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ABSTRACT

Pulsed terahertz (THz) wave technology that utilizes ultrafast laser system for THz waves generation

and detection has been studied extensively for several decades. It has seen great success and interest in

spectroscopy and more applications are being developed such as security scanning, bio-chemical identifi-

cation, defect characterization, and so on. However, the major technical obstacles for most THz imaging

and applications are absorption loss by water vapor, the difficulty in miniaturizing the system size, and

the rather poorer imaging resolution than that of the conventional spectral region. Also, to overcome low

signal to noise ratio, several types of semiconductors for the purpose of powerful THz wave generation

and its application have been investigated. Narrow band gap semiconductor such as InAs has attracted

more and more interest due to their powerful THz wave generation via photo-Dember effect. With a

comparatively longer wavelength, Rayleigh’s criterion limits its use for imaging of single cells and other

microstructures. Typical human cell sizes range from a few to hundreds of microns. A method for

achieving sub-wavelength resolution is to adopt near-field imaging techniques by the usage of a small

aperture, near-filed tip, focused optical laser beam. In this manner, we have developed sub-wavelength

THz emission microscope by using MBE-grown thin InAs film and small optical-fiber THz emission tip.

In this dissertation, we have studied and demonstrated a new method of displaying temporal phase

information of THz pulses for sub-wavelength imaging, whereby a semiconductor film with diffraction

apertures is illuminated by ultrafast laser pulses to produce THz waves. Temporal phase advancement of

THz pulses occurs when THz pulses are generated from sub-wavelength InAs emission apertures. This

temporal phase shift is explained by transverse spatial confinement of sub-wavelength THz radiation

from thin InAs apertures. The geometrical phase shift of radiated THz waves has been induced when

the spatial frequency of the beam size is larger than wavenumber k. This phase shift behavior can be

applied to sensitive recognition of micrometer-size patterns smaller than the wavelength of THz pulses.

Also, we have devised and constructed an optical-fiber THz emitter using a (100)-oriented InAs thin

film placed on a 45-degree wedged optical-fiber tip. Using this method, the THz imaging resolution

is expected to be improved to the size of the optical-fiber core. The designed compact THz emission

tip here can be extended to near-field imaging, spectroscopy, polarization studies, and remote sensing

with sub-wavelength resolution. Furthermore, we have shown the developed functional THz imaging

system by using intendedly shaped THz pulses via optical pulse shaping technique. Adaptively pre-

designed THz pulses with the evaluation of cost function for material spectral response have enabled

THz pulsed spectroscopy and imaging since spectral phase modulations in a spatial light pulse shaper

on Fourier domain produce tailored THz pulses with different spectral sensitiveness. As a result, we

have acquired THz functional images by elaborately shaped THz pulses. This shaped THz pulse imaging

system enhances the contrast of THz image.

Keywords: Terahertz, Diffraction theory, Near-field imaging, Optical Fiber, Terahertz imaging,

Pulse shaping
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Chapter 1. Introduction

Terahertz (THz) radiation is electromagnetic radiation whose frequency lies between the microwave

and infrared bands of spectral ranging from 0.1 to 10 THz ( 1 THz = 1012 cycles/s ). The electromagnetic

spectrum of THz radiation has not been historically studied due to the inefficient and unstable generation

and detection techniques and high atmospheric absorption for the THz radiation. In Chapter 2, we

introduce the properties of THz radiation and the techniques for generating and detecting it for THz

spectroscopy and imaging in which there are still some issues in these applications. Current pulsed

THz wave emitters offer extremely low conversion efficiency from the input laser power into THz wave

power and a lock-in amplifier has to be used to single out the signal from the noise. The high water

vapor absorption significantly weakens the THz wave signal during its propagation in the free-space air.

Accomplishing remote sensing with THz wave in the air is very difficult. All these issues could be resolved

by improving the systems with large signal-to-noise ratio (SNR). Several approaches are investigated to

enhance the THz wave radiation from semiconductor surfaces: increasing the built-in surface electric field

by modification of the surface structure; seeking novel materials with large electron mobility and small

band gap; reducing the doping concentration to weaken the screening of the THz radiation; adjusting

the photoexcited dipole orientation for appropriate radiation direction; etc.

Narrow band gap semiconductor such as InAs has attracted more and more interest due to their

powerful THz wave generation. In Chapter 3, we study the several basic mechanisms of THz pulse

generation from semiconductor surfaces. Three mechanism are explained and specified: the optical

rectification, the surface depletion field, and the photo-Dember effect. With the explanation of THz

generation mechanism from semiconductor surfaces, various THz near-field spectroscopy and imaging

techniques are reviewed. THz imaging offers many attractive advantages for applications in material

characterization, microelectronics, medical diagnosis, environmental control, and chemical and biological

identification. With a comparatively longer wavelength (300 µm = 1 THz ), Rayleigh’s criterion limits

its use for imaging of single cells and other microstructures. Typical human cell sizes range from a few to

hundreds of microns. A method for breaking the Rayleigh’s criterion and thus achieving sub-wavelength

resolution is to adopt near-field imaging techniques. For overpassing this low imaging resolution, several

technical advances of THz imaging and microscopy have developed by the usage of a small aperture, near-

filed tip, focused optical laser beam. In this manner, we have developed sub-wavelength THz emission

microscope by using MBE-grown thin InAs film because the photocarriers in thin InAs film are enough

to radiate THz waves.

In general, amplitude of temporal signals and magnitude of spectral signals are used for THz imaging

applications. Even though there are many methodological and practical attempts for more advanced and

developed THz imaging and microscopy, the method of how to use plentiful information of broad band

THz pulses has not been extensively studied so far. In Chapter 4, we have studied and demonstrated

a new method of displaying temporal phase information of THz pulses for sub-wavelength imaging,

whereby a semiconductor film with diffraction apertures is illuminated by ultrafast laser pulses to produce

THz waves. Temporal phase advancement of THz pulses occurs when THz pulses are generated from

sub-wavelength InAs emission apertures. This temporal phase shift is explained by transverse spatial

confinement of sub-wavelength THz radiation from thin InAs apertures. This phase shift behavior can be
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applied to sensitive recognition of micrometer-size patterns smaller than the wavelength of THz pulses.

The imaging results show that the difference of temporal phase in time-delay domain can resolve small

objects. In Chapter 5, we have developed and constructed a simple method of creating THz waves by

applying the photo-Dember effect in a (100)-oriented InAs film coated onto the 45◦ wedged facet of

an optical fiber. The charged photocarriers in thin InAs film generate THz waves on the surface of

semiconductor due to the difference of the electron and hole diffusion coefficients. Using this alignment-

free THz source, we have obtained a bandwidth of 2 THz and sub-wavelength spatial resolution and

performed proof-of-principle experiments of THz spectroscopy and near-field imaging. The designed

compact THz emission tip can be extended to near-field imaging, spectroscopy, polarization studies, and

remote sensing with sub-wavelength resolution.

Also, the contrast of THz image may be significantly increased by an actively shaped THz pulse

imaging system which generates adaptively and selectively generated THz pulses via optical pulse shaping

technique. Femtosecond pulse shaping techniques have been widely used for electronic and vibrational

responses of atoms, molecules, and crystals. Similarly in THz spectral region, selective excitations of

phonon modes in a molecular crystal, charge oscillations in semiconductor heterostructures, or phonon-

polaritons in a lithium tantalate have been already studied by temporally shaped optical near-infrared

pulses. With a great interest, a shaping of THz spectral and spatial profile is required for telecommu-

nication, signal processing, material characterization and control, and functional imaging. In Chapter

6, we explain the optical pulse shaping techniques: acousto-optic modulator and liquid crystal modula-

tor, and phase-only Fourier-domain pulse shaping including the alignment of 4f spatial shaper and two

phase-only shaping algorithms.

Furthermore, we have shown adaptively shaped THz pulses for spectroscopy and imaging. By

using ultrafast optical pulse shaping, adaptively shaped THz pulses with the evaluation of cost function

for material spectral response have enabled functional THz spectroscopy and imaging. Spectral phase

modulations in a spatial light pulse shaper on Fourier domain produce tailored THz pulses with different

sensitiveness. We have acquired THz functional images by elaborately shaped THz pulses. This shaped

THz pulse imaging system enhances the contrast of THz image since an intendedly shaped THz pulse

has the sensitive attenuation to specific spectrum. This developed spectroscopic and imaging method

with designed THz pulses for material spectral response will rapidly enable pulsed THz spectroscopy and

imaging without temporal or spectral scanning if direct THz power measurement is used. Finally, the

dissertation with discussion and conclusions based on the content of the dissertation will be summarized

in Chapter 7.
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Chapter 2. Terahertz spectrum and spectroscopy

2.1 Terahertz spectrum

The electromagnetic spectrum is conceptually divided into two broad areas. The radio and mi-

crowave frequency regions (≤ 100 GHz) are approached directly with electronics, while the frequencies

of infrared radiation and above (≥ 20 THz) are handled by optics and photonics. The frequency range

between the microwave and infrared is hardly attainable because the electron mobility is rapidly decreas-

ing towards higher frequencies and because of the absence of semiconductor materials with a wide enough

band gap. This frequency range between microwave and infrared wave which spans over frequencies from

0.1 to 10 THz is nominally the THz gap, THz radiation, THz waves, T-rays, or simply THz. The value

of frequency 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. (2.1)

Although the first observation of the THz radiation is dated late 1890’s [1] according to some reports

[2], this THz region has not much interest of researchers for a long time. This delayed development was

mainly caused by difficulties in producing reliable and practical sources, as well as by the complexity

and low sensitivity of sensors to detect this electromagnetic wave.

During recent few decades, a result of the efforts of many researchers and scientists, advanced

techniques in photoconductive switching and optical rectification has been developed [3, 4]. These

techniques made it possible to generate THz pulses directly using multimode lasers, Ti:sapphire based

lasers, and free-electron lasers. After this added momentum to the field of THz generation and detection,

some scientific researches including the extraction of material parameters from terahetz time-domain

spectroscopy (THz-TDS) systems have been widely opened. THz research field is applied in many sectors.

The photon energy of THz radiation corresponds to the range of fundamental energies associated with

changes between molecular energy levels [5], the range of low-energy excitations in electronic materials

[6], and vibrational and rotational transitions in molecules [7]. Furthermore THz radiation has been a

promising candidate for nondestructive evaluation of the internal structures of targets since THz radiation

is transparent to many dry dielectric materials [8, 9]. Hu and Nuss firstly acquired two dimensional THz

Figure 2.1: The electromagnetic spectrum spanning from microwaves to X-rays. THz frequency region

between microwaves and infrared waves spans over frequencies from 0.1 to 10 THz.
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images by using a traditional scanned imaging system [10]. This was the beginning of geometric image

formation of an object in the THz range. THz pulsed imaging was extended as a novel and promising

method, especially applied to medical diagnostics [11].

2.2 Terahertz radiation and spectroscopy

2.2.1 Generation of terahertz electromagnetic waves

All optical-assisted THz techniques have been recognized as an alternative approach to produce

and measure THz radiation owing to difficulties in fabricating solid-state THz sources and detectors.

Ultrafast charge transport techniques and bulk electrooptic rectification (difference frequency mixing)

combined with femtosecond lasers have been exploited. This section will explain how semiconductor

structures and electrooptic materials can be used to convert ultrashort pulses into THz pulses.

Photoconductive switching

The first THz emission by a photoconductive switch based on the idea of Hertz original experiment

[12] was realized by irradiating a biased semiconductor plate with high-energy argon ions [3]. In a

photoconductive switch, a lateral antenna comprising two electrodes deposited onto a semiconductor

surface is drawn. A large electric field is applied between the electrodes. An undoped semiconductor

material placed under bias is illuminated by ultrashort laser pulses(≤ 100 fs). The photon energy is

higher than the band gap energy of the illuminated semiconductor. A photoexcited electron-hole pair

created in this process can be well approximated by an elementary Hertzian dipole. The free carriers are

accelerated by the applied voltage and rapidly trapped or recombine. This rapid current variation results

in the radiation of a pulse perpendicularly to the bias field. The emission bandwidth can be modified by

appropriate bands structure design [13, 14].

Optical rectification

Optical rectification is a second-order nonlinear optical process of generating a DC polarization in a

nonlinear medium at the passage of an intense optical beam [15]. This method is adapted as one of the

most popular technique to generate THz pulses on pulsed laser systems. For ultrashort laser with large

bandwidth (ω −∆Ω, ω +∆Ω), the static polarization is replaced by the pulse envelope, and the various

frequency components are differenced with each other to produce a bandwidth from 0 to several THz

(0, 2∆Ω) [16]. The generated THz field is proportional to the intensity of the incident pump pulse and

the value of the second-order susceptibility. This mechanism has been used to generate THz pulses from

a number of electrooptic materials such as bulk semiconductors including GaAs, ZnTe, CdTe, GaP, and

LiNbO3 [16, 17, 18, 19, 20]. The organic crystals such as DAST [21] and electro-polymers [22] are also

used for THz generation due to a very large electrooptic coefficient. Recently, THz radiation via optical

rectification from metal surfaces was reported [23].

Surface emitters

When a bulk semiconductor is illuminated by an ultrafast optical pulse with the photon energy

greater than the semiconductor band gap, a surface electric field is built up in the vicinity of the surface.

As the difference of mobilities (or diffusion constants) for holes and electrons generates a band bending
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which has the effect of accelerating and separating carriers of opposite charges in opposite directions,

a charge dipole in the vicinity of a semiconductor surface is formed. This effect is known as surface

field emission or a photo-Dember effect [24]. The surface depletion field is vertical to the semiconductor

surface. This mechanism of the ultrafast buildup and relaxation of the photo-Dember field results in

the generation of THz radiation in narrow band gap semiconductors. The phenomena is particularly

strong in high-mobility low-band gap semiconductors such as InAs [25]. The emitted THz radiation

is completely transverse-magnetic (TM) polarized waves, caused by the surface depletion field. In this

mechanism, the enhancement of THz radiation by a magnetic field was also achieved [26].

