dielectric contrast (fig. 3.15) by a Teflon (end facetof 250 µm× 250 µm) and by a sapphire probe (end facet of 60 µm× 140 µm) were performed.The measurements were performed by a dual probe (see later section 3.8) and waveforms werecollected at two distinct time-delays each specific for one of the probes (fig. 2.5, at t1 + ∆).
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(i) The slope (in symbols 4) of a part of the area scanin fig. 3.16ii. The data in the rectangle (fig. 3.16ii) wereaveraged in the horizontal dimension and plotted here.The 1st slope (from left) is long 53 µm while the 2ndslope is long 36 µm. The parts of the curve plotted black(in symbols ◦◦◦) are considered for horizontal levels.

(ii) Model of a scan through a metal-dielectric boundarywith two localised sensing areas. The positions ofthe probe when the no change was sensed by thesensing areas are marked in the graph on the leftcorrespondingly.

(iii) Numerical derivative of a smooth approximationof the step-like profile in (i) displaying two sensitiveareas at the end facet of the probe (ii).Figure 3.17: Scans of a metal-dielectric boundary (see fig. 3.15 for the sample) revealed thatthe field at the end of the probe is not isolated at one single area, but that the end facet hasactually two localised sensing areas.
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Figure 3.18: It was observed in experiment that a MDP has two main interaction areas, bothlocated around the borders of the metallisation (left). The smaller the facet is, the closer thetwo interaction areas should be. For a size of the end facet smaller than a given limit, thetwo interaction areas are undistinguishable from each other (middle)—this resolution limitcontribution to the overall resolution limit (section 1.8). To avoid ghost images in the scanningor images that are a convolution of the two sensing areas, tilted end facet can be used forscanning (right, and photo). The end facet can have a tilt of ψ ≈ 10 to 50 ° to the samplesurface, and the only allowed interaction area is located at the sharper end.

Figure 3.19: The scan (left) of a metal-dielectric sample (right) with a titled Teflon probeprovided a much better resolution than with a traditional rectangular flat end facet (cf. fig. 3.16i).Features with dimensions of 25 µm, 50 µm, 100 µm and 200 µm are displayed (right) and wereresolved (left) here.
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3.6 Broadband measurements without spatial resolution

In the following experiment, the response of the probe on various samples was analysed indetails. The typical investigated frequency range of the measurements was 0.1 to 1.2 THz(see fig. 2.8 where a typical waveform of a reflection is depicted with its calculated FFT). Weselected materials of different types displaying distinct properties within this frequency range(section 1.11) to examine them by using the MDP in order to characterise the sensitivity of theprobe in contrast with respect to a difference of the refractive indices of samples. The followingmaterials were examined: silica and glass, Mylar and Teflon, doped silicon samples, sapphire,metal and BaTiO3. The average material constants within the experimental frequency-domain(FD) of sensed materials are listed in table 1.2.

Figure 3.20: The ratio of the 1st two SVs (λ2/λ1) represents the reaction of the probe to thematerial properties (to their refractive indices n). The derivative of the curved lines representthe sensitivity of the probe for a given n. The blurred area represents the values within thecalculational error of ≈ 10 %.
Waveforms were collected for various distances of the sample and the tip (fig. 3.6ii—inprinciple, the experiments were identical with one of the calibration experiments, see section 3.5.1).The dataset acquired for each sample was analysed by SVD, and from the results, the 2nd rSV
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(i) The time profiles uj of the components being sensitiveto material properties ε∗. The time profiles for metal(◦) and BaTiO3 (4) are flipped around y = 0 withregards to their spatial profile (ii).
(ii) In order to allow comparison of the influences ofvarious materials on the near field of the probe, theheight profiles v j multiplied by λ2/λ1 and they wereoffset on the x and y-axis to share the (x, y) = (0, 0)value for the position when the MDP touched thesample.Figure 3.21: The time and spatial components of the height measurements on material sensingin colours (not symbols) corresponding to data in fig. 3.20.

(the most sensitive to the presence of the samples) displayed the exponential-like behaviourfor all measurements (fig. 3.21ii). But, the complementary lSVs may be split into two clustersaccording to their correlation factors (see fig. 3.21i for uj ):
� metal and BaTiO3; and
� sapphire, Si:B (3 to 6 Ω cm), glass, silica (SiO2) and Teflon.The correlation factors among the uj within these two clusters were ≈ 0.90 to 1.00, but theywere ≈ 0.30 to 0.60 between the two clusters. The ratio of the obtained 2nd (near-field) andthe 1st (mean) components was calculated for each sample. These values are displayed by circlesin fig. 3.20 depending on the refractive index of the samples. A grey line (—) and grey blurredarea (�) displays the tendency of the values and their error range (/ 10 %), respectively.Additionally, the response of the samples was measured when the samples were covered witha 3 µm wide Mylar layer (section 1.11). The same ratios were calculated; these are displayedin fig. 3.20 by triangles. A red line and light-red blurred area display the tendency of thevalues and their error range (/ 10 %), respectively.The tendency of the values extracted from measurements with samples under the Mylarlayer (red line, —) is very similar in shape to the tendency of the values extracted from
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measurement with samples having bare surface (grey line, —). That means that the samplesmay be distinguishable by the MDP method under a thin film of a transparent material (ofMylar in this case). Covering by a plastic foil might be important for samples that are dangerousor unstable (e. g. chemicals), contains liquids or have a soft surface (e. g. biological samples).
3.7 Broadband measurements with spatial resolution (imaging

of BaTiO3 domains)

The sensitivity of a near-field imaging method is often validated by scanning across a metallicpattern on a non-metallic substrate (dielectric) ensuring a high contrast in the image pattern.However, for potential applications, it is crucial to investigate the imaging capabilities onsamples in which contrast in permittivity is lower. With this intention, we demonstrated earlierthat our method is able to reveal local anisotropy in ferroelectrics (section 3.7.1) [Berta et al.,2009]. In section 3.7.2, we present results of imaging ferroelectric domains using a sapphireMDP [Berta and Kadlec, 2010].
3.7.1 Polarisation and anisotropy sensitivity