2.2.2 Optical sampling of terahertz electromagnetic waves

Optical sampling to probe the electric field of THz radiation can be simply performed by the reverse

phenomena of THz emission itself. This optical sampling is ideal for ultrafast and phase-sensitive THz de-

tection. The response times of a room-temperature photoconductive switch and also of an optoelectronic

crystal is as short as a fraction of a picosecond or period of THz pulses.

Coherent sampling of terahertz radiation

The detection techniques of coherent THz radiation involve free-space electrooptic and photocon-

ductive sampling. The electrooptic sampling shows good sensitivity and a broad bandwidth, compared

to photoconductive sampling. Electrooptic sampling using an optoelectronic crystal can be realized via

exploiting the linear electrooptic effect, Pockel’s effect. A change of polarization of an ultrashort optical

pulse, an electrooptic probe beam is occurred by electric field of radiated THz pulses during only a short

time interval. A polarizing beam splitter is used to split the polarization rotation of the probe beam and

to achieve intensity modulation of the polarization. A pair of balanced photo-diodes is used to analyze

the split polarization rotations. The slow variation in the arrival time of the probe pulse traces a full

electric field waveform of radiated THz pulses [27, 28, 29].

Photoconductive sampling is also an optical sampling technique. The antenna detection scheme

mostly has a better signal-to-noise ratio than electrooptic sampling. Photoconductive sampling is similar

to photoconductive generation. A bias electrical field across the antenna leads is generated by the electric

field of radiated THz pulses. The photoconductive antenna directly detects a photocurrent induced

by the incident THz electric field. The electric field strength of radiated THz pulse is only sampled

for an extremely short time interval of entire THz electric field waveform because the carriers in the

semiconductor substrate have an extremely short lifetime.

Synchronous and asynchronous optical sampling

Synchronous optical sampling is an important and conventional sampling method in THz time-

domain system. In this system, the electric field of radiated THz pulse is recorded in the time domain via

different delay time. The varied time delay is achieved by several mechanical approaches: (i) traditional

motorized scanning stage (ii) raster mechanical scanning devices. Synchronous sampling have to timely

match between each acquired THz waveform and optical gating pulse for optical sampling.

Asynchronous optical sampling (ASOPS) is a technique for high resolution and fast measurements

of time-domain spectroscopy [30, 31, 32]. This sampling technique needs two different mode-locked

lasers with a slight difference in pulse repetition rates. The two different pulses automatically provide a
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temporally varying delay. The scan rate is determined by the difference of repetition rates between two

laser system.

2.2.3 Terahertz time-domain spectroscopy

In 1980’s, THz time-domain spectroscopy (THz-TDS) was developed and had been pursued in

a couple of laboratories [33, 34]. THz-TDS is a phase-sensitive measurement. This is an important

advantage over the FTIR spectroscopy where the information about the phase change is not measurable.

The technique is much faster for broadband detection than scanning a narrow-band tunable THz source.

THz-TDS uses single-cycle pulses of broadband THz radiation generated by ultrashort laser pulses.

Because of the ability to read out both amplitude and phase change of full THz electric field, a table-top

THz-TDS is the most useful and versatile for comprehensive material research, and it eliminates many

disadvantages of tunable narrow-band and large facilities. This versatility and efficiency of THz-TDS

caused a boom of THz experiments. The principle of conventional THz-TDS based on the femtosecond

laser system is that pump pulses are incident on a THz emitter to generate THz pulses, which are guided

into the THz sampler by using four off-axis parabolic mirrors. Probe pulses from the same laser are used

to optically sample the THz pulses incident upon a THz sampler.
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Chapter 3. Sub-wavelength THz pulse radiation

and imaging

3.1 Introduction

In this chapter, the basic mechanisms of THz generation from semiconductor surfaces and some

near-field techniques to overcome diffraction of THz pules are described. Ultrashort electromagnetic

radiation with THz region can be generated from illuminated semiconductor surfaces by femtosecond

laser pulses. The current research of THz radiation from a variety of semiconductors as well as the

emission mechanism have been studied. It is commonly understood that the radiation of THz pulses

from semiconductor surfaces is primarily due to the surge current normal to the surface and/or the

second-order nonlinear optical processes in the semiconductors. It is shown that the surface of InAs is an

efficient THz emitter and that the efficiency is further enhanced by applying an external magnetic field

[26, 35, 36]. THz radiation method on the surface of InAs has attracted much interest because of the

potential as a simple and powerful THz radiation source in practical applications such as spectroscopy

and imaging. In addition, THz imaging offers many attractive advantages for applications in material

characterization, microelectronics, medical diagnosis, environmental control, and chemical and biological

identification. With a comparatively longer wavelength (300 µm = 1 THz), Rayleigh’s criterion limits

its use for imaging of single cells and other microstructures. Typical human cell sizes range from a few to

hundreds of microns. A method for breaking the Rayleigh’s criterion and thus achieving sub-wavelength

resolution is to adopt near-field imaging techniques.

3.2 Terahertz pulses generation from semiconductor surfaces

The physical principles for THz generation from semiconductor surfaces can be categorized into two

types. One is the nonlinear optical processes and the other is the ultrafast surface surge-current with

carrier excitation due to the surface built-in field or photo-Dember effect. Generated THz radiation via

the nonlinear optical process is explained as the optical rectification of ultrashort laser pulses, which

creates a transient polarization on the semiconductor surface. The generated THz pulse is proportional

to the second time derivative of the electronic polarization due to the optical rectification. This process

is equivalently described in the frequency domain as the difference-frequency mixing between spectrum

components of femtosecond laser pulse. On the other hand, the surge-current model is closely related

to real excitation career. There are two origins for radiated THz waves via photoexcited career from

semiconductor surfaces. One is the acceleration of photoexcited carriers by the surface-depletion field, and

the other is the photo-Dember effect originating from a charge dipole in the vicinity of a semiconductor

surface. The dipole forms owing to the difference of mobilities for holes and electrons. Because electrons

have much greater diffusion velocity due to their higher mobility than that of holes, electrons diffuse

more rapidly from the surface inwardly, which creates an effective charge separation in the direction

perpendicular to the surface. For the explanation of the mechanisms of THz radiation from semiconductor

surfaces, several representative semiconductors are listed in Table 3.1 with their basic properties and some
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Table 3.1: Properties of selected semiconductor materials

InAs GaAs InSb InP

Band gap (eV) 0.354 1.43 0.17 1.344

Electron mobility (cm2/(V s)) ≤40,000 ≤8,500 ≤77,000 ≤5,400

Hole mobility (cm2/(V s)) ≤500 ≤400 ≤850 ≤200

Γ valley electron mass m∗
e 0.023 0.063 0.014 0.08

Hole mass m∗
h 0.33 0.5 0.18 0.40

Intrinsic carrier concen. (cm−3) 1015 2.1× 106 2× 1016 1.3× 107

Infrared refractive index 3.5 3.3 4.0 3.1

Refractive index (@1THz) 3.7 3.6 1.9 3.5

Optical penetration depth (µm) 0.15 1 0.1 0.3

important parameters [37, 38].

3.2.1 Optical rectification

The emission mechanism of THz radiation from semiconductor surfaces via nonlinear optical process

is an effective χ(2) process. Many semiconductors without the inversion crystal symmetry, such as the

zincblende-type semiconductors, have been reported to radiate THz waves via optical rectification effect

[17, 39]. The generated THz field by the optical rectification, ETHz(t), is proportional to the second-order

nonlinear polarization and can be described by the following equations:

P (t) =
1

2π

∫ +∞

−∞

P (2)(Ω)e−iΩtdΩ, (3.1)

P
(2)
i (Ω) =

∑

j,k

ε0χ
(2)
ijk(Ω = ω1 − ω2)

∫ +∞

−∞

Ej(ω1 = Ω+ ω2)Ek(ω2)dω2, (3.2)

where χ
(2)
ijk is the second-order nonlinear susceptibility tensor for a difference frequency, Ω = ω1−ω2, and

Ej(ω1)(Ek(ω2)) is the amplitude spectral component of the pump laser at frequency ω1(ω2) in the j(k)

direction. Here, i, j, and k are the dummy indexes for x-, y-, and z-directions in the crystallographic

axis system. The integral is extended to the negative frequency by using the definition, E(−ω) = E∗(ω).

In the far-field, the measured THz field amplitude, ETHz , is proportional to the projection of the

second time derivative of the nonlinear polarization to the polarization direction of detection:

ETHz(t) = û · ETHz ∝ û · ∂
2P(t)

∂t2
. (3.3)

The spectral amplitude, ETHz(Ω), at a frequency Ω is thus given by

ETHz(Ω) ∝ Ω2û ·P(Ω). (3.4)

The strong dependence of emitted THz radiation intensity on the crystal orientation to the pump beam

polarization is the evidence of the contribution of χ(2) process. By rotating a THz emission crystal

about its surface normal, the azimuthal-angle dependency of difference frequency mixing component to

the total THz radiation can be expected.
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Figure 3.1: Optical geometry for generation of THz radiation from a semiconductor surface.

When the p-polarized THz field amplitude is observed in the direction of optical reflection, the

refraction angles for the optical and THz beams are determined by the generalized Snell’s law as

sin45◦ = nopt sinφ = nTHz sinφTHz , (3.5)

where nopt and nTHz is the refractive index for the pump laser and THz radiation in the semiconductor,

respectively. φTHz is the refraction angle of THz radiation inside the semiconductor (see Fig. 3.1).

For above condition, the azimuthal-angle dependence of the radiation amplitude due to the optical

rectification can be easily written as [40]

ETHz ∝ 1.093d14(cos3θ − 0.103) for (111)− InAs,

ETHz ∝ 0.1823d14sin2θ for (100)− InAs,

ETHz ∝ −0.069d14sin2θ for (100)− InSb,

ETHz ∝ 0.199d14sin2θ for (100)− InP. (3.6)

We can manipulate a proper azimuthal angle, where the nonlinear contribution vanishes. For an az-

imuthal angle of 26◦ for (111)-InAs and 0◦ (or 90◦) for all (100)-oriented samples, the azimuthal depen-

dency is null [40].

3.2.2 Surface depletion field

In semiconductors with a wide band gap, such as GaAs (Eg = 1.43 eV) or InP (Eg = 1.34 eV), Fermi-

level pinning occurs, leading to band bending and formation of a depletion region, which results in the

surface built-in field [41, 42]. When femtosecond pulses are illuminated on the surface of semiconductor,

the electrons and holes are accelerated in opposite directions under the surface-depletion field, forming

a surge current in the direction normal to the surface. The direction and magnitude of the surface

depletion field depend on the dopant or impurity species. The energy band is bending upward in n-type

semiconductors and downward in p-type semiconductors as shown in Fig. 3.2.
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Figure 3.2: Band diagram and the schematic flow of drift current in (a) n-type and (b) p-type semicon-

ductors

The radiated THz amplitude, ETHz(t), is proportional to the time derivative of the surge current,

J(t): ETHz(t) ∝ ∂J(t)/∂t. When the depletion-surface field is the dominant mechanism for the surge

current, the polarity of radiated THz waveform is opposite between that of the n-type and that of the

p-type semiconductors. On the other hand, when the photo-Dember effect is the dominant mechanism,

the polarity of radiated THz amplitude will is independent to the type of semiconductor.

3.2.3 Photo-Dember effect

InAs and InSb are very interesting semiconductors because of their high electron mobilities to

generate THz electromagnetic waves. The surface-depletion voltage of narrow band gap semiconductors

is generally not so large because of the small band gap energy while the excess energy of photoexcited

carriers is very large with the excitation femtosecond pulses (hν ∼ 1.5 eV). All these conditions in

narrow band gap semiconductors enhance the photo-Dember effect, which generate current or voltage in

semiconductors due to the difference of the electron and hole diffusion velocities. The diffusion current

due to the photo-Dember effect near photoexcited semiconductor surface is illustrated in Fig. 3.3.

The diffusive currents of the electrons (Jn) and holes (Jp) are, respectively, described by the following

equations [43],

Jn ∼ −eDe
∂△n
∂x

, Jp ∼ eDh
∂△p
∂x

, (3.7)

where e is the electron unit charge, △n and △p the density of photoexcited electrons and holes, De and

Dh the diffusion coefficient of electrons and holes, respectively. The diffusion coefficient D is defined

by the Einstein relation, D = kBTµ/e, where kB is the Boltzman constant, T is the temperature of

photoexcited carrier, and µ is the mobility of electrons or holes. Radiated THz amplitude due to photo

Dember current Jdiff = Jn + Jp is thus proportional to the difference in the mobility and temperature

for the electrons and holes, and the gradient of the carrier density. We discuss the equation of the

steady-state photo-Dember voltage (VD) [44],

VD =
kB(Teb− Th)

e

1

b+ 1
ln

(
1 +

(b + 1)△n
n0b+ p0

)
, (3.8)

Here, b = µe/µh is the mobility ratio of the electrons (µe) and holes (µh), n0 and p0 are the initial density

of the electrons and holes, Te and Th are the temperature of photoexcited electrons and holes, respectively.
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Figure 3.3: Schematic diagram of diffusion current by photoexcited carriers near the surface of a semi-

conductor

The photo-Dember effect is enhanced by larger electron mobility (µe ∝ b), and higher electron excess

energy (∝ Te). The narrow band gap semiconductors is good to generate a huge photo-Dember field

due to the very large electron mobilities and large excess carrier energies. The photo-Dember field, ED

(VD/d, d : the optical penetration depth) in narrow band gap semiconductors is also further enhanced

by the small absorption depth. From (3.8), we can anticipate that some important properties affect

the emission of THz pulse via photo-Dember effect. First, low residual electron and hole concentrations

(n0 and p0 ) enhance the photo-Dember effect and the photo-Dember voltage, VD is expected to be

proportional to the pump intensity, I, (VD ∝ △n ∝ I) in a low-intensity regime and proportional to

ln(I) [∝ ln(△n)] in a high-intensity regime. Also, the photo-Dember voltage does not depend strongly on

the electron–hole mobility ratio when b is large enough. Consequently, the emitted THz field amplitude

is proportional to the accerlation field and electron mobility (ETHz ∝ △J ∝ eµeED).