To check the sensitivity of the tip to the anisotropy of a sample, sample-orientation dependentmeasurements were performed. In this configuration, a flat as-grown BaTiO3 single-domaincrystal platelet was used which exhibits a high anisotropy (section 1.11); its refractive indices are
no = 45, neo = 7.5 in the THz and MW frequency ranges [Li et al., 1996]. The sample surfacewas placed in touch with the probe, perpendicular to its axis and rotated around this axis by anangle φ (fig. 3.6iv). The output waveforms were recorded at each orientation. Analysis of thedata revealed a rSV which is orientation dependent. A sinusoidal fit of the amplitude of this SV(j = 3) is shown in fig. 3.22iii. The response is π-periodical which means that this componentreflects chiefly the sample anisotropy itself and it is not due to other raw measurement errorsdue to, e. g. tilted sample surface. The rSV for j = 2 showed an uncorrelated behaviourand was assigned to air density fluctuations. Finally, rSVs for j = 4 and j = 5 showed a2π-periodical behaviour which is probably due to a small misalignment between the normalaxis of the sample and the vertical axis of the probe. In this way, it was demonstrated thatthe output THz pulses are influenced by the anisotropy of the probed samples. We compare
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the results of the SVD with a manual selection of the significant time cuts, which might belikewise effective in finding significant patterns in the dataset, but otherwise it is time andlabour consuming (fig. 3.23).

(i) Power λi of the contributions. (ii) Normalised contribution (v 2) of air density fluctu-ations.

(iii) Normalised contribution (v 3) of the rotation of thedomains. (iv) Normalised contribution (v 4) of rotation of thesample.Figure 3.22: The response of the probe was analyse at various angles of rotation of ananisotropic sample BaTiO3. A π-periodical sinusoidal fit (dashed line, – –) to the amplitude
v 3(φ) (in symbols +) describes the angular dependence of the output THz pulses when theanisotropic sample was turned by 2 · 360° (4π).
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(i) Cuts (—) through the dataset extracted at delay-times (iii), at which a sinusoidalbehaviour (– –) appears; observed by a naked eye.

(ii) The rSV2 belonging to the sample rotation fittedby a sinusoidal function. (iii) The time profile lSV1 (mean, —) and lSV2(matching extrema of the rSV2, —) with marks ofthe cuts (i) in corresponding colours.Figure 3.23: The dataset of waveform gathered at varying angle of the sample was analysed bynaked eye, too (i). The match with a sinusoidal fit and with a component of the SVD (ii) isvery good for some time-delays, but the results is unpredictable and subjective.
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3.7.2 Imaging of BaTiO3 domains – sample

Figure 3.24: Spontaneous polarisation on a BaTiO3 polished surface with schemes of the scans.Scans were collected from large areas on the BaTiO3 surface positioned under significant angles(configurations A–D). Areas embraced thick and thin naturally grown domains, a defect and apart of an inclusions.
Imaging scans were performed on a polished surface of a 1 mm thick BaTiO3 single-crystalplatelet. Crystals of this ferroelectrics exhibit a high anisotropy; its refractive indices in the THzfrequency range are no ≈ 45, neo ≈ 7.5 [Li et al., 1996]. For performing imaging, we chosean area with a characteristic inclusion (defect) and multiple straight domain stripes (fig. 3.24).Micro-Raman measurements showed us the orientation of the optical axes as well as that of thepolarisation in and aside the domain stripes (inset of fig. 3.24). The in-plane polarisation clearlyalters by 90◦. The narrower domain stripes of a width of 5 to 7 µm were separated by a few tensto 100 µm wide monodomain areas. Measurements were performed in four configurations A–Dwith different orientations of the MDP with respect to the sample features; these configurationsare denoted in fig. 3.24 and the configurations A and B are shown schematically in fig. 3.25.
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Figure 3.25: Sketch of the domains with relative permittivity dependent on the orientation ofthe sample under MDP. εp = 10.4, (i) (ε1, ε2) = (200, 60), (ii) (ε1, ε2) = (60, 200). In theferroelectric sample the permittivity in z-axis remains constant (iii). See the fig. 3.14i for thefield distribution around the tip, especially the (h) and (i) subfigures.
3.7.3 Imaging of BaTiO3 domains – results and discussion

The detected patterns could be attributed to the sample surface features only in two of the fourmeasurement (sample-probe) configurations.In the configuration B, we clearly identified components representing the domain structurebesides those belonging to experimental artefacts. We could resolve the domains that were5 to 7 µm wide although the probe had a larger width, 60 µm (fig. 3.28iv, rSV3). Moreover, it ispossible to resolve the domain structure also in a time slice of the prewhitened waveforms, e. g.at t = 190.97 ps, see fig. 3.28v. The difference between the rSV3 component and the time cutat t = 190.97 ps is minor, but that is not a rule in other measurements. The reason for this is astrong interaction of the ferroelectric domains with the near-field in this configuration. Therefore,in this case, it would be equally possible to perform such an imaging without the necessity tocollect waveforms. Instead, a detection of the THz intensity during the scanning would be doneat a fixed delay-time position for which the strongest response was revealed previously, seefig. 3.28ii. The metallisation on the probe was tilted by 45° with respect to the stripe domainsand parallel with the polarisation within them (fig. 3.25ii). There was no restriction on theprimary movement of the probe, that could have been selected arbitrary, because the influenceof the sample would vary with the same periodicity in both cases.
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(i) The delinearised rSV2 reveals the domain stripesperpendicular to the probe metallisation. The arrowsin the corner project the movement of the positioningstage: from left to right and from bottom to top.
(ii) A photograph of the scanned area D. We manipu-lated fig. 3.24 for better visual comparison with intensityprofile (left).

Figure 3.26: A comparison of the photograph of the scanned area D (left) with one of theextracted SVD components (right). The patterns display matching features. Comparison with aselected time-slices is in fig. 3.30.
In the configurations A and C, we were not able to resolve significant features that could belinked to the sample surface structure (figs. 3.27 and 3.29). In the case of the configuration C,the projection of the polarisation P onto the probe-field axis was the same for both types ofdomains. Therefore, it is presumable that the electromagnetic field at the probe end did notsense any contrast in this case. Surprisingly, even in such a case, we identified componentsrepresenting a part of the domain structure in the configuration D (figs. 3.26i and 3.30). Thisresult was observed, although the projection of polarisation in the sample parallel with that ofthe near-field should be constant through the whole scanning area. The reason for this waspossibly an inhomogeneous distribution of E x and Ey (fig. 3.14) near the probe metallisation endcaused by a non-perfect focusing in the probe. The metallisation on the probe was perpendicularto the stripe domains, i. e. positioned under 45° to all the polarisations in the surface of thesample. The primary movement was perpendicular, too, to ensure better separability of the SVssensitive to the sample (to the domains) and those to external influences. Note, that the commonarea B ∩ D covers ca. 60 % of the area B and ca. 80 % of the area D.The configuration A was indeed very similar to the configuration B. The projection of thepolarisation of the domains into the axis parallel to the metallisation of the probe altered during
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the scanning, in both cases. The difference between the configuration B and the configurationA was in altering the optically dense to optically thin domains and their widths. While inthe configuration B, the probe field was scanning over slim optically dense stripes (ε = 2000,
d = 7 µm) in an optically thin continuum (ε = 56, d > 100 µm); in the configuration A, theprobe field was scanning over slim optically thin stripes (ε = 56, d = 7 µm) in an opticallydense continuum (ε = 2000, d > 100 µm). We performed simulations to get a possibleexplanation of this observation, see section 3.7.4.Additionally, the height profile of the sample was examined in various directions and placeswithin the scanned areas by an optical differential-interferometric measurement and a surfaceprofiler. These measurements revealed that the flatness of the surface was below 20 nm and10 nm, respectively.A projection similar to a rSV can be sometimes found in the time-cut of the set of thewaveform. E. g. cf. figs. 3.28iii, 3.28iv, 3.30iii and 3.30iv. There we have to compare two pairsof 2D maps: one of the pair with the α-projection of a rSV with visible domains and one asa cut of the waveform in the TD. Additionally, the time profiles of the components displayingsensitivity to the local anisotropy does not correlate well (cf. fig. 3.28ii, j = 3, and fig. 3.30ii,
j = 2). The lSVs (as well as the rSVs or the sensitive t-cuts) for a specific α response are notidentical between measurements of the same sample area in different orientations. That maybe a consequence of a fact that different components of the E-field (or lobes, fig. 3.14i) areemployed at those scannings.So, naked-eye observation of the raw dataset would predict the sample influence at differentdelay times: @ 190.97 ps for area D and @ 191.97 ps for area B, while there is a pale signof a domain image for the close neighbourhood of 190.97 ps for area B and of 191.97 ps forarea D. While, scanning with fixed time delay is possible (fig. 3.16ii) and good results can beexpected for high contrast samples, e. g. made of metal and dielectric materials; scanning ofa domain structure at fixed delay time show risky. Therefore, at least a narrow time delay ofa couple of ps is needed to ensure resolution in results using some kind of data-separativemethod.
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(i) A photograph of the scanned area. (ii) SV1–SV5.

(iii) A time cut at 191.96 ps. (iv) The rSV3.Figure 3.27: Scanned area A (see fig. 3.24). Overview of main results.
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(i) A photograph of the scanned area. (ii) SV1, SV3 and SV4.

(iii) A time cut at 191.96 ps. (iv) The rSV3.

(v) A time cut at 190.97 ps. (vi) The rSV4.Figure 3.28: Scanned area B (see fig. 3.24). Overview of main results.
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(i) A photograph of the scanned area. (ii) SV1, SV3 and SV4.

(iii) A time cut at 191.96 ps. (iv) The rSV3.

(v) A time cut at 190.97 ps. (vi) The rSV4.Figure 3.29: Scanned area C (see fig. 3.24). Overview of main results.
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(i) A photograph of the scanned area. (ii) SV1 and SV2.

(iii) A time cut at 190.97 ps. (iv) The rSV2.

(v) A time cut at 191.96 ps.Figure 3.30: Scanned area D (see fig. 3.24). Overview of main results.
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3.7.4 Electromagnetic simulations of the domain-stripes

Figure 3.31: The response of a probe on a domain stripe was simulated and spatial resolutionspecified. The simulations were performed for different combinations of (ε1, ε2) = {60, 300} ofthe domains to model various domain structures and the influence of the automeshing feature ofthe system. The response of the probe on a domain stripe at various positions was calculated.The functions represent one component of the pulse and the cross-correlation of these u2components within the three sets of simulations is 0.71, 0.75 and 0.95—that counts for highcross-correlation; the cross-correlation with other components (u3, u4) belong to the set of
{0.55, 0.45, others > 0.15}.

As in experiments presented above, the CST MWS simulation software environment wasemployed to get understanding of the underlying processes, including the fact that the spatialresolution was better than expected from the dimensions of the MDP. With respect to thecomputational time, a model of the MDP with the end-facet dimensions of 50 µm× 100 µm anda sample in a total volume of 2 mm× 2 mm× 5 mm were simulated in the frequency range of10 to 300 GHz using the automeshing features of the environment. The sample consisted ofa large homogeneous block in which a thin stripe was placed, with permittivities ε1 and ε2,respectively. The following parameters were common to three different runs: width of the endfacet—50 µm, thickness of the metallisation—5 µm, thickness of the moving domain stripe—10 µm. The stripe was displaced across 29 equidistant positions in front of the probe. Thepermittivity of the probe was kept constant (εp = 11.4), while those of the sample structure werealtered to simulate various BaTiO3 domain combinations and the influence of the automeshing:
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(ε1, ε2) = [(60, 300), (300, 60), (60, 60)]. The changes in the waveforms analysed by SVD areshown in fig. 3.31 along with a cross-section of the MDP and the sample in the model.A run with permittivities ε1 = ε2 = 60 was performed to estimate the error influence ofthe meshing system. This allowed us to estimate the error of the results obtained at otherpermittivity configurations to / 10%.