3.3 Terahertz near-field imaging

Far infrared imaging was already performed by using a cw far infrared waveguide laser [45]. The

image shows a contrast of a hidden metal key revealed behind an obstacle paper box. After the THz

radiation and detection via a photoconductive switch by Auston et al., the research of THz radiation

has been widely opened. Shortly after, the same group introduced pulsed THz image in the focal

plane [10]. The THz pulsed imaging has attracted much interest since its first demonstration and

has gained importance as a promising tool for various basic research and industrial applications. It

has been increasingly used in a variety of areas such as non-invasive packaging inspection, material
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inspection in industrial production, biomedical diagnostics and imaging, 3D-computed tomography, and

scientific phenomena including the distribution of electromagnetic waves and phase transition. Most THz

imaging have been accomplished using conventional THz-TDS focal plane imaging in far-field region. In

conventional focal plane imaging, the spatial resolution is limited by the wavelength radiated THz pulses

or by the size of an aperture, whereby the intensity of radiated THz pulse significantly reduces. Many

more or less successful attempts have been invented and applied to increase the spatial resolution in the

THz imaging.

3.3.1 The far-field and near-field spatial region

The far-field region

The far-field region is also known as far-field, or Fraunhofer diffraction region and it is the region

outside the near-field region, where the angular field distribution is essentially independent of the distance

from the source. In the far-field region, the shape of the antenna pattern is independent of distance. If

the source or aperture has an overall dimension that is large compared to the wavelength, the far-field

region is commonly assumed to exist the Fresnel number smaller than an unity (F ≪ 1). The Fresnel

number F is defined as

F = a2/Lλ, (3.9)

where a is the characteristic size of the aperture, L is the distance of the screen from the aperture, and

λ is the incident wavelength. The propagation of THz radiation in the far-field region can be sufficiently

described by the propagation of a Gaussian beam.

The near-field region

The near-field region is also known as near-field, or Fresnel diffraction region and it is in general

the close in region of an antenna where the angular field distribution is strongly dependent upon the

distance from the antenna. In the study of diffraction and antenna design, the near-field is that part of

the radiated field of the source or the antenna, which exists the Fresnel number similar or greater than

an unity (F ≥ 1). The diffraction pattern in the near-field differs significantly from that observed at

infinity and varies with distance from the source, and non propagation of electromagnetic wave, so-called

evanescent wave is present.

3.3.2 Review of the methods for terahertz near-field imaging

The near-field effect at THz frequencies was reported by Budiarto et al. on a diffraction behind an

aperture [46] and the first near-field imaging was obtained by using tip-enhanced near-field technique [47].

Several other methods were developed during the following decade, mainly by transmigrating near-field

methods already used in other frequency regions, either in optics [48] or in microwave [49]. Currently,

various near-field techniques and approaches have been applied successfully, the majority of these are

described below.

Small Aperture near-field methods

Small aperture-based near-field techniques use a small aperture on the top of the sample to enhance

the spatial resolution. On Babinet’s principle, the diffraction pattern should be the same from a tip and

from a hole of the same diameter size except for the overall forward beam intensity. And, the power of
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the useful signal is dependent on the size of the opening and is strongly attenuated [50]. Even though it’s

the significant power reduction, some THz near-field experiments were realized by using a small aperture

[51, 52].

Confinement methods

Confinement near-field methods are such techniques in which the light is constrained into a small

volume by a waveguide structure. Most of the waveguide structures are of transmission-line of waveguide

types. Originally developed for IR waveguides [53], it was first experimentally demonstrated using a

tapered metal tube for THz region [47]. For a symmetrical cross-section structure, a waveguide shows

a strong frequency cut-off behavior. To eliminate the low-frequency cut-off of a constraining waveguide,

variety methods were attempted.

A conical aperture [54] and a logarithmic coupling structure [55] were introduced. So, the filed

confinement at the structure opening is enhanced, coupling is also more efficient. An open-side pyramidal-

shaped dielectric probe also was shown to eliminate the cut-off frequency in microwave region [56]. A

spatial resolution of at 80 GHz was achieved by a metal-dielectric probe [57]. Also, the sub-wavelength

resolution was realized by a narrow spacing in a parallel-plate waveguide [58] and by a photoconductive

near-field probe-tip consisting from two tapered electrodes, which is a confinement structure in plane

[59].

Sub-wavelength dimensional tip methods

Tip-enhanced (or scattering-type) near-field methods are frequently adapted methods to achieve

sub-wavelength resolution in any frequency range. A sharp metallic tip is positioned close to the sample

surface into the place irradiated by radiation. A near-field is created at the end of the probe tip during

the propagation of the pulse. It is affected by the sample characteristics and is again coupled into the

far-field radiation. This method reflects a small changed portion of the field from the very vicinity of

the probe. Only a small part of the incident light can be used to retrieve the near-field information. The

probe-sample interaction may be non-trivial in the time-domain regime and was recently the subject

of other studies. A near-field probe made of tungsten was used [60] and metal-dielectric and doped

dielectric contrast were measured [61, 62].

This technique was improved to enhance the spatial resolution and image contrast by a shear force

technique [63]. An imaging tip can be as small as possible. Atomic force microscopy (AFM) tips have

been irradiated by THz radiation and spatial resolution down to tens of nm was demonstrated [64]. Other

method, the concept of Sommerfield-wire waveguide method, can be transformed into the tip-enhanced

type. THz radiation travels along the surface of the metallic tip back-and-forth with a reflection on the

sample surface at the end of the probe where near-field phenomena appear [65]. A combined method with

the vibrating probe has the potentiality for pulsed THz sensing and diagnostic systems with unreported

resolution [66]. Also, THz-ANSOM is a complex result of combining the tip-enhanced method with

the laser-beam involved imaging. The THz near-field in close vicinity of a metallic tip is sampled on

electrooptic sensor just behind a thin sample. All electric field component of the near-field around a

metallic disturbance was measured [67].
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A focused optical laser beam near-field methods

An alternative apertureless THz near-field method achieves sub-wavelength resolution by exploiting

the fact that the THz emission or detection point is smaller than the THz wavelength. This can be

realized by placing the sample close to the emitter or sensor, so that the radiation would not have

time to diffract forward far-field region. We can easily create and measure the near-field by focusing

and manipulating the optical laser beam which generate and sample THz pulses. In those technique,

reducing the shape and choosing the right placement of the laser-beam spot is playing the biggest role.

One example is THz wave generated through optical rectification process, where size of THz wave emitter

is limited by spot size of the excitation optical beam in the electrooptic crystal [68, 69]. To get higher

spatial resolution, one need to focus the excitation laser beam to smaller focal spot size and use thinner

THz emitter. An alternative way is the THz generation with optical excitation from the target itself,

such as semiconductor devices. THz wave emission microscopy images of IC circuits were obtained [70].

Sub-wavelength spatial resolution can also be obtained by a localized THz wave on electrooptic sensor

detector [71]. Similar to a localized THz wave emission method, focused probe beam with sub-THz

wavelength size forms a localized THz wave detector by placing the target within near-field distance.

The spatial resolution was determined by the size of THz wave detector.
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3.4 Sub-wavelength THz radiation from thin InAs film

Here before, some techniques of THz radiation from semiconductor and the method to overcome

diffraction limit of THz pulses are explained. Some THz emission microscope have explored to get sub-

wavelength resolution of THz pulses. THz emission microscope system has been studied because this can

be easily realized by placing the sample close to the emitter and the size of radiated THz pulse is limited by

spot size of the excitation optical beam. To get higher spatial resolution, one need to focus the excitation

laser beam to smaller focal spot size and use thinner THz emitter. The coherence length and the thickness

of nonlinear crystal are crucial parameters for THz emission via optical rectification. Generally, thinner

nonlinear crystal results in lower signal, which may be not enough to THz spectroscopy and imaging.

However, the diffusion length of InAs for THz radiation is only about 1 µm. An alternative way using

thin InAs film instead of nonlinear crystal such as ZnTe is good for THz wave emission microscopy.

3.4.1 MBE-grown thin InAs fabrication

The excitation of InAs with 800-nm femtoseoncd pulses provides desirable conditions for the photo-

Dember effect: (i) large spatial gradient of carrier density due to the short absorption depth, (ii) large

kinetic energy of photoexcited carriers are obtained from the large excess energy (△E = Eopt − Eg, ∼
1.2 eV), and (iii) large difference between the electron and hole mobilities. By using the intrinsic mobility

of InAs [40, 000 cm2/(V · s)] and the excess energy during excitation (∼ 1.2 eV) at room temperature,

the diffusion constant from the Einstein Relation is computed to be ∼ 3.6 m2/s. Using this value and

the average scattering time (momentum relaxation time of ∼ 0.5 ps), the diffusion length is estimated

to be 1.3 µm. Considering effective Dember charge separation, the 1-µm thickness of InAs is enough

to generate THz pulses via photo-Dember effect. This thickness is good for the sub-wavelength THz

emission microscope because there is no significant diffraction of radiated THz pulses on the surface of

semiconductor.

Figure 3.4 shows the spatio-temporal distribution of photoexcited carriers within 1-ps time evolution

and within the depth of 1 µm under the surface of InAs. The gray grid and dark grid represents the

photoexcited electron and hole distribution, respectively. After femtosecond pulses are illuminated, the

number of photogenerated electrons and holes increases drastically with an exponential decrease spatially.

Figure 3.4: A three-dimensional spatial and temporal carrier concentration distribution of photoexcited

electrons and holes at the InAs surface. The gray curves represent electron distribution and the dark

curves represent the hole distribution [25].
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Then, due to the large gradient of the carrier distribution, these carriers diffuse inward the InAs. The

concentration of electrons near the surface drops down faster than that of holes since the mobility of the

electrons is much higher than that of the holes. The subsequent spatial difference of the electron and

hole distribution generates photo-Dember electric field, ED. This field causes the drift of electron and

holes toward each other. The sudden rising of the photoexcited electrons and their movement afterwards

could result in THz wave radiation. The electric field of the THz wave is given by ETHz ∝ ∂J/∂t, where

J is the current induced from the photoinduced electrons and holes.

To study the optically induced electromagnetic radiation from semiconductors, we simply assume

the dipole approximation. This assumption is valid because when the carrier’s velocity is much less than

the velocity of light, the dipole approximation is the simplest model to estimate the radiation and gives

a qualitative description for the radiation phenomena. The electric and magnetic components E and B

from a charged particle in the expression of dipole radiation can be written as

E = (er/4πκc2r3) + (e/4πκc2r3)r× (r× v̇), (3.10)

B = e(v̇ × r)/4πκc2r2, (3.11)

where r is the distance from the charged particle to the observation position, κ is the dielectric constant,

c is the speed of the light, and v̇ is the acceleration of the particle. The first term in the E expression is

a Coulomb field; it decreases as r2 and can be ignored at far-field. The second term is the radiated field

with TM wave. Using the equation of the current J = ev, where v is the charge velocity, the radiation

term can be rewritten as

Eθ = (sin θ/4πκc2r)J̇êθ, (3.12)

where θ is the angle between the observation direction and particle acceleration direction.

The amplitude of the radiated field from semiconductors strongly depends on the optical incident

angle. The angular dependent radiated field (forward) as a function of the incident angle has the following

form:

E(θ) ∝ sin(θ)[1 − r2(θ)]t(θ). (3.13)

The first term comes from the radiation pattern of the dipole approximation, the second term from the

photocarrier density which is proportional to the optical absorption, and the third term from the trans-

mission coefficient of the electromagnetic wave. For p-polarized and s-polarized optical beam denoted

“‖” and “⊥”, Fresnel coefficients are written as

r‖ =
tan(θ − θt)

tan(θ + θt)
,

r⊥ =
sin(θ − θt)

sin(θ + θt)
,

t‖ =
2 cos θ sin θt

sin(θ + θt) cos(θ − θt)
,

t⊥ =
2 cos θ sin θt
sin(θ + θt)

, (3.14)

where θt = sin−1[sin(θ)/n2] with n2 the index of refraction of the radiated field. The maximum radiation

direction is close to the Brewster angle. Figure 3.4.1 shows the angular dependent radiation TM THz

power (circle) from thin InAs film for p-polarized optical excitation beam and calculated TM radiation

field for p-polarized (red) and s-polarized (black) optical beam.
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Figure 3.5: The incident angular dependence of radiated TM-THz power (circle) from thin InAs film

for p-polarized optical excitation beam and calculated TM radiation field for p-polarized (red) and s-

polarized (black) optical beam.
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Figure 3.6: The azimuthal dependence of THz wave generation from differently-oriented InAs surfaces.

The squares and circles represent the experimental measurements of THz wave amplitude from a (111)

oriented n-type InAs with a doping concentration at 3× 1016cm−3 and a (100) oriented p-type InAs with

a doping concentration at 1× 1018cm−3, respectively. The curves represent the fitting results by cosine

equations.
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Figure 3.6 shows the azimuthal dependence of THz wave radiation from a (100) p-type and (111)

n-type InAs at a 45◦ incident angle. The dots and squares show the experimental data and the lines

fit the experimental data with a cosine function. Both samples show azimuthally angle-dependent THz

wave amplitude, which could be evaluated with Epeak = EDember + Eopt rectification · cos(ωθ). It is clear

to see that both the samples have an EDember component with nearly the same value due to the photo-

Dember effect. The Eopt rectification cos(ωθ) is quite different between these two samples. The azimuthal

dependence of THz radiation in (111) InAs is obvious with a period of π/3; while a (100) InAs has a

slight azimuthal dependence with a period of π/2.
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Figure 3.7: The result of X-ray Diffraction for MBE-grwon (100) InAs film on MgO substrate.

Here, we manipulate a proper azimuthal angle, where the nonlinear contribution vanishes. The (100)

crystal axis is chosen. The azimuthal dependency is almost null for all (100)-oriented samples. The 1-

µm-thick (100) InAs thin film was grown by molecular beam epitaxy (MBE) on an AlAsSb buffered

GaAs substrate. The thickness was optimized by considering effective Dember charge separation and

absorption and resolution of THz pulses. Also, X-ray Diffraction are executed to check crystal axis of

MBE-grown InAs film. The grown InAs sample was glued to a sapphire substrate and then the substrate

and buffer layer were eliminated by lapping and chemical etching by phosphoric acid solution(H3PO4 :

H2O2 : H2O = 1 : 8 : 80, 1.3 µm/min or H3PO4 : H2O2 : H2O = 1 : 1 : 5, 1.2 µm/min).

GaAs (500µm)

Figure 3.8: 1-µm-thick InAs thin film fabrication layout.
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3.4.2 The resolution of THz pulse from thin InAs film

We construct a sub-wavelength THz emission microscope by using thin InAs film attached on the

surface of sapphire wafer. For an experimental verification, we develop sub-wavelength THz emission

microscope as shown in Fig. 3.9. The figure shows layout and schematic diagram of transmissive sub-

wavelength THz emission microscope. Femtosecond Ti:sapphire optical laser system has used to generate

THz pulses via the photo-Dember effect transmissively from a low band gap InAs film [74]. The THz

pulses radiated from the InAs thin film were detected by a conventional photoconductive antenna (PCA)

in conventional 4f imaging geometry with two off-axis parabolic mirror [75].

Typically measured temporal THz pulses and its spectrum up to 2 THz are shown Fig. 3.10. For

sub-wavelength THz emission apertures, optical laser pulses are tightly focused by an objective lens with

f = 16.5 mm. Focused beam waist is roughly 3.6 µm. To check the resolution of radiated THz pulse, we

have carried out knife-edge experiment. Measured THz-peak image of knife-edge method with half filled

InAs film are illustrated. THz peak signal is detected at fixed temporal position. The edge response is

how the system responds to a sharp straight discontinuity (an edge). The single parameter measurement

used here is the distance required for the edge response to rise from 10% to 90%. The spatial resolution of

the THz peak image is measured about 10 µm by the 10% - 90% method (X10−90 = 2×0.64wx = 14 µm).

Thin emitter

Objective

PCA

(a) (b)

Figure 3.9: (a) Layout and (b) schematic diagram of transmissive sub-wavelength THz emission micro-

scope.
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Figure 3.10: Measured temporal THz pulses and its spectrum up to 2 THz from sub-wavelength THz

emission microscope with 1-µm-thick InAs film.
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20 µm

InAS

Figure 3.11: Measured THz-peak image of knife-edge experiment using half filled InAs film at fixed

temporal position. The spatial resolution of the THz-peak image is measured about 10 µm by the 10%

- 90% method (X10−90 = 2× 0.64wx = 14 µm).

The 10-µm beam waist of radiated THz pulses on the surface of thin InAs film is about λ0/30 (λ0 =

300 µm, 300 µm = 1 THz). We have obtained highly focused THz pulses to resolve small object relatively

smaller than the diffraction of THz pulse for near-field geometry. Next, Figure 3.12 shows the THz image

of single mode optical fiber with 125-µm-diameter cladding, HP780 Nufern. Cladding diameter is slightly

smaller than λ0/2. As shown the figure, we can clearly recognize the cladding region of optical fiber.

However, transmissive THz emission microscope do not resolve the core of optical fiber with 5.5 µm,

which is smaller than the resolution of developed THz microscope.

Let us check the resolution of each THz frequency components, we have measured THz temporal

signal as a function of different spatial position scanning half-filled InAs film for edge response experiment.

Each THz frequency components can be easily obtained by Fast Fourier Transform (FFT) of temporal

THz profiles. Measured THz temporal shapes and their spectra are shown in Fig. 3.13. Gaussian beams

propagating in the z-direction may be represented mathematically as:

E(r, z) = E0
w0

w(z)
exp

( −r2
w2(z)

)
exp

(
−ikz − ik

r2

2R(z)
+ iζ(z)

)
. (3.15)
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125um

Figure 3.12: The THz-peak image of single mode optical fiber (HP780, Nufern) with 125-µm-diameter

cladding. Cladding diameter is slightly smaller than λ0/2. The image shows the cladding region of

optical fiber and do not resolve the core of optical fiber with 5.5 µm, which is smaller than the resolution

of developed THz microscope.

Here, r is the radial distance from the center axis of the beam path, z is the propagation distance from

the smallest beam-size position, and R(z) is the radius of curvature of the wavefronts. ζ(z) is the Gouy

phase shift, an extra contribution to the phase that is seen in Gaussian beams and k is the wavenumber.

Following above equation, the time-averaged intensity distribution for propagation distance z:

I(r, z) = I0

(
w0

w(z)

)2

exp

( −2r2

w2(z)

)
, (3.16)

where, w(z) is the radius at which the field amplitude and intensity drop to 1/e and 1/e2, respectively.

The spot size w(z) will be at a minimum value w0 at one place along the beam axis. For a monochromatic

wave λ at a distance z along the optical axis, the beam waist is given by

w(z) = w0

√

1 +

(
z

zR

)2

, (3.17)

where zR = πw2
0/λ is the Rayleigh range. A common method for measuring a laser beam spot size is

directing the intensity measurement of laser beam while scanning a knife edge across the beam. Measured
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intensity profile are easily fitted to evaluate the laser beam waist [72]

S(X) = 1− 1

2
erfc

[√
2(X −X0)

wz

]
, (3.18)

whereX is the position of the scanning knife edge, X0 is the center of the beam, and wz is the desired 1/e2

half-width at specific propagation position. Fig. 3.14 shows the profile of radiated THz beam size (circles)

are taken using the translating edge response method. The red line are fitted by Eq. 3.18. In Table

3.2, we observe how the ratio between evaluated THz waist and THz wavelength for different frequency

components. The ratio shows that lower frequency components exhibit marked near-field properties.

This similar results have been reported [73]. The ratio (circles) are flowing the line of Gaussian beam

case.
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Figure 3.13: (a) Measured THz temporal signals and (b) their spectra as a function of different spatial

position scanned on the surface of half-filled InAs film for edge response experiment
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Figure 3.14: Radiated THz spectral amplitude profile (circles) taken using the translating edge response

method. The red line are fitted by Eq. 3.18.
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Table 3.2: Calculated waist, corresponding THz wavelength and fitted waist to wavelength ratio.

Frequency [THz] Wavelength(λTHz) [µm] Beam waist(w0) [µm] w0/λTHz [10
−3]

0.267 1125.6 9.8 8.73

0.399 750.4 10.3 13.72

0.533 562.8 8.9 15.81

0.666 450.2 7.3 16.23

0.799 375.2 7.4 19.61

0.933 321.6 6.6 20.65

1.066 281.4 6.5 23.21

1.199 250.1 6.3 24.99
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Figure 3.15: The ratio between evaluated THz waist and THz wavelength for different wavelength com-

ponents. The ratio shows that longer wavelength components exhibit marked near-field properties.
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Chapter 4. Terahertz phase microscopy in the

sub-wavelength regime

4.1 Introduction

Technological advancement involved in THz frequency wave has attracted a great deal of interest

in many different research areas of electromagnetic wave applications, such as material characterization,

remote sensing, and biomedical imaging, to list a few [76, 77]. For example, THz imaging systems

based on THz-TDS use either temporally- or spectrally-resolvable sample information obtained from

transmissive or reflective THz signal. However, compared to the plentiful information of a broad-band

THz pulse itself gained as a result of spectro-temporal response to a specific material the information

used in conventional THz imaging methodologies is rather limited. Recently there have been attempts

to use alternative information of THz pulses, and there are continuing efforts to discover unconventional

usages of THz waves for more advanced and practical measurements for various imaging applications in

THz frequency range [78, 79, 80, 81].

Phase microscope techniques are widely used for a specimen difficult to recognize in an ordinary

light microscope [82, 83, 84]. In general, the spatial distribution of minute phase variation is translated

into amplitude changes of optical waves that are transmitted through transparent and colorless objects.

Quantitative phase microscopy (QPM), in particular, utilizes mathematically derived phase information

of optical waves that are transmitted through transparent and colorless objects to visualize the phase

profile of the sample [83, 84]. In an ordinary THz phase microscope, also known as THz time-of-flight

microscopy, the time-delay difference of THz pulses is in correspondence with effective optical path

length difference, and, therefore, the spatial phase information φ(x, y) that is quantified from a time-

delay measurement ∆t(x, y) of THz pulses, as

∆t(x, y) =
∆φ(x, y)

2πf
, (4.1)

where f is the carrier frequency, could give the additional information to an ordinary THz amplitude

image [85]. In this chapter, we report an observation of geometrically-induced phase shift of THz waves

and its application to THz imaging of sub-wavelength-scale objects. In an experiment of THz wave

generation from semiconducting InAs structure, we found that the pulses radiated from emitters of

sub-wavelength scale are temporally shifted compared to the ones from larger scale emitters. With an

imaging demonstration, we show that this size-dependent phase shift of diffracted THz waves can be

used as a sensitive means to the recognition of sub-wavelength size structures.

4.2 Experimental description

For an experimental verification of the size-dependent phase shift of THz waves, we constructed a

laser-THz emission microscope. Femtosecond optical laser pulses were used to generate THz pulses via

the photo-Dember effect transmissively from a low-bandgap InAs film [74]. The InAs thin film of 1-µm

thickness was grown by molecular beam epitaxy on an AlAsSb buffered GaAs substrate. The thickness
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Figure 4.1: Schematic diagram of transmissive sub-wavelength THz phase microscope

was optimized by considering effective Dember charge separation and absorption and resolution of THz

pulses. The as-grown InAs sample was glued to a sapphire substrate and then the substrate and buffer

layer were eliminated by lapping and chemical etching by phosphoric acid solution (H3PO4 : H2O2 :

H2O = 1 : 8 : 80, 1.3 µm/min). The THz pulses radiated from the InAs thin film were detected by

conventional 4f geometry and a conventional photoconductive antenna. For a variation of the diameter

of excitation area, we patterned a metal screen with some circular holes on the surface of InAs. The

aperture is formed in a 150 nm thick gold screen with 15-nm-thick Cr adhesion on a InAs surface by

photolithographic methods. Figure 4.1 shows schematic diagram of transmissive sub-wavelength THz

phase microscope.

Figure 4.2 shows measured THz temporal and spectral shapes for different size excitation InAs

apertures which are varied from 30 to 200 µm when the excitation fluorescence of femtosecond laser

pulses are fixed. As shown in the figure, smaller InAs aperture gives smaller THz emission area, so

generated THz power is weaker. While decreasing the amplitude of generated THz pulses with smaller

diameter apertures, a drastic change of the negative time delay is observed as a function of the diameter

of excitation InAs aperture. This negative time delay is explained by the effective propagation constant

of diffracted THz waves.

4.3 The Gouy phase shift of sub-wavelength emission aperture

In order to investigate the size-dependent phase shift of THz waves from sub-wavelength apertures,

we first consider the Gouy phase shift, which is size-independent, formulated in the work done by Feng

and Winful [86, 87]. The Gouy phase shift for single-cycle THz pulses passing through a focus was

directly observed by the predicted polarity reversal [87].

The Gouy phase shift is originated from transverse spatial restriction of the wave and the uncertainty

principle leads to the reduction of the longitudinal component of a propagation constant k. So, for a

monochromatic wave propagating along z direction, the effective propagation constant kz is given by

kz = k − 1

k

∫ ∫
(k2x + k2y) |F (kx, ky)|2 dkxdky, (4.2)

where kx and ky are the transverse spatial frequencies, or the vector components of the propagation

constant k, (i.e., k2x + k2y = k2 − k2z), and their distribution F (kx, ky) is the Fourier transform of the
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Figure 4.2: (a) Temporal and (b) spectral THz waveforms generated from InAs apertures varying the

diameter from 30 to 200 µm.

spatial profile of the wave. Then, the Gouy phase shift φ0G is given by

φ0G =

∫
(kz − k)dz. (4.3)

For a Gaussian beam propagation from −∞ to ∞, a constant Gouy phase shift φ0G = π is obtained,

regardless of the size of the beam.

Now we suppose a situation when the spatial restriction is severe enough that a sub-wavelength size

effect should be explicitly considered. If the transverse size of a beam is smaller than the wavelength,

the extent of the spatial-frequency distribution F (kx, ky) reaches outside the area of radius k. There,

the longitudinal component kz becomes imaginary, (i.e., kz = i
√
k2x + k2y − k2), and an evanescent wave

is formed. So, in Eq. 4.2 the area of integration outside k2x + k2y ≤ k2 needs to be excluded from the

calculation. Therefore, the effective propagation constant kz (real part only) becomes
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Figure 4.3: The schematic experimental setup for direct observation of Gouy phase shift showing the

lens configurations: (a) collimated and (b) focused configuration. (c) Dashed and solid curve: measured

THz pulse in the collimated configuration (a) and the focused configuration (b), respectively [87].

kz = k − k

∫ ∫

k2
x
+k2

y
>k2

|F (kx, ky)|2 dkxdky −
1

k

∫ ∫

k2
x
+k2

y
<k2

(k2x + k2y) |F (kx, ky)|2 dkxdky , (4.4)

where the last two terms contribute to the Gouy phase shift. The given integral calculations are strongly

influenced by the relative size of the propagation constant k compared to the inverse of the transverse

spatial extent of the wave. For a beam of sub-wavelength waist w, it is straightforward to show that

Eq. 4.4 leads to

dφG
dz

= −k
(
1− w2k2

4

)
, (4.5)

which is valid for w2k2/2 ≪ 1.

The numerically calculated Gouy phase shifts φG of THz pulses from sub-wavelength emission

apertures of various sizes are summarized in Fig. 4.4. Compared to φ0G (dashed line) of the one from

a large-size aperture (w = 2λ), the Gouy phase shifts φG for three different-size apertures, w1 = λ/40

(black), w2 = λ/20 (red), and w3 = λ/40 (blue), are plotted from top to bottom.