In contradiction to expectations, the domain structure remained hidden for the MDP whenoptically thin stripes were embedded into the optically dense background (configuration A). Thatwas explained by our electromagnetic transient simulations in which the permittivity of the slimand the wide stripe were altered. The A and B sample-probe configurations were simulated thisway. The experimental configuration B corresponded to the permittivity combination ε2 > ε1,and the configuration A corresponded to ε2 < ε1. Analogously the simulations based on thepermittivity combinations (ε2, ε1) = (300, 60) and (ε2, ε1) = (60, 300) did not yield the samemagnitude of the contrast (fig. 3.31). In the case of an optically thin stripe surrounded by anoptically dense continuum, the response of the near-field was weaker. We attribute our inabilityto resolve sample features in the configuration A to this result.
3.8 Resolution and sensitivity specification of the dual probes

The concept of the MDDP was described in section 2.1.3, where the time and space characteristicsof the pulses’ propagation were also elaborated in detail. In the following section, we describethe experiments and their results that characterised the resolution and sensitivity of a MDDP.Several MDDPs were created and tested for sensitivity, but only one MDDP was founddisplaying a cross-talk.
3.8.1 Preparing and positioning of the MDDP

The alignment of two MDPs constituting a single MDDP had to be accomplished first. Ahigh-quality sapphire tip was chosen with the dimensions of the end facet 60 µm× 140 µm(used at the measurements of BaTiO3 domains, see section 3.7). A Teflon probe created bypolishing (see section 2.1.2) with a sharpest possible ending (without an end facet) was selected.That Teflon probe was glued to the sapphire MDP using an alcohol-soluble polymerised BF-2glue. It was necessary to find the optimal liquidity of the glue—a too thick solution did not
CHAPTER 3. RESULTS 111



3.8. RESOLUTION AND SENSITIVITY SPECIFICATION OF THE DUAL PROBES 112

Figure 3.32: The MDDP consists of a sapphire and a Teflon MDP that are glued together (seealso fig. 2.4). Here the structure of the MDDP is sketched for three views under a microscope(one top and two side views). The dimensions of the end facet of the sapphire MDP are60 µm× 140 µm, those of the end facet of the Teflon MDP are ca. 250 µm× 250 µm and thedistance of the two MDPs at their very end spans from 40 to 50 µm.
allow for additional adjustment of the probes and a too liquid solution leaked out and coveredthe end and sided of the probes irregularly. After the glue dried completely, the sharp endingof the Teflon probe was cut by a razor blade to match that of the sapphire probe (fig. 3.32).For an easier alignment of a MDDP in the THz beam, the length of the two MDPs differedby a small distance l∆ ≈ 0.5 to 1.0 mm, as it was already discussed in section 2.1.3. If thelength of the probes matched, the two input facets (that of sapphire and that of Teflon MDP)would create a single plane inhomogeneous mirror that would be difficult to centre in the THzbeam. Therefore, this difference in lengths ensured a time delay of 3 to 6 ps in the input-facetreflections, and it made the positioning of the dual probe to its proper place convenient. A THzpulse is back-reflected to the detection system from the input facet by a coefficient R that isproportional to reflective area (while neglecting diffraction influences):

R = (np − n1
np + n1

)2
∝ reflection area, (3.4)

in which np and n1 are refractive indices of one of the probes and of the matter around fromwhich the radiation is coming (n1 ≈ 1, for air). Reaching the optimal position of a MDDP in
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Figure 3.33: The dual probe had to be aligned in sequence of three steps. The two rectanglesrepresent the end facets (not in plane) of a sapphire (1 mm× 2 mm) and a Teflon (2 mm× 2 mm)probe. The circle with a white dot at the centre represents the approximate area of the THzbeam (FWHM ≈ 1.1 mm, see section 2.2.3 and fig. 2.11iii).
the THz beam requires two steps:1. The MDDP has to be positioned so that the maxima for pulses reflected from the sapphireand from the Teflon input facet are reached. We denote the amplitudes for these maxima

A1,max and A2,max. The behaviour of the reflected THz pulses for these positions is schemedin fig. 3.33i and (ii).2. Then the optimal position of the MDDP is for amplitudes (A1 and A2) of the two input-facetreflections following the relation
RMDP1
RMDP2 = A1

A2 ≈
A1,max
A2,max . (3.5)

In an ideal case when the input facets are much larger than the FWHM of the THz beam,the maxima would reduce to their halves in (fig. 3.33iii). This is not our case due tothe limited area of the input facets. But due to the maximum energy of the THz beamconcentrated within the perimeter 1.1 mm (section 2.2.3), the pulse energy is divided andreflected from the two input facets in a similar ratio.For the locating of the cross-talking pulse one has to locate the maximum for reflectionat time t1, the maximum for reflection at time t2, and that clearly defines the maximum of theposition of the mid-pulse at time t12 (the cross-talk).
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3.8.2 Scans by a dual probe with spatial resolution

Measurement on a sample with a metal-dielectric contrast (Au–LaAlO3, see fig. 3.15) wasaccomplished with the above-described MDDP. From a total of ten lateral scans across thesample (fig. 3.34 on 116, top), two scans were performed to provide a calibration (data fromthe substrate alone were accumulated, scans A an J) and eight scans were lead through areaswith metal-dielectric contrast (scans B–I). The measurements lasted 8 to 20 hours and weremainly scheduled overnight—it is important from the calibration point of view to have tosame or at least a similar measurement conditions within the group of measurements. Thelateral scans comprised 740 to 760 points in the spatial dimension (2220 to 2280 µm) times201 to 401 points in the time-delay dimension (6 to 12 ps). The measurements datasets werethen decomposed separately by the SVD process (table 2.1). Each of the decomposed scanscontained 3 to 4 significant components belonging to an independent experimental feature. Topair and cluster the rSVs from different scans together, values of correlation rP (eq. (2.18)) ofall possible pairs among the first three significant components were calculated. These valueswere calculated at once as a correlation (similarity) matrix for all 30 rSVs (rSV2–rSV4). Anexample of the correlation matrix for the 10 rSV2 vectors is shown in fig. 3.34. With the helpof the correlation matrix of the 30 rSVs, four distinct clusters a–d could be defined. Thesefour clusters represent four independent experimental features. Unfortunately, the analysisdoes not tell anything about the origin of these feature, this lays on the interpretation of theshapes of the rSVs. Because of its shape resembling the cross-sections of the sample, it isclear that the cluster a represents the components sensitive to the contrast in the sample. Thecalibration measurements were used to remove the background in the components of scans Eand F displayed in fig. 3.35. There a photograph of the sample is placed in scale for convenientcomparison. The other clusters identified in the measurements represents:
cluster b: unknown, but due to complementarity in appearance with the cluster c, this clustermay display the influence of the air-conditioning (too),
cluster c: the disturbance of the airflow and air-conditioning,
cluster d: the height profile of the sample or the contrast change, and
cluster e: unknown or without significant correlation.The spacing between the end facet of the two MDPs glued together is 40 to 50 µm(fig. 3.32)—it may be introduced by the viscosity of the glue or by a tension in the Teflonprobe. This distance is smaller than the dimensions of the resolved features (see v 2 and v 4 in
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Correlation coefficients (eq. (2.18)) were calcu-lated of the first three significant components(lSV2–lSV4) of all ten linear-scans through thesample. A correlation matrix of all the lSV2is displayed at the left as an example. (Thecorrelation matrix of the time profiles of all thecomponents (below) had dimension 30× 30.)The legend for the colours, the scans throughthe sample and the corresponding rSVs are dis-played on the opposite page.