The THz waves under consideration are radiated from a sub-wavelength-size small emitter of beam

waist w0 located at z = 0, and we are interested in obtaining the w0-dependence on the phase shift (φG)

of the THz pulse, measured at z = ∞, with respect to the phase of THz pulses from a large-size emitter.

Using the chain rule of differentiation, we get

δφG
δw0

=
∂

∂w0

∫ ∞

w0

dφG/dz

dw/dz
dw =

k

α
, (4.6)

where w is the beam waist given as a function of z and its derivative becomes asymptotically a constant α

before a sub-wavelength propagation (i.e., z ≪ λ). It is noted that the sub-wavelength wave propagation

accumulates negligible phase shift. As a result, the size-dependent Gouy phase shift is expected to be

linear to the initial beam waist w0, at the sub-wavelength aperture limit.
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Figure 4.4: Calculated Gouy phase shifts φG of THz pulses radiated from sub-wavelength emission

apertures. The Gouy phase shifts φG for three different-size apertures, w1 = λ/40 (black), w2 = λ/20

(red), and w3 = λ/40 (blue) are plotted with φ0G (dashed line) of the one from a large-size aperture

(w = 2λ).

4.4 Terahertz sub-wavelength phase microscopy

In experiments, for the measurement of time delay, we used the first temporal moment, or the

centroid time, defined as

τ(x, y) =
1

I(x, y)

∫ ′

(t(x, y)− t0)E
2(x, y; t)dt , (4.7)

where the summation (
∫ ′

) is taken for positive temporal signal only, (i.e., E(x, y; t) > 0), over a

finite time window, and t0 is the reference time. The energy normalization is also given similarly as

I(x, y) =
∫ ′
E2(x, y; t)dt.

Figure 4.5 (b) shows the centroid time of radiated THz pulses are given as a function of the diameter

of the InAs emission aperture. The diameter was varied from 30 to 200 µm and the excitation fluorescence

of femtosecond laser pulses was kept constant. As shown in the figure, there is a drastic change of the

negative time delay as a function of the diameter of the excitation InAs aperture. The THz pulses are

further temporally advanced, shifted in the negative time direction, for smaller excitation apertures.

Similar behavior has been reported in THz waveguide experiments through sub-wavelength apertures,

but the phenomenological explanation in the context of an anomalous index change in waveguide coupling

process has not successfully provided a clear picture for its physical origin [68, 88]. In our experiment,

this temporal phase shift is explained by the geometrically-induced phase shift of radiated THz pulses

which is dependent of the size of emission apertures. As mentioned above, the size-dependent Gouy

phase shift is expected to be linear to the initial beam waist at the sub-wavelength aperture limit.

The geometrically-induced phase shift of THz waves can be extended to THz imaging of sub-

wavelength-scale objects. For THz phase microscope imaging, we have patterned and tested a hexagram
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Figure 4.5: (a) Radiated THz pulses for three different-size InAs emission apertures; 50-(blue), 100-

(red), and 200-µm (black) from bottom to top. (b) The centroid time of radiated THz pulses for various

different-size InAs emission apertures from 30 to 200 µm (circle) and calculated temporal advancement

of THz pulses (dashed line).

pattern. Figure 4.6 (a) shows the optical image of the sample. The hexagram consists of three different

circular InAs apertures: 30, 50 and 100 µm. All the temporal THz signals were measured for all two-

dimensional pixels scanned with 60-µm-diameter near-infrared pulses. A THz intensity image I(x, y) of

the hexagram is shown in Fig. 4.6 (b). The intensity image is not appropriate to resolve smallest hole

due to weak THz signal. However, the temporal phase image resolve sub-wavelength 30-µm patterns by

using the contrast of temporal phase difference as shown Fig 4.6 (c). As shown the Eq. (4.6) and Fig.

4.5 (b), the smaller the emission diameter is used and the earlier the centroid time of the radiated THz

pulses occurs. We have experimentally confirmed that temporal phase image resolve sub-wavelength

30-µm patterns by using temporal phase difference due to difference arrival time of THz pulses.

4.5 Discussion

In summary, we have studied temporal characteristics of THz pulses generated from InAs apertures.

Temporal phase advancement of THz pulses occurs when THz pulses is generated from sub-wavelength

InAs emission apertures. This temporal phase shift is explained by the beam-waist-dependent Gouy phase

shift, of which the physical origin is the sub-wavelength spatial confinement of the propagating wave.

By using the geometrically-induced phase shift of radiated THz waves, we have explained the temporal

phase shift when spatial frequency of the beam size is larger than k. This phase shift behavior can be

applied to sensitive recognition of micrometer-size patterns smaller than the wavelength of THz pulses.
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Figure 4.6: (a) The microscope image of hexagram which consists of 30-, 50- and 100-µm diameter InAs

emission apertures. (b) Measured THz intensity image and (c) THz temporal phase image scanned with

60-µm-diameter NIR pulses.

In the proof-of-principle demonstration of THz phase imaging, we have verified that the temporal phase

difference of THz waves can resolve small objects of sub-wavelength size. This effect of geometrically-

induced phase shift is a generic wave property in the sub-wavelength regime and, therefore, further

studies with other wave sources in various frequency range are warranted.
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Chapter 5. Terahertz optical fiber emitter

5.1 Introduction

Technological advances in THz region have already made possible the development of spectroscopic

imaging systems to obtain spatially and temporally resolvable sample information. The major techni-

cal obstacles for most THz imaging applications are absorption loss by water vapor, the difficulty in

miniaturizing the system size, and the rather poorer imaging resolution than in the conventional spectral

region.

In a generic THz imaging system based on passive optical components such as lenses and/or parabolic

mirrors, the spatial image resolution is diffraction-limited to a few hundred microns. To overcome the

diffraction limit, that is, to obtain a THz image of sub-wavelength scale, scanning near-field microscope

techniques, also known as THz-SNOM, have been used [59, 60, 89, 90]. The resolution is then not limited

by the wavelength of the illuminating electromagnetic source, but rather by geometrical parameters such

as the size of an aperture or a scatterer. However, in a THz-SNOM the detected THz signal is small and

bandwidth-limited [60, 91]. Many attempts have been made to improve the signal-to-noise ratio and also

the bandwidth of the THz signal [59, 92]; one alternative approach is guiding the THz wave through a

probing tip [65]. However, the low coupling efficiency and radial distribution of the guided THz signal

make finding an easy-to-use application of this method difficult.

Additionally, sending THz waves through an elongated object, or THz waveguide, has been studied

with metal wires [93], plates [94], and fibers [95, 96], and cables [97]. Even in those studies, because of

attenuation and the bending losses, most of these waveguide methods are not viable in THz near-field

spectroscopy and imaging [98]. The alternative is to generate and capture the THz signal near the sample

by using an optical-fiber-coupled infrared (IR) pulse [99].

In this chapter, we have described an idea for emitting THz waves directly from a conventional

optical fiber. The end facet of the optical fiber is polished at a specific angle and coated with an InAs

thin film. An intense-field-density laser beam, guided through the optical-fiber core, illuminates the

InAs film and generates the THz waves. In a proof-of-principle experiment using the alignment-free THz

source, we have performed THz-TDS and near-field THz microscopy.

5.2 Experimental description

THz waves were generated via the photo-Dember effect, or electric dipole formation near the surface

of a semiconducting material, during ultrafast photoabsorption [25]. The mobility difference between

electrons and holes forms an effective charge separation along the surface normal. The direction of THz

emission in the reflection geometry under a focusing condition of the excitation beam is along broadly 45

degree from the InAs surface normal [40]. The optical-fiber tip was therefore cut at an angle of 45 degrees

to generate THz waves transmissively along the optical beam direction; see Fig. 5.1. The photo-Dember

effect is relatively strong in narrow-band gap III-V semiconductors with high electron mobility, such as

InAs and InSb, and therefore, they emit THz waves at an order of intensity magnitude higher than those

of relatively wide band gap semiconductors such as InP and GaAs [40]. By using the intrinsic mobility
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Figure 5.1: (a) Schematic diagram of the optical-fiber THz emitter and (b) microscopic photograph of

45-degree angle cut optical fiber.

of InAs (30,000 cm2/(V · s)), the excess energy (1.2 eV from a 1.55-eV photon) at room temperature,

and the momentum relaxation time of 500 fs, the diffusion length is estimated as 1.3 µm. Considering

the THz absorption and effective Dember charge separation, we estimated that a 1-µm-thick InAs film

would be optimal.

The (100)-oriented InAs thin film was grown by using molecular beam epitaxy on AlAsSb buffered

semi-insulating GaAs (SI-GaAs) substrates. The AlAsSb buffer and the grown InAs film thicknesses were

2.2 µm and 875 nm, respectively. The SI-GaAs substrate is eliminated by lapping and chemical etching.

The wet chemical etch process is enhanced by a phosphoric acid solution etchant (H3PO4 : H2O2 : H2O

= 1 : 1 : 5) with an etch rate of ∼1.12 µm/min. The wet chemical etching layout for the InAs thin

film is shown in Fig. 5.2. The InAs film was cut down to the size of the fiber facet and then glued to

the optical-fiber tip with optical epoxy. The end facet of the optical fiber is polished at 45◦ angle. An

intense femtosecond pulses are guided through the optical-fiber core and excite the InAs film to generate

THz pulses. Figure 5.3 shows the constructed THz optical-fiber near-field microscope.

H3 PO 4 : H 2 O 2 : H 2 O  = 1 : 1 : 5 /  ~ 1.12 µm/min 

AlAsSb (2.2µm)

InAs (875nm)

GaAs (500µm)

AlAsSb (<1µm)

InAs (875nm)

Chemical

Etching 

Figure 5.2: InAs film fabrication layout.
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Figure 5.3: Setup photograph of the THz optical-fiber tip in a near-field microscope application.
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In order to test the THz emission of this device, we used 1.55-eV photons in 70-fs ultrashort pulse

trains produced in a Ti:sapphire laser oscillator at a repetition rate of 90 MHz. For the generation and

optically-gated detection of the THz waves, the laser pulses were physically separated by a beam splitter

and temporally shifted by a variable delay line. The optically pumped beam for the THz generation was

then coupled to a 50-µm core diameter optical fiber. The 10-mW average laser pulses were then guided

through a 20-cm-long optical fiber without dispersion compensation. The THz pulses radiated from the

InAs thin film fixed on the polished optical-fiber tip were detected by a conventional photoconductive

antenna (PCA) through a silicon lens. The time-delayed probe beam was focused on the PCA for

temporal gating. Although the silicon lens in front of the PCA is assembled to optimally detect collimated

incident THz waves, the fastly diverging THz signal emitted from the constructed fiber tip was readily

detected in the experiment. The photocurrent measured from the PCA was proportional to the generated

THz electric field amplitude. The measured THz temporal signal and its amplitude spectrum from the

conceived THz emitter are shown in Fig. 5.4. The measured spectral bandwidth is nearly 2 THz.
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Figure 5.4: (a) Measured THz temporal waveform from the optical-fiber THz emitter and (b) The

amplitude spectrum of the THz pulse shown in (a).
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5.3 Terahertz optical fiber emitter and imaging

The mechanism of THz generation from InAs can be explained by both optical rectification and

photo-Dember effect. Especially the THz waves from the optical rectification process has THz amplitude

dependence on the polarization state of the pump beam. In our design of optical-fiber THz emitters,

we have used (100)-oriented InAs from which the THz emission is dominated by the photo-Dember

effect. Upon the pump beam incident being on the InAs surface, the gradient of the photoexcited

electrons and holes is created due to the diffusion velocity mismatch between the electrons and holes.

Then, the resulting photo-Dember current is polarized perpendicularly to the surface, and the generated

THz pulse is p-polarized. Figure 5.5 shows the azimuthally angle-dependent amplitude of THz temporal

waveforms measured as the optical fiber was rotated around the optical axis. The PCA detector recorded

the horizontal polarization component of the THz waveforms as a function of time. The THz signals

detected at three different times in Fig. 5.5 (a) show the sinusoidal pattern around the optical axis, as

shown in Fig. 5.5 (b). This measurement shows that the measured THz signal is linearly polarized, as

expected in THz generation process from the photo-Dember effect [100].
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Figure 5.5: (a) Measured temporal THz image of horizontal components of the THz field emitted from

the fiber tip as a function of rotation angle. (b) The sinusoidal angle dependence around the optical axis

at three different times (dashed line) shown in (a).
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Figure 5.6: (a) Optical power dependence of measured THz pulses from the devised optical-fiber THz

emitter (star) and a bare InAs film attached to a 500-µm-thick sapphire substrate (solid line). (b) The

optical beam diameter dependence on measured THz power from the bare InAs film at some different

optical power.

The 50-µm core diameter of the optical fiber was chosen because of the compatibility between

generated THz power and resolution, which are simultaneously dependent on the core diameter. Figure

5.6 (a) shows the dependence of measured THz power on the incident optical power from the devised

50-µm core diameter THz emitter (star) and the bare InAs film on the 500-µm-thick sapphire substrate

(solid lines). If a larger InAs area is excited by a given optical pulse under the saturation regime, greater

THz power is obtained due to the increased induced photo-Dember field area. However, as the core size

is increased, the resolution worsens because it relies on the size of the optical-fiber core. Therefore, to

select the core diameter, we studied the dependence of the generated THz power on the optical beam

diameter and incident optical power, which was applied to the sapphire substrate side. Two regimes

must be dealt with: D ≥ λTHz, and D ≪ λTHz, where D is the diameter of the optical beam and λTHz

is the typical wavelength of a THz pulse (λTHz ∼ 300 µm). From the results shown in the Fig. 5.6 (b),

we anticipate comparatively greater THz power with sub-wavelength resolution when the optical beam

diameter has a 50-µm core fiber for D ≪ λTHz.
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Figure 5.7: (a) A knife-edge THz image using an 18-µm-thick aluminum foil. (b) The lateral THz

amplitude profile taken from a line as drawn in (a).

The spatial resolution of the THz emission fiber tip is demonstrated using a knife-edge method. The

image target is an 18-µm-thick aluminum foil, placed at the distance of 100 µm from the optical-fiber

core. This distance is due to the 45-degree-cut angle of the optical-fiber tip and the width of the fiber

cladding. Keeping the relative time fixed at the THz pulse peak, we measured the THz amplitude using

a 4f conventional THz-TDS system. Figures 5.7 (a) and (b) depict a knife-edge imaging. The edge of

the foil was moved from left to right, and an area of 400 × 200 µm2 was scanned. The resolution of the

microscope tip is measured 180 µm, defined by the 10-90% criteria from the lateral profile taken from

the line as drawn in the image in Fig. 5.7 (a). This resolution is three times bigger than the size of the

fiber core diameter, because of the positional departure of the sample from the tip due to the slanted

end facet of the fiber and the thickness of the optical epoxy and InAs film.

For a near-field imaging proof-of-principle experiment, a metal sieve pattern of sub-wavelength

dimension (200 × 200 µm2 area open squares with 100-µm-wide metal wires) was measured. The optical

image of the metal sieve is shown in Fig. 5.8 (a), and the result is shown in (b). A THz-emission

microscope-tip image of this sieve, superimposed on an optical microscope image, is shown in Fig. 5.8

(b) and a plot of measured THz amplitude as a function of lateral position at dashed line in (b) is also

shown in Fig. 5.8 (c). The spatially resolved THz-field image shows the pattern of the metal sieve. The
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100-µm-wide metal wire lines and the open square area are apparently resolved. The slight blurring of

the scanned image is attributed to the presence of the weaved shape in the real object as well as the

distance between the source and the object. The distance between the fiber tip and the metal mesh

was about 150-µm because of the tilted tip and cladding of the optical fiber. Using this method, the

size of this THz emitter may be reduced to the size of an optical-fiber core, 1000 times smaller than

previously considered PCA-based optical-fiber THz emitters. Furthermore, the fabrication of this kind

of THz emitters is nearly a material coating process, not a device assembly. This type of THz fiber

emitters can be used as a topographical scanning THz probe tip and also bundled for a large area THz

emitter.

5.4 Discussion

In summary, we report a simple method of making an optical fiber emit THz waves. We have

devised and demonstrated an optical-fiber THz emitter using a (100)-oriented InAs thin fiim placed on

a 45-degree wedged optical-fiber tip. The THz wave generation mechanism from the optical-fiber tip

is explained by the photo-Dember effect in a relatively low band gap semiconductor. In a proof-of-

concept experiment using the alignment-free THz source for THz-TDS and THz imaging, we obtained a

bandwidth of 2 THz and sub-wavelength spatial resolution. This spatial resolution is measured as 180

µm, three times the size of the optical-fiber core. Using this method, the THz imaging resolution is

expected to be improved to the size of the optical-fiber core. The designed compact THz emission tip

here can be extended to near-field imaging, spectroscopy, polarization studies, and remote sensing with

sub-wavelength resolution.

– 39 –



0.1 0.2 0.3 0.4 0.5 0.6 0.7
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Position [mm]

T
H

z 
A

m
p
li

tu
d
e 

[a
rb

. 
u
n
it

s]

(a)

(b)

(c)

Figure 5.8: (a) Optically magnified photo of the metal sieve and an overall view (inset). (b) A THz near-

field image superimposed on an optical microscope image. (c) Measured THz amplitude as a function of

lateral position at dashed line in (b).
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Chapter 6. Terahertz shaped pulse spectroscopy

and imaging

6.1 Introduction

During the past several decades, technological advances in THz electromagnetic wave region have

made a great deal of impact on a variety of research fields, including atomic and material physics,

biomedical research, and organic and inorganic chemistry [76]. In particular, the application of THz

waves to biological and medical imaging as well as nondestructive inspection has drawn keen attention

of many researchers, because of its functional imaging capability in conjunction with THz-TDS [8].

THz-TDS utilizes temporal profile measurement of ultrafast THz pulses transmitted through a

material and its Fourier transform results in the material’s spectral response in broad frequency range

in 0.1 ∼ 10 THz. However, as the temporal measurement of a picosecond-short THz pulse is not

easily achievable in general, temporal scanning methods with optical gating are used for the amplitude

measurement of THz waves, which take measurement time ranging from a few milliseconds even up to

a few minutes, depending on the spectral resolution that is required [101]. In many situations of THz

spectroscopic usage, one needs to identify an unknown material by comparing its THz response with

its correlations to an archival set of THz spectra of known materials. In that regards, instead of the

time-consuming temporal profile measurement, direct spectral correlation measurement, for example,

by using predetermined shaped THz waveforms, may be enough. Therefore, in this paper, we consider

waveform-shaping of THz frequency waves and its use for spectral correlation measurement, for the

purpose of material classification.

As for the waveform shaping of short pulsed electromagnetic waves, there has been much inter-

est in optical frequency domain, in part because of its applications in telecommunication and signal

processing [102], and in part because of its usage as a new kind of optical means for selective con-

trol of electronic and vibrational responses of materials, for example, in high harmonic generation in

gases [103], multi-photon absorption spectroscopy [104, 105, 106], and coherent control of molecular pro-

cesses [107, 108]. The optical shaped pulses have been also used to investigate the physical phenomena

occurring in THz frequency region, for example, selective excitations of phonon modes in molecular crys-

tals [109], charge oscillations in semiconductor heterostructures [110, 111], and phonon-polaritons in a

lithium tantalate [112] to list a few.

For the generation of arbitrary THz pulse shapes, several methods have been developed to extend

the generation of arbitrary THz pulse shapes. Most of the methods are based on the generation of THz

pulses from various types of emitters with spatially and/or temporally shaped optical pulses. Temporal

pulse shaping methods via optical rectification [113, 114, 115, 116], ultrafast photo-excited carrier gener-

ation [117, 118], and spatial pulse shaping [119] have been studied. In addition, lithium niobate crystals

[120] and air plasma breakdown phenomena [121] have been used to generate tunable THz waveforms by

controlling spatial and temporal profiles of optical pulses. However, still there are few practical imaging

methodologies which explicitly takes the full advantage of those elaborately shaped THz pulses.

In the rest of this chapter, we show a new possibility of selective THz functional imaging by using
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Figure 6.1: A concept of femtosecond laser pulse shaping.

.

temporally shaped THz pulses. We use spectral correlation measurements of an unknown material with a

set of shaped THz waveforms pre-designed with a priori information of the material’s spectral response.

For this, we have developed adaptive THz pulse shaping technique and have produced tailored THz

pulses with different sensitivity to the spectral response of a given set of materials. With this new THz

classification method, we demonstrate the principle of functional THz imaging by enhancing the contrast

of THz images.

6.2 Femtosecond optical pulse shaping

Femtosecond pulse shaping is a technique which manipulate the temporal profile of an ultrashort

pulse from a laser. Pulse shaping can be used to shorten/elongate the duration of optical pulse, or to

generate more designed complex pulses. For general optical pulse shaping, three parameters are manip-

ulated. There are three manipulation parameters: (i) the amplitude of the envelope of the laser pulse,

(ii) the phase of the pulse (the instantaneous frequency inside the laser pulse) and (iii) the polarization

of the lase pulse;

E(t) =
−→
A (t) exp(iωt+ iφ(t)). (6.1)

In general, we can manipulate the temporal shape of the laser pulse by using the linear signal filtering

method. Linear filtering in the time domain is described by

Eout(t) = Ein(t)⊗ h(t), (6.2)

Ẽout(ω) = Ẽin(ω)h̃(ω), (6.3)

where h is the linear filter function. If we manipulate the amplitude or phase of the laser pulse in this

linear scheme, we have to use use a device or material. The device or material are required to have a

very fast response in femtosecond time scale. However, that is almost impossible. Alternatively, we have

to find that it is a product of the spectrum with a mask function in the spectral domain to carry out

a Fourier transform. This idea was presented in the 1970s [122] and Weiner et al. demonstrated this

kind of pulse shaping for the femtosecond laser pulse using a computer controlled spatial light modulator

(SLM) [123].
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Figure 6.2: Concept diagram of the pulse shaping with an acousto-optic programmable dispersive filters

[125].

6.2.1 Acousto-optic modulator

Recently, a new device based on an acousto-optic crystal was invented and it is now commercially

available called acousto-optic programmable dispersive filter (AOPPDF) [124]. The AOPDF was used

in femtosecond pulse shaping [125, 126]. The AOPDF is a single acousto-optic crystal such as TeO2 and

it has an ordinary axis and extraordinary axis in Fig. 6.2. When the original signal pulse is incident

along the ordinary axis, the pulse interacts with the acoustic wave inside the crystal. If designed acoustic

wave to generate a certain pulse shape is launched, diffraction occurs at some distance when the phase

matching is satisfied between the k vector of the light wave and the k vector of the acoustic wave. Thus,

the laser axis changes to the extraordinary axis. Since the group velocities are different, the total delay

time depends on the position at which the spectral component diffracts inside the crystal. The alignment

of AOPDF is very simple because it is needed to combine the input pulse and acoustic wave.

The relation between the output optical pulse and the input optical pulse can be expressed with

acoustic signal as [124]

Eout(t) = Ein(t)⊗ S(t/α), (6.4)

Ẽout(ω) = Ẽin(ω)S(αω), (6.5)

where the scaling factor α = △n(Va/c) is the ratio of the speed of sound to that of light times the

difference between the refractive index of ordinary and extraordinary waves, △n = |ne − no|. Therefore,
by generating a proper S(t), one can achieve any desired waveform. Also, the AOPDF can manipulate

both phase and amplitude by using a single crystal. Since the repetition rate of the acoustic wave is low,

the AOPDF could not be applied to typical oscillator.

6.2.2 Liquid crystal modulator

The femtosecond optical pulse shaping with 4f -type pulse shaper was developed byWeiner et al. [109,

127]. The basic principle of 4f -pulse shaper is the same as as spectrometer, where the dispersed fre-

quency components will arrive at the Fourier plane. In this Fourier plane, any desired modulation to

each separated frequency component can be applied. The schematic of this grating and lens pulse-shaper

is shown in Fig. 6.3. It consists of two lenses, two gratings and a modulator at the center of symmetry

plane. A femtosecond pulse entering the pulse-shaper is first dispersed in space by the first grating by

following an equation,
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Figure 6.3: (a) 4f -type pulse shaper with a computer controlled spatial light modulator with two grating-

lens and (b) Schematic diagram of a liquid crystal modulator.

sin θd(λ)− sin θi =
λ

d
, (6.6)

where d is the grating groove period , λ is the frequency of the pulse , and θd(λ) and θi are the

diffracted and incident angle of the beams, respectively. Here, we assume the use of order (+1) diffracted

beam off the grating. The individual spectral components separated by the grating is then focused at

the mask plane by a lens. At that plane, the separation between the spectral components of the pulses

is at its maximum. After being modulated at the mask plane, spectral components are recombined by

another lens and grating.

The output beam after the pulse-shaper has temporal profile of the Fourier transform of the filter

function of the modulator, H(ω) as given in Eq. 6.7,

Eout(t) =
1

2π

∫
dωeiωtH̃(ω)

∫
dt′e−iωt′Ein(t). (6.7)

It should be noted that when there is no modulator, the output pulse is identical to the input

pulse. As a modulator, both fixed masks fabricated on optical glass and programmable liquid crystal

modulator arrays have been used. The programmable modulator consists of arrays of liquid crystal pixel.

An electrical field manipulates the retardation for each segment and thus each segment can control each

frequency mode of the ultrashort laser pulse. It has fast switching time between frames and it is also

useful for low repetition rate femtosecond systems which typically involve an optical amplifier.
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Figure 6.4: Dual modulator systems for shaping both spectral amplitude and phase. (a) Polarization of

the incident laser pulse Ein relative to the liquid crystal axis of first and second SLM. (b) The structure

of dual light modulator.

A basic liquid crystal modulator, spatial light modulator (SLM), consists of a thin layer of liquid

crystal which is sandwiched between two glass slides. The inner surface of the slides are coated with

transparent indium tin oxide (ITO) conducting films. An array of electrodes leaving small gap between

them is lithographically patterned in the ITO at one side applying bias to individual pixels defined by the

ITO electrodes. The ITO at the other side remains intact and is used as a ground plane. The molecules

in the SLM are aligned to the y-direction under any zero bias. When the bias is applied, they tend to tilt

to the direction of the bias field (z-direction) which is the direction of the optical beam path. When the

orientation of the molecules is changed, the refractive index of the material along y-axis is changed while

the refractive index along x-axis is not changed. If the y-axis polarized light passes through the SLM, the

light experiences extra retardation due to the change in the refractive index. The phase-retardation of

the light passing through the modulator is changed by controlling the voltage applied to the modulator

array. Therefore, the phase-only modulation can be possible with a single SLM.

In general, the independent control of the phase and the amplitude modulation with a single SLM

is not possible. This problem to modulate the phase and amplitude of light independently can be

successfully solved by using two modulator arrays.

A schematic of a dual-SLM is shown in Figure 6.4. The dual modulator unit is positioned between

two polarizers. The two light modulators are aligned to ±45◦ from x-axis in x − y plane (the direction

of light propagation is z-axis). For x-polanzed light, the filter function Hn for pixel n is given by

Hn =
1

2
[exp(i△φ(1)n ) + exp(i△φ(2)n )],

= exp[i(△φ(1)n +△φ(2)n )/2] cos[(△φ(1)n −△φ(2)n )/2], (6.8)

where △φ(1)n and △φ(2)n are the 1st and 2nd phase retardation for the modulator, respectively. The phase

and amplitude can be independently controlled by By manipulating △φ(1)n and △φ(2)n . For example, a

phase only modulation is possible when △φ(1) = △φ(2) is assumed. For an amplitude modulator,

△φ(1)n = −△φ(2)n is needed.
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6.2.3 Phase-only Fourier-domain pulse shaping

Pulse shaper alignment

The single phase-only SLM was used in this research. The modulator was made by Cambridge

Research and Instrumentation. It has 128 pixels of 5 mm height and 100 µm center-to-center separation

with 2 µm gap between pixels. Operation over the range of 488–900 nm is possible. In order to use

the modulator as the pulse-shaper, the relation between the phase retardation induced by SLM and

the applied voltage is required for each multiple pixel element. A phase versus voltage calibration can

be accomplished by using the array as an amplitude modulator for a continuous-wave laser. When the

linearly polarized laser rotated 45◦ relative to the alignment direction of the liquid crystal passes through

a liquid crystal modulator, the phase calibration is obtained by measuring the transmission through a

subsequent crossed polarizer and using the relation;

T (Vi) = I/I0 = sin2[(φy(Vi)− φx)/2], (6.9)

where T (Vi) is the fractional intensity transmission through the crossed polarizer, and Vi is the applied

voltage on single pixel. Here φx corresponds to light polarized along the short axis of the liquid crystal

molecules and is independent of the applied voltage, and φy(Vi) is the voltage-dependent phase.