Figure 3.34: The time profiles (the lSVs, here with the x-axes in ps) of the SVD products ofthe linear scans over the metal-dielectric sample (fig. 3.15) were clustered using a correlationmatrix (on top of the page; see the legend there, too).
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Figure 3.34: (cont.) The spatial profiles (the rSVs, here with the x-axes in µm) of theSVD products of the linear scans over the metal-dielectric sample (top) in clusters of theircorresponding lSVs.
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Figure 3.35: The spatial profiles of the scans E and F (iii) are superposed with the sample(ii) and its scheme (i). The widths of the metal coating at the place of the two linear scanswere approximately (from left to right) 200 µm, 400 µm and 400 µm. The rSV2 components werecorrected by subtracting the normalised calibration scan J (e. g. v 2,E → v 2,E − v 2,J λ2,Jλ1,Eλ1,Jλ2,E ).
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fig. 3.34). Thus, the unusual shape of v 4, that resembling a derivative of a blurred step-likemetal-dielectric profile in values of materials’ refractive indices, is not a consequence of this gap.But such a gap is not desired in a MDDP and it might cause ghost (double) images or blurredimage due to convolution of the broader sensing area and the sample features. Since the usefulsignal was weak, the metal-dielectric contrast low and the borders between metal and dielectricblurry, the method of the MDDP did not satisfy our expectations. But it showed its potentialand with a more precise fabrication and glueing method, it might lead to better results.
3.9 Continuous-wave microwave measurements

(i) The frequency profiles of the rSV components j = 2for all three samples are identical. That means theyrepresent the same physical process.
(ii) The spatial profiles of the j = 2 components multi-plied by the respective normalisation factor (λ2/λ1) wereoffset on the x and y-axis to share the (x, y) = (0, 0)value for the position when the MDP touched the sam-ple. The slope of the profiles differ due to different ε∗of the samples.Figure 3.36: Results on height measurements in the CW-MW frequency range.

The concept of the CW-MW measurements and the setup in the frequency range 75 to 90 GHzwas described in section 2.3. Here, we present only a part of the MW measurements related toour THz measurements. For this measurement we have prepared three samples: metal, undopedgallium nitride (Si3N4) and undoped gallium nitride (GaN) platelets (section 1.11).The resonance frequency response was tested as a function of the sample-tip distancefor these three samples. The 2nd rSVs (those displaying an exponential-like decay and thus,
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belonging to the near-field) are drawn in fig. 3.36ii. The change of the resonance displays thesame pattern for all three samples, see fig. 3.36i. A similar exponential-like behaviour of thenear field shows up in these CW-MW measurements as it was in the TD-THz experimentssection 3.6, i. e. the near field of the probe is sensitive to the presence of a sample in thesimilar way. Although the CW-MW technique does not supply information on the phase changein the measurement to clearly distinguish the complex permittivity of a sample ε∗, it posses ahigh resolution in frequency and this way offers the ability to distinguish samples with variousdielectric properties at the vicinity of the probe (as it was also demonstrated in [Berta et al.,2007; Danylyuk et al., 2007b]).
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Chapter 4

Conclusions

In this work, we presented the results of our effort to exploit the possibilities offered by thenear-field THz imaging technique based on a metal-dielectric probe (MDP). After the initialstage when the experiment had to be set up, many improvements of the setup were made. Amongthese, namely we proceeded with stabilising the signal, increasing the signal-to-noise ratio(SNR) and implementing the method of singular value decomposition (SVD). The latter enabledseparating independent physical phenomena in the measured datasets and filtering externaldisturbances out of the signal. We have successfully employed the decomposition in variousexperimental configurations (fig. 3.6), which enabled us to determine the real capabilities of thetechnique. Our principal findings are summarised below.
Performance of probes

Although a substantial part of the generated terahertz (THz) radiation is propagating throughthe imaging probe near the location where a sample is placed (fig. 3.2i), only a small part of itadverts to the presence and properties of the sample. Therefore, the influence of the environmentand that of the sample have to be separated from the acquired dataset at first. Employing amultivariate analysis (MVA) by using the method of SVD appears to be an efficient approachfor identifying the small individual contributions to the experimentally obtained waveforms(section 3.4), namely the parts of the signal due to deliberately varied parameters, systematicand random errors (i. e. instability of experimental setup and noise). Distinguishing components
120
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originating from systematic and random errors allowed us to reduce their influence and, thus, toimprove the sensitivity of the experimental setup.
Structure of the EM field at the end facet of a MDP