Figure 6.5 shows the modulation and phase shift as a function of SLM drive at 775-nm continuous-

wave Ti:sapphire laser. The drive level is given as a number of from 0 to 4095, with 0 corresponding to

no drive voltage, and 4095 corresponding to the maximum drive voltage. In general. the relationship is:

Vi =
Di

4096
× Vref , (6.10)

where Vi is the voltage at pixel element i, and Di is the digital drive level corresponding to that element

and Vref is the reference voltage, 10.0 V. Thus, drive resolution is 12 bits (2.44 mV steps). The required

drive level to obtain intended phase retardation at each SLM pixel is easily estimated by using polynomial

fitting for the drive level as a function of phase retardation.
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Figure 6.5: The modulation and phase shift as a function of SLM drive at 775 nm Ti:sapphire cw laser.
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Figure 6.8: The relative modulation as a function of wavelength. The modulation is a unit at 633nm.

To determine which spectral component is focused on which pixel, the spectral components of

laser pulse are spatially spread with zero dispersion expected from a grating-lens pair alignment [128].

Calibration curves for phase against drive voltage shown in Fig. 6.5 are used for finding each pixel

position. Every a multiple of 8-th pixels are open and the others are blocked, which tell us an initial pixel

position. After the initial determination of the peak position, the accuracy of the spectrum is improved

by extrapolating the well-defined peak positions in the center of the spectrum to the less intense parts.

In this way, an accurate determination of the wavelength per SLM pixel can be determined as shown

in Fig. 6.7. As shown the figure, we obtain pixel calibration map. By using this figure, we obtain the

position of wavelength as a function of pixel number.

For more accurate manipulation of phase retardation at other wavelength, the spectral dispersion

response of liquid crystal material used in the SLM has to be considered. Figure 6.8 shows the relative

modulation as a function of wavelength considering the spectral dispersion of liquid crystal. This shows

the relative amount of modulation that is produced at a given wavelength, relative to what would be

observed at 633 nm: Γ(λ)/Γ(633nm). After allowing for dispersion, one must further scale by wavelength

λ to obtain the phase retardation in radians. Finally, separation of the frequencies that comprise the

temporal pulse is achieved using a 4f -grating SLM pulse shaper.

If the manipulation of both spectral phase and amplitude with a SLM could be possible, the input

spectrum for the target pulse are directly obtained from the laser system. The complex function of the

shaping mask can be easily obtained without no ambiguity. However, the manipulation of amplitude

results in the attenuation of pulse power. In order not to lose the laser pulse energy, phase-only masks

are used to manipulate only the spectral phase to produce the desired output laser pulse. Numerous

experiments have shown that phase-only filtering often yields an adequate match of the resultant shaped

pulse intensity and target intensity profiles [129, 130, 131].

Given an input pulse spectrum and output-field target, the required complex filter mask can be
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Figure 6.9: Design of phase-only shaping masks by simulated annealing algorithms.

found analytically. However if the spectral amplitude is unchanged, a solution for the phase-filter mask

does not generally exist. In general, an optimal approximation of the shaped-pulse intensity profile is

performed iteratively to obtain the best phase mask for the specified target. Designing an appropriate

spectral phase mask typically results from the use of iterative global search algorithms with computer-

assisted optimization process. There are several optimization algorithms such as simulated annealing,

genetic (GA), evolutionary algorithms (EA), and Gerchberg–Saxton (GS) algorithm.

Simulated annealing shaping algorithm

The simulated-annealing method was used to design phase-only filters for producing shaped ultra-

fast temporal pulses [129, 132]. Firstly, any spectral phase mask in which each pixel is randomly and

independently set to a phase of 0 or π is loaded in a SLM. The minimization of C proceeds iteratively

by flipping the phase of one randomly selected pixel at a time. Here, a cost function C provides a mea-

sure of the deviation between the temporal pulse shape, E(i)(t) generated by the phase filter M(ω) and

the target pulse Etarget(t). A series of partial cost functions Ci is used to control differently generated

waveform. One partial cost function could explore to minimize the maximum deviation of the generated

intensity from that of the target over a specific time interval as follows:

Ci = Max
∣∣∣|E(i)(t)|2 − |Etarget(t)|2

∣∣∣ , |t| < T0. (6.11)

The partial cost functions are weighted and summed to give the total cost function C =
∑
ωiCi. The

weights ω can be chosen to permit optimization of specific features of the generated pulse, and the change

in the cost function △C resulting from the phase change is evaluated. The new filter is always accepted if

△C < 0. For a positive △C, the change is accepted with the probability, exp(−△C/T ). The acceptation
of positive △C with the probability could be possible to avoid settling into a local minimum of the cost

function.
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Figure 6.10: Operation of the GS algorithm. The two constraints of the problem are applied sequentially

in time and frequency domains.

Gerchberg–Saxton shaping algorithm

The central application of the Gerchberg–Saxton (GS) algorithm and its modifications is found in

some phase-retrieval problems: astronomy, holography, crystallography and optical shaping [131, 133].

Phase information is obtained from the intensity measurements in two conjugate Fourier domains of an

image by iterating between the two [134]. The problem consists of finding a particular spectral phase

function which results in a shaped temporal intensity profile as close to the target as possible. The GS

algorithm makes use of the two constraints (invariants) in two conjugate domains: (i) the unaffected

input pulse spectrum, and (ii) the temporal intensity target. On every iteration, the two constraints of

the problem are applied sequentially in time and frequency domains.

The algorithm begins with a fast Fourier transform (FFT) of the experimentally measured intensity

pulse spectrum with assumed random phase in the time domain. The amplitude is replaced with the

target while the phase is unchanged. An inverse FFT back to the frequency domain is then performed

in which the spectral amplitude is replaced with the input pulse spectrum and the phase is again un-

changed. On the last iteration, this phase constitutes the desired phase mask. The i-th iteration can be

mathematically expressed as

E(i)(t) = |E(i)(t)|exp[iψ(i)(t)] = FFT−1{Ẽ(i)(ω)},
E

′

(i)(t) = |Etarget(t)| exp[iψ(i)(t)], (6.12)

Ẽ
′

(i)(ω) = |Ẽ′

(i)(ω)|exp[iφ
′

(i)(ω)] = FFT{E′

(i)(t)}
E

′

(i+1)(ω) = |Ẽmeas(ω)| exp[iφ(i+1)(ω)], (6.13)

where φ(i+1)(ω) = φ
′

(i)(ω) is the new spectral phase, E
′

(i)(t) is an estimated target pulse, and Ẽ(i)(ω)

is an measured intensity spectrum. The use of one-dimensional FFTs decreases the converge time of

the algorithm and there are no cost functions, weight factors, or parameters to optimize. In general,

the algorithm converges in a few iterations although some more complicated waveforms are required for

hundreds of iterations.
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6.3 Experimental description

A schematic experimental diagram is shown in Fig.6.11. The experimental setup is similar to general

THz spectroscopy system. The optical pulses generated by Ti:Sapphire oscillator is split into two beams.

One of them inputs into the pulse shaper geometry and acts as the pump to excite a photoconductive

antenna while the other is used to gate generated THz waveforms into a 2-mm thick <110> ZnTe [18].

For pulse shaping, we put a grating pair and spatial light modulator (SLM) in the pump beam path.

The pulse shaping apparatus consists of a pair of 1800 lines/mm placed at the focal planes of a pair

of cylindrical lens and a programmable liquid crystal modulator with 128 pixels at the Fourier plane of

the shaper. In this Fourier plane, the spectral components of the optical pulse are spatially distributed

from each other, and the frequency-dependent phase delay could be changed by controlling the refractive

index of the liquid crystal at the position to set the driving voltage of each modulator element. The cross

correlation, measured via second harmonic generation with BBO crystal, between shaped optical pulses

and unshaped reference pulses informs the intensity profile of intended shaped optical pulses. The shaped

optical pulses are focused on the transmitting photoconductive antenna. Intended THz waveforms from

a photoconductive antenna are generated via spectral shaping of pump beam pulses in a phase-only pulse

shaper, a programmable liquid crystal modulator. The generated THz radiation pulses are collimated

and refocused by four parabolic mirrors in free space. The sampler ZnTe is used to detect the far-field

radiation.

SLM

f f f f

fs laser

Sample

Time-delay

PCA

ZnTe

Figure 6.11: A schematic experimental diagram. A grating pair and a spatial light modulator (SLM) in

the pump beam path is used for optical pulse shaping. The pulse shaping apparatus consists of a pair of

1800 lines/mm placed at the focal planes of a pair of cylindrical lens and a programmable liquid crystal

modulator with 128 pixels at the Fourier plane of the shaper. The other probe beam is used to gate

generated THz waveforms into the <110> ZnTe sampler.
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6.4 Linear response function for shaped terahertz pulses

Intended THz waveforms are generated by temporally shaped optical pulses in a phase-only pulse

shaper. For phase-only shaping, an approximate method is implemented by using the Gerchberg-Saxton

(GS) algorithm [131]. The simplicity of the GS algorithm and its short execution time will make it

possible to nearly real-time compute optimal phase profile. The phase information is obtained from the

intensity measurements in two conjugate Fourier domains of an image by iterating between the two.

Here, we demonstrate some examples of THz synthesis waveform via temporally different optical pulses.

The principle of THz waveform synthesis is to control the radiation field by changing the optical pulse

shape. The desired optical pulse shapes are generated by a femtosecond pulse shaper and after used to

excite a photoconductive antenna. The THz pulses are generated from the transient photocurrent induced

by the optical pulses via optical pulse shaping. The measured THz field is given by the convolution of

the optical pulse intensity and the THz system response due to the linear response.

The response function of THz system consists of the transmitter response, the propagation response

function which involve the effect of frequency and geometry dependent coupling from transmitter to sam-

pler, and the sampler response. Firstly, the radiated THz field is related to the transient photocurrent

induced by the optical pulse by a frequency-dependent antenna response, R̃T (ω). I(t) is the exciting op-

tical pulse intensity on the transmitter and Rj(t) is the photocurrent response function of the transmitter

under any saturation region. The radiation filed can be written as

Ẽrad(ω) = R̃T (ω)R̃j(ω)Ĩ(ω). (6.14)

When the radiated THz field propagates, the response of THz system is unified by P̃ (ω). The

propagation response of THz system consists of the effect of frequency and geometry dependent coupling

from transmitter to sampler,

Ẽpro(ω) = P̃ (ω)Ẽrad(ω) = P̃ (ω)R̃T (ω)R̃j(ω)Ĩ(ω). (6.15)

Freely propagating THz pulses are sampled in electrooptic crystals by the measurement of the phase

retardation of a near-infrared femtosecond probe pulse. In general, when no primitive phase retardation

occurs in the crystal and the differential phase retardation due to THz field in <110> ZnTe, the total

phase retardation temporarily varying spatial overlap of the probe and the THz pulses integrating over

the crystal length L can be written as

ΓZnTe(t) =
2π

λ
n3
0Lr41Epro(t). (6.16)

Considering all response function of THz system, the measured THz field consists of the response

function of THz system including the transmitter response, the propagation response, and the sampler

response, R̃s(ω). The measured THz field is

ẼTHz(ω) ∼ R̃s(ω)P̃ (ω)R̃T (ω)R̃j(ω)Ĩ(ω). (6.17)

Finally, the measured THz field in Fourier domain and temporal domain, ẼTHz(ω) and ETHz(t),

can be written as

ẼTHz(ω) = H̃(ω)Ĩ(ω), ETHz(t) = H(t)⊗ I(t), (6.18)
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Figure 6.12: The total response functions of THz system in temporal and spectral domain, H(t) and

|H̃(ω)|. These response functions are empirically measured by using unshaped optical pulses and used

to anticipate shaped THz pulses from shaped optical pulses via phase-only pulse shaping.

where H̃(ω) and H(t) are the total response functions of THz system in spectral and temporal domain,

respectivly. These response functions are empirically measured by using unshaped optical pulses and

used to anticipate shaped THz pulses from shaped optical pulses via phase-only pulse shaping. The

calculated THz waveforms from target optical pulse are shown in Fig. 6.13 and 6.14. The target optical

pulse is optimized by GS algorithm.

As the first example, we demonstrate the control of temporal spacing between two optical pulses.

We manipulate temporal spacing from zero to 3 ps with 1-ps step. The measured cross correlations (star)

with numerical target pulses (red) are also shown in the left panel of Fig. 6.15. The temporal (middle)

and spectral (right) shaped THz pulses from different two optical pulses with different temporal spacing

are also shown. Also, we have shown the implementation of four different shaped optical intensity profiles

and designed THz pulses with multiple peaks from one to four pulses. The cross correlation signal (left),

and temporal(middle) and spectral(right) THz waveforms are shown in Fig. 6.16. All experimental

results are well matched to calculation results based on total response function, |H̃(ω)|.
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Figure 6.13: Calculated temporal (middle) and spectral (right) THz pulses from different two optical

pulses with different temporal spacing.
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Figure 6.14: Demonstration of four different shaped optical intensity profiles and calculated THz pulses

with multiple peaks from one to four pulses. The intended optical pulse (left), and temporal (middle)

and spectral (right) THz waveforms are shown.
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Figure 6.15: Measured temporal (middle) and spectral (right) THz pulses from different two optical

pulses with different temporal spacing. The measured cross correlations (star) with numerical target

pulse (red) are also shown in the left panel.
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Figure 6.16: Experimental results of four different shaped optical intensity profiles and designed THz

pulses with multiple peaks from one to four pulses. The cross correlation signal (left), and temporal

(middle) and spectral(right) THz waveforms are shown.
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6.5 Adaptive terahertz pulse shaping

We use THz pulse shaping technique to maximize the spectral correlation difference between two

materials in THz frequency, where the THz spectral correlation difference C1,2({E(ω)}) is defined, for

an arbitrary THz pulse of amplitude spectral function E(ω) as

C1,2({E(ω)}) =
∫ (

|t1(ω)E(ω)|2 − |t2(ω)E(ω)|2
)
dω, (6.19)

where t1,2(ω) are the amplitude transmission coefficients of the materials i = 1 and 2, respectively.

So, a pre-designed THz waveform E(ω) which maximizes (minimizes) C1,2({E(ω)}) is used to detect

the first (the second) among the two. Likewise, this method can be generalized for a bigger set of

material substances than two: Finding the ith material among N different materials can be achieved by

maximizing the correlation function, for example, Ci({E(ω)}) which is defined as

Ci({E(ω)}) = 2

∫
|ti(ω)E(ω)|2dω −

N∑

j=1

∫
|tj(ω)E(ω)|2dω, (6.20)

where ti(ω) is the amplitude transmission coefficient of the ith material.

As the spectral correlation C1,2({E(ω)}), or Ci({E(ω)}), is given linear to each spectral intensity

|E(ω)|2, designing an optimal THz pulse shape {E(ω)} is mathematically straightforward. For example,

the maximum of C1,2({E(ω)}) in Eq. (6.19) can be obtained by maximizing the spectral intensity |E(ω)|2

for those spectral components that satisfy |t1(ω)|2 > |t2(ω)|2 and, at the same time, by minimizing

|E(ω)|2 for |t1(ω)|2 < |t2(ω)|2. However, as the pulse shaping procedure of THz waveforms is indirectly

processed via temporal pulse shaping of optical pulses in a phase-only shaper, there exist practical

limitations to the capability of precise shaping of THz pulses. We alternatively use an adaptive search

procedure for the designing optimal THz pulse shapes by sequential increasing ∆C1,2({E(ω)}).
An optimization method is implemented by using adaptive THz pulse shaping in a feed-back loop

system. Adaptive THz pulse shaping requires a dynamic programmable pulse shaper and a feed-back

THz pulse measurement. In general, an active feed-back method is used to optimize certain measurement

outcome, which is the correlation in our case, that expresses the adequacy of the output pulse to achieve

an intended goal. In our adaptive THz pulse shaping, the input THz pulse is given without phase

modulation and the THz pulse is iteratively and adaptively modified to increase the correlation.

Experimental demonstration was performed in a THz-TDS with pulse-shaping capability. The

schematic diagram for the experimental setup is shown in Fig. 6.11. We used ultrafast optical pulses

generated from a Ti:sapphire mode-locked laser oscillator. The optical pulses were first pulse-shaped

and then used to generate programmed THz pulses. After the transmissive response of the samples in

THz frequency range was measured by the THz-TDS, the result was adaptively fed back to design a

new optical pulse shape. The flow chart describing the design procedure of the optical pulses is shown

in Fig. 6.17. In a more detailed explanation, the optical pulse shaping was carried out by a spatial

light modulator (SLM) being placed in the Fourier plane of a 4f geometry Martinez zero-dispersion

stretcher [128]. The SLM consisted of 128 liquid crystal pixels, and the 128 spectral phase components

spanning the wavelength range between 750 ∼ 810 nm were individually changed from −π to π. For

the spectral arrangement of the optical pulses, a pair of holographic grating of 1800 lines/mm groove

density were used as well as a pair of cylindrical lens of focal length of 150 mm [113]. In this Fourier

plane, the spectral components of the optical pulse were spatially distributed from each other, and the

frequency-dependent phase delay was changed by controlling the refractive index of the liquid crystal at
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the position to set the driving voltage of each modulator element. Then, the shaped optical pulses were

focused on to the transmtiing photoconductive antenna to generate shaped THz pulses. The generated

THz radiation pulses were then colliminated and focused at the sample with a pair of off-axis parabolic

mirrors, before the transmissive THz pulses were again collimated and refocused by another set of off-axis

parabolic mirrors to a 2-mm thick 〈110〉 ZnTe crystal in the far-field region, where the measurement of

the temporal profile of the THz pulses were carried out.

Figure 6.17 shows the optimization procedure of adaptive THz pulse shaping. We first started with

the zero phase modulation, and the iteration searched for better phase-mask values which could produce

optical pulses that maximized the difference between two transmitted THz signals. The optimization

procedure started by setting the predetermined number of total iteration N , and by designating a zero

phase delay to an initial phase-mask array φ(0). In each iteration a random phase change ∆φ(i) was

assigned according to

∆φ(i) = α

(
1− i

N

)
r, (6.21)

START

YES

YES

STOP

Apply    to SLM

Measure

Calculate

i j  Measure C= = (0)0, 0,

0, 256, 0.5Nφ α= = =

i N=

1i i= +

(1 / )i N rφ α∆ = −

tempφ φ φ= + ∆

Apply    to SLMφ

1,2 ( )E t

( )iC

( ) ( )i jC C>

j i=

tempφ φ=

φ

Figure 6.17: Optimization procedure for adaptive THz pulse shaping. In each iteration a random phase

change array is generated and added to the current phase-mask to to optimize the spectral correlation.

After the output shaped THz pulses are measured to calculate the spectral correlation, the change in the

phase mask array is accepted if the correlation change is larger than that of the last accepted change,

and rejected otherwise.
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where i was the iteration number, r was a random variable array whose elements were randomly dis-

tributed between −π and π, and α was an adjustable constant parameter. Every phase element was

treated individually, and the both N and α were set to maximize the correlation evaluation. Then, the

random phase-mask array ∆φ(i) was added to the current phase vector φ(i−1) to form a new trial phase

vector φ(i), and this phase-mask array was applied to the liquid crystal pulse shaper to generate the

shaped output THz pulses. When the output shaped THz pulse was measured, the correlation in Eq.

(6.19) was calculated, and the change was accepted if the change of the correlation was positive and

bigger than that of the last accepted change, and was rejected otherwise.

6.6 Shaped terahertz pulses sensitive to spectral response ma-

terials

For the test of material classification based on THz pulse shaping and correlation measurement, we

chose samples of noticeable spectral feature in THz frequency range. We considered electrically resonant

metamaterials (ETMs). For a brief introduction to ETMs, these dielectric and conducting materials can

control the electric component of electromagnetic fields with a designed response, and have been rapidly

and widely studied in recent years. In particular, among many classes of electromagnetic metamaterials,

ETMs suppress the magnetic response using symmetry, and thus one can construct a purely electrically

resonant response [135]. Figure 6.18 shows the design of the two ETMs (ETM1 and ETM2) and their

spectral response in THz frequency range. The norm of the electric field at resonance frequency and

calculated THz spectral profiles for two ETMs are displaced, where the red region in the gap indicates

strong local field enhancement. As the capacitance C of ETM1 is about two-times larger than that of

ETM2, while their inductance L are about the same, the resonance frequency, given as ωo = 1/
√
LC for

an RLC circuit, of ETM1 is red-shifted compared to that of ETM2. The designed resonance frequencies

ETM1 and ETM1 are 0.47 and 0.77 THz, respectively as shown in Fig. 6.18(c).
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Figure 6.18: (a, b) The norm of the electric field at resonance frequency, and (c) the calculated THz

spectral profiles for two ETMs. The red region in the gap indicates strong local field enhancement.

ETM1 and ETM1 have the resonance characteristics at 0.47 and 0.77 THz, respectively.

We used a conventional photolithographic method to fabricate the designed ETMs in a planar array,

which consisted of 150-nm-thick gold stripes with a 15-nm-thick adhesion layer of titanium on silicon

substrate of 500 µm thickness. The distance of the unit cells of each ETM was tuned so that the

same amount of the square sum of the transmitted unshaped THz pulse with zero phase modulation

passed through the two ETMs. The absorption by ETMs is calculated by the simple description only

considering absorption and transmission of THz pulses. Firstly, we measured three different THz signals

for reference, ESi(t), and two ETMs, E1,2(t), with the same unit-cell distance (a1,2 = 50 µm). Then,
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the absorption of ETMs, A1,2, by two thin electrical resonant gold structures are simply considered

that R0 − A1,2 = T1,2, where R0 and T1,2 are measured THz power through only silicon substrate

and two ETMs which are defined by R0 =
∫
|ESi(t)|2dt and T1,2 =

∫
|E1,2(t)|2dt. To get similar THz

power between two substances (T
′

1 ∼ T2), the predicted unit-cell distance of ETM1 is simply calculated

by a
′

1 = a1
√
[(R0 − T1)/(R0 − T

′

1)]). The calculated THz power, T
′

1, changing a unit-cell distance of

ETM1, a
′

1, is plotted as a red line in Fig. 6.19(b). Figure 6.19 shows the fabricated ETMs in (a), their

power measurement of transmitted THz signals in (b), and their temporal and spectral characteristics

in (c) and (d), respectively. For the incident THz pulses of perpendicular polarization, the resonance

mode of each ETM is excited as shown shown in the arrow in the Fig. 6.19(a). The power of THz signals

through ETM1 material is plotted in Fig. 6.19(b), measured as a function of unit-cell distance of ETM1

(a1), which shows that with a bigger distance of the unit cell, the density of the electric resonant pattern

becomes lower, and, as a result, the THz signal attenuates more. When the distance of unit cell for

ETM1 and ETM2 are 54 and 50 µm, respectively, the power of measured THz signal of transmitted

THz signals through the two ETMs are the same within the measurement error. Figure 6.19(c) shows

the temporal characteristics of unshaped THz pulses though the ETM1 (a1 = 50 and 54 µm, blue and

red) and ETM2 (a2 = 50µm, black), respectively, and their spectral behavior in Fig. 6.19(d) confirm the

electrical resonances at 0.5 and 0.8 THz for ETM1 and ETM2, respectively.
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Figure 6.19: (a) The photographs of electric THz metamaterials used in this experiment. (b) The power

of measured THz signals through ETM1 materials as a function of unit-cell distance of ETM1 (a1).

The unit-cell distance of ETM2 are fixed while that of ETM1 are changed to manipulate the sum of

squared THz signal. By considering the measurement error, the measured power of transmitted THz

signals through two ETMs are similar when the distance of unit cell for ETM1 and ETM2 are 54 and 50

µm, respectively. The temporal (c) and spectral (d) characteristics of those materials passing unshaped

THz pulses for ETM1 (a1 = 50 and 54 µm, blue and red) and ETM2 (a2 = 50µm, black). There exist

electrical resonances for 0.5 (ETM1) and 0.8 THz (ETM2), respectively.
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Figure 6.20(a) shows the iterative measurement of the correlation function during the optimization

procedure. Among the total 80 iterations, with predetermined N = 256 and α = 0.5, five times of

meaningful increase in the spectral correlation are observed. If we define the evolution number as the

sum of meaningful iterations when the current correlation value is larger than the previous highest

correlation, as the evolution number increases, the measured correlation value increases monotonically.

Figure 6.20(b) shows the normalized correlation value with the error level from the initial measurement

with unshaped, plotted as a function of the evolution number. The observed correlation enhancement is

about 25 times compared to the initial error level.
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Figure 6.20: (a) The maximization of measured cost function as a function of iteration number for

the optimization procedure. Circles denote the fitness values found during the optimization procedure.

During the procedure, total five correlation evolution are observed. (b) The normalized correlation value

divided by the initial value measured by zero phase modulation as a function of the evolution number.

The observed correlation enhancement is about 25 times compared to the initial error level.

Figure 6.21 show the experimentally measured THz waveforms and their THz spectra, from the

first to the fifth evolution numbers, which are generated by the adaptive THz pulse shaping. When

unshaped THz pulses with zero phase modulation (the zeroth-evolution THz pulse) pass through the

ETM1 and ETM2, measured THz pulses are attenuated by the resonance of ETM substances. As the

evolution number increases, both the adaptively found THz waveforms and their spectra significantly

change as shown in Fig. 6.21. These spectral change results in the absorption change when shaped

THz pulses transmit through each ETM, which reflects the change of correlation value in each evolution

generation. Therefore, the increase of correlation value makes it possible to distinguish between the two

target materials. The shaped THz pulses with the third evolution phase-mask array have an interesting

frequency characteristic. That is relatively more sensitive around 0.8 THz due to the absorption by

ETM2. However, the sensitiveness of the absorption by ETM1 is low since the generated THz spectrum

amplitude around 0.5 THz decreases. In contrast, for the fifth evolution number, the optimally shaped

THz pulse generated by adaptive THz shaping method has different sensitiveness between the two ETMs.

That one is highly sensitive around 0.5 THz by the attenuation and relatively nonsensitive around 0.8

THz, inversely. This last phase-mask array gives the largest correlation value, which means that the

difference of measured THz powers through the two ETMs is the largest, as shown in Fig. 6.20(b).
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Figure 6.21: (a) Measured THz waveforms and (b) their THz spectra tailored by the adaptive THz

pulse shaping from the zeroth to the fifth evolution number. With an increase in the evolution number,

measured THz waveforms and spectra are significantly change. These spectral change results on the

change in absorption when shaped THz pulses transmit through two ETMs. For the fifth evolution,

the optimally shaped THz pulse is highly sensitive around 0.5 THz by the attenuation and relatively

nonsensitive around 0.8 THz, inversely.
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6.7 Terahertz spectral correlation imaging

Finally, we perform an imaging experiment with the adaptively found THz waveforms. An imaging

target consists of two different THz metamaterials, where the left half circle is filled with ETM1 of 0.5 THz

resonance frequency and the right half with the other with 0.8 THz as shown in Fig. 6.22(a). The figure

shows the THz power imaging results with two different THz pulses for the zeroth and fifth evolution

phase-mask arrays. The contrast of image with unshaped THz