The propagation of the electromagnetic (EM) field at the end of a MDP was simulatednumerically by CST MicroWave Studio® 2008 ver.06 (CST MWS) and it was experimentallyconfirmed by measurements on a sample with a metal-dielectric contrast. Extremes of the E zfield-component (that along the probe axis) at the end of the probe are localised in the vicinityof the metallisation in two transversal lobes (fig. 3.14, see the 3rd column). These two localisedlobes are sensitive to the change of the permittivity in the bulk of the sample as it was simulated(fig. 3.31). Other four extrema are located near the corners of the end facet, where the Eyfield-component (that parallel with the metallisation on the sides) has its maxima (fig. 3.14, seethe 2nd column). These extrema are sensitive to the local changes of permittivity in the planeof the sample. E. g. they are able to image areas of ferroelectric domains (see section 3.7.2,where the limit of the resolution was experimentally tested on an anisotropic sample of bariumtitanate (BaTiO3)). The E x field-component (that perpendicular to the metallisation on thesides) displays only one significant and broad zone close to the end facet (fig. 3.14, see the1st column), therefore this component has no immediate effect on the measurement with highspatial resolution.
On-axis distribution of the EM field

The on-axis distribution of the field at the end of the probe was characterised by experimentswith a varying sample distance from the tip, as well as by simulations (section 3.5.1). Thedependence of the right singular vectors (rSVs) on the probe-sample distance h shows theexpected behaviour. Within the probe-sample distance interval of 3000 µm studied in simulationsand of ca. 200 µm examined in experiments, the amplitudes v j (h) consist of a mean, a nearfield and of a far field components. The exponential-like component (usually rSV2) is the onlycomponent pertinent to the near field (fig. 3.9i) and those with oscillations belong to the far-fieldradiation (fig. 3.9ii). This result was not only obtained from our computer simulations but alsoobserved in the experimental data. Due to the different frequency ranges in the simulations and
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in the experiment a scaling invariant (probe distance times the mean frequency of the transientpulse) had to be employed. The good agreement between the shapes of the v j (hνµ) amplitudesobtained from experiments and simulations (fig. 3.12) shows clearly that this field distribution isa property of the near-field probe itself, and it is not significantly influenced by its deviationsfrom ideal shape and EM characteristics.
Polarisation sensitivity of the probe

The electromagnetic field localised in the vicinity of the probe tip is well polarised (fig. 3.22),therefore characterisation of local sample anisotropy was also possible. Although the relevantamplitude v 3(φ) is not much higher than the components corresponding to the noise floor inthe experiment (by a factor of 5, see fig. 3.22i), we show that it is possible to determine theorientation of the highly anisotropic BaTiO3 crystallographic axes from the output waveforms,i. e. the probe is sensitive to the orientation of the sample’s domains. The results evidencingthe sensitivity of the near-field probe with respect to local anisotropy are, to our knowledge,the first of this kind, except measurements of Gompf et al. in a continuous-wave (CW)-THzmode [Gompf et al., 2007].This observation also brought the method a step closer to imaging applications with a highspatial resolution where the contrast among various parts of the samples is lower than thatbetween a metal and a common dielectric. Indeed, we have shown that imaging of ferroelectricdomains at the scale of tens of micrometers becomes feasible with convenient samples and probetip dimensions (section 3.7).
Imaging of BaTiO3 domains

We performed measurements of a domain structured BaTiO3 sample under various angles of thepolarisation of the probing field with respect to the direction of the domain walls (section 3.7).The aim was to measure the response of the metal-dielectric probe and to find the configurationwith optimal sensitivity. The SVD data treatment allowed us to resolve more details andinformation than standalone time slices would allow (section 3.7.3). In some cases, the SVD caneven allow one to define most sensitive time positions for sample scanning at a fixed time delay.Features on the sample surface with characteristic dimensions of 5 µm were resolved by a probe
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with the end-facet dimensions of 60 µm× 140 µm and employing wavelengths from 0.25 to 3 mm.We theoretically analysed the situation in all configurations and performed electromagneticsimulations to explain lower sensitivity in one of the configurations (fig. 3.31). The results ofthe simulations provided a qualitative agreement with our experimental observations in view ofthe achieved sensitivity.
Performance of the dual probe

We developed and implemented a method for fabricating MDPs from Teflon in view to constructa sapphire-Teflon metal-dielectric dual probe (MDDP) (section 2.1.3). The probe would allowus to achieve a better resolution determined by the size of the common interface of the twojoined probes and to implicitly filter out the useful signal from the background (figs. 2.4 and 2.5).Although the usability of the dual probe was demonstrated on a sample with a metal-dielectriccontrast (fig. 3.35), the useful signal and contrast was lower than that of the MDP.
Sensing of Mylar-covered samples

Several samples displaying distinct properties in the THz frequency range were examined byusing the MDP in order to characterise the sensitivity of the probe with respect to refractiveindices of the samples (section 3.6). As expected, the sensitivity to a variation in refractive indexdecreases with the growing refractive index (fig. 3.20, grey line, —).Additionally, data were acquired from all the samples covered by a thin Mylar foil, and asimilar tendency in contrast was observed (fig. 3.20, light-red line). That means that the samplesmay be distinguishable by the MDP, even if they are placed under a thin film of a transparentmaterial. Covering by a plastic foil might be important for samples that are dangerous, unstable(e. g. chemicals or humid substances) or have a soft surface (e. g. biological samples).
Frequency resolution of the probes

We observe that it is difficult to find a correlation among amplitudes in frequency uj (ν) in a givenset of measurements, i. e. the frequency dependence of these components is yet unpredictable.In view of this observation, it appears that one can gain information about the complex space
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and frequency distribution of the field at the end-facet of the probe, but imaging of a samplesurface with a spectral resolution seems a hard task using this experimental technique. On theone hand, this is in contrary to expectations that a time-domain (TD) THz imaging employinga MDP could provide a full spectral and spatial characteristics of the sample. On the otherhand, we have shown the power of the SVD in distinguishing the useful signal from the data.Therefore, one can expect that the technique would allow also imaging of samples where thecontrast in complex permittivity ε∗ is limited to a part of the spectral range employed.
Outlook

In our opinion, there are two main enhancements of the MDP method to achieve betterperformance characteristics in the light of our achievements and hurdles during the work. Theone consists in reducing the end facet dimensions of the MDP. This project was started inForschungszentrum Jülich, Germany (FZJ), where some of the silicon probes were sharpened byusing focused ion beam to achieve smaller dimensions of the end-facet width, namely lowerthan 100 nm [Danylyuk et al., 2007a,b]. Imaging and sensitivity experiments were conducted byDanylyuk et al. with yet unpublished results. Nevertheless, the strength of the useful signalwill inevitably decrease with decreasing tip size.The other possibility consists in reducing the dispersion of the pulses in the dielectricmaterial of the probe. A confinement structure based on this idea was developed recently byZhan et al., in which the radiation is confined in a construction resembling the negative ofthe MDP. In that method, two separate metal surfaces guide the THz pulses through air to asmall volume in the vicinity of the sample [Zhan et al., 2010]. In contrast to our MDP approach,this method uses only air-guided THz pulses. This avoids both the impedance mismatch andthe dispersion due to the dielectric material of the probe, and it leads to better performancecharacteristics.
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Nomenclature

α discrete parametre characterising a state of anexperiment.
δskin skin depth.
ε∗ complex permittivity, ε∗ = ε′ + iε′′.
ε0 the permittivity of the vacuum,

ε0 = 107/ (4πc20) F m−1 = 8.854× 10−12 F m−1.
ε′ real part of complex permittivity, referred also aspermittivity only.
ε′′ imaginary part of complex permittivity, referred alsoas losses.
εeo (ordinary) permittivity for polarization perpendicularto the axis of anisotropy, √εeo = neo.
εo (extraordinary) permittivity for polarization parallelto the axis of anisotropy, √εo = no.
εr relative permittivity.
κ imaginary part of a complex refractive index,extinction coefficient, √ε′′.
λ wavelength, m.
λµ mean (wavelength) of a frequency range, m.
µ mean, a parameter of a distribution.
µ0 the permeability of the vacuum, µ0 =4π · 10−7 H m−1 ≈ 1.256 637 061 4× 10−6 H m−1.
µr relative permeability.
ν frequency, Hz.
νµ mean (frequency) of a frequency range, Hz.
π Ludolph’s number, π ≈ 3.141593.
ρ bulk resistivity, Ω cm.
ρs surface resistivity, Ω.
σ 2 variance, a parameter of a distribution.
ω angular frequency, ω = 2πν , Hz.
χ dielectric susceptibility.

125



Nomenclature 126
χkl the k th root of the lth Bessel function Jl(r).
χm magnetic susceptibility.
c0 the speed of light in the vacuum,

c0 ≈ 2.997× 108 m s−1.
E electric field, V m; or matrix displaying the values ofthe measured field.
e Euler’s number, e ≈ 2.718281828.e the elementary charge,e = 1.602 176 487(40)× 10−19 C.
h Planck constant, h = 6.626 068 96(33)× 10−34 J s.
kB Boltzmann constant, kB ≈ 1.38× 10−23 J K−1.
n real part of a complex refractive index, referred alsoas refractive index only, √ε′; or an integer.
R the set of all real numbers.
rP Pearson (product-moment) correlation coefficient, orPearson’s r.
T temperature, K.

Nomenclature 126



List of Acronyms

AFM Atomic-Force Microscopy (or scanning forcemicroscopy).
BaTiO3 Barium Titanate.BWO Backward-Wave Oscillator.
CAD Computer-Aided Design.CCD Charge-Coupled Device.CST MWS CST MicroWave Studio® 2008.CST SS CST Studio Suite™.CW Continuous-Wave (radiation).
DAST 4-N ,N-dimethylamino-4’-N ’-methyl stilbazoliumtosylate.DNA DeoxyriboNucleic Acid.
EM ElectroMagnetic.EOR Electro-Optic Rectification.
FA Factor Analysis.FD Frequency-Domain.FEL Free-Electron Laser.FFT Fast Fourier Transform.FIR Far-Infrared (radiation).FIT Finite Integration Technique.FTIR Fourier-Transform Infrared (spectroscopy).FWHM Full Width at Half Maximum.FZJ Forschungszentrum Jülich, Germany.
GaAs Gallium Arsenid.GaN Gallium Nitride.
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List of Acronyms 128
GHz Gigahertz (radiation).GUI Graphical User Interface.
IoP Institute of Physics of the AS CR, Prague.IR Infrared (radiation).
LiNbO3 Lithium Niobate.LiTaO3 Lithium Tantalate.lSV left Singular Vector.LTEM Laser Terahertz-Emission Microscopy.
MDDP Metal-Dielectric Dual Probe.MDP Metal-Dielectric Probe.MIR Mid-Infrared (radiation).MVA MultiVariate Analysis.MW Microwave (radiation).Mylar a tradename for poly(ethylene terephthalate) (PET)product.
NEP Noise-Equivalent Power.NIR Near-Infrared (radiation).
PCA Principal Components Analysis.PEC Perfect Electric Conductor.Plexiglas a trademark for poly(methyl methacrylate) (PMMA).
QCL Quantum Cascade Laser.
rSV right Singular Vector.
sapphire α-Al2O3.Si Silicon.Si3N4 Silicon Nitride.SiO2 Silicon Dioxide (silica, quartz).SM Singular Matrix.SNOM Scanning Near-field Optical Microscopy.SNR Signal-to-Noise Ratio.SV Singular Value.SVD Singular Value Decomposition.
TD Time-Domain.

List of Acronyms 128



List of Acronyms 129
TDS Time-Domain Spectroscopy.TDTS Time-Domain Terahertz Spectroscopy.TE Transverse Electric.Teflon a brand name for poly(tetrafluoroethylene) (PTFE).TEM Transverse ElectroMagnetic.THz Terahertz (radiation).THz-ANSOM (tip-enhanced) Terahertz Apertureless Near-fieldOptical Microscopy.TM Transverse Magnetic.TPI Terahertz-Pulse Imaging, also Terahertz PulsedImaging.
UV Ultra-Violet (radiation).
WLOG Without Loss Of Generality.
ZnTe Zinc Telluride.
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Express, 13(14):5353–5362, July 2005. 10.1364/OPEX.13.005353. 25L. Luo and M. Fan. High resolution imaging by random disturbing wave front phase. In Proceedings of SPIE,pages 662319–662319–9, Beijing, China, 2007. SPIE. 10.1117/12.791499. 26A. Maestrini, J. Ward, G. Chattopadhyay, E. Schlecht, and I. Mehdi. Terahertz sources based on frequencymultiplication and their applications. Frequenz, Journal of RF-Engineering and Telecommunications, 62(5/6):118–122, June 2008. 12S. Mair, B. Gompf, and M. Dressel. Spatial and spectral behavior of the optical near field studied by a terahertznear-field spectrometer. Applied Physics Letters, 84(7):1219–1221, Feb. 2004. 10.1063/1.1647707. 31H. Manohara. Field emission testing of carbon nanotubes for THz frequency vacuum microtube sources. In
Proceedings of SPIE, volume 5343, pages 227–234, San Jose, CA, USA, Jan. 2004. SPIE. 10.1117/12.531403.10H. M. Manohara, P. H. Siegel, C. Marrese, J. Xu, and B. Chang. Design and fabrication of a 1200 GHz nanoklystron.In Proceedings of International Conference on Terahertz Electronics, volume 818, pages 4–7, Charlottesville, VA,USA, Oct. 2001. 10H. Martens and T. Næs. Multivariate Calibration. John Wiley & Sons, Inc., Apr. 1991. ISBN 978-0-471-93047-1.64, 68J. Masson, M. Sauviat, and G. Gallot. Ionic contrast terahertz time resolved imaging of frog auricular heart muscleelectrical activity. Applied Physics Letters, 89(15):153904–3, Oct. 2006a. 10.1063/1.2360931. 31J. Masson, M. Sauviat, J. Martin, and G. Gallot. Ionic contrast terahertz near-field imaging of axonal water fluxes.
Proceedings of the National Academy of Sciences of the United States of America, 103(13):4808–4812, Mar.2006b. 10.1073/pnas.0510945103. 31L. M. Matarrese and K. M. Evenson. Improved coupling to infrared whisker diodes by use of antenna theory.
Applied Physics Letters, 17(1):8–10, July 1970. 10.1063/1.1653250. 28K. A. McIntosh, E. R. Brown, K. B. Nichols, O. B. McMahon, W. F. DiNatale, and T. M. Lyszczarz. Terahertzphotomixing with diode lasers in low-temperature-grown GaAs. Applied Physics Letters, 67(26):3844(3pp),1995. 10.1063/1.115292. 9R. Mendis and D. Grischkowsky. Undistorted guided-wave propagation of subpicosecond terahertz pulses. Optics
Letters, 26(11):846–848, June 2001. 10.1364/OL.26.000846. 32R. Mendis and D. M. Mittleman. An investigation of the lowest-order transverse-electric (TE1) mode of theparallel-plate waveguide for THz pulse propagation. Journal of the Optical Society of America B, 26(9):A6–A13,2009. 10.1364/JOSAB.26.0000A6. 55S. P. Mickan, R. Shvartsman, J. Munch, X. C. Zhang, and D. Abbott. Low noise laser-based T-ray spectroscopy

BIBLIOGRAPHY 141

http://www.librarything.com/search_works.php?q=978-80-200-1677-5
http://link.aip.org/link/APPLAB/v85/i6/p863/s1&Agg=doi
http://dx.doi.org/10.1063/1.1779959
http://ao.osa.org/abstract.cfm?URI=ao-10-3-577
http://ao.osa.org/abstract.cfm?URI=ao-10-3-577
http://dx.doi.org/10.1364/AO.10.000577
http://link.aip.org/link/APPLAB/v77/i3/p453/s1&Agg=doi
http://dx.doi.org/10.1063/1.127007
http://www.iop.org/EJ/abstract/0031-9155/47/21/324
http://www.iop.org/EJ/abstract/0031-9155/47/21/324
http://dx.doi.org/10.1088/0031-9155/47/21/324
http://www.opticsexpress.org/abstract.cfm?URI=oe-13-14-5353
http://dx.doi.org/10.1364/OPEX.13.005353
http://spie.org/x648.html?product_id=791499
http://dx.doi.org/10.1117/12.791499
http://link.aip.org/link/APPLAB/v84/i7/p1219/s1&Agg=doi
http://link.aip.org/link/APPLAB/v84/i7/p1219/s1&Agg=doi
http://dx.doi.org/10.1063/1.1647707
http://link.aip.org/link/?PSI/5343/227/1&Agg=doi
http://dx.doi.org/10.1117/12.531403
http://www.librarything.com/search_works.php?q=978-0-471-93047-1
http://link.aip.org/link/?APL/89/153904/1
http://link.aip.org/link/?APL/89/153904/1
http://dx.doi.org/10.1063/1.2360931
http://www.pnas.org/content/103/13/4808.abstract
http://dx.doi.org/10.1073/pnas.0510945103
http://link.aip.org/link/?APL/17/8/1
http://dx.doi.org/10.1063/1.1653250
http://link.aip.org/link/APPLAB/v67/i26/p3844/s1&Agg=doi
http://link.aip.org/link/APPLAB/v67/i26/p3844/s1&Agg=doi
http://dx.doi.org/10.1063/1.115292
http://ol.osa.org/abstract.cfm?URI=ol-26-11-846
http://dx.doi.org/10.1364/OL.26.000846
http://josab.osa.org/abstract.cfm?URI=josab-26-9-A6
http://josab.osa.org/abstract.cfm?URI=josab-26-9-A6
http://dx.doi.org/10.1364/JOSAB.26.0000A6
http://www.iop.org/EJ/abstract/1464-4266/6/8/025
http://www.iop.org/EJ/abstract/1464-4266/6/8/025


BIBLIOGRAPHY 142
of liquids using double-modulated differential time-domain spectroscopy. Journal of Optics B: Quantum and
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Submillimeter Wave Spectroscopy of Solids, number 74 in Topics in Applied Physics, pages 7–50. Springer-VerlagTelos, 1 edition, Nov. 1998. ISBN 3540628606. 16G. H. Nussbaum. Physical Aspects of Hyperthermia. Number 8 in Medical physics monograph. published for theAmerican Association of Physicists in Medicine by the American Institute of Physics, New York, 1982. ISBN0883184141. 4H. Němec. Time-resolved terahertz spectroscopy applied to the investigation of magnetic materials and photonic
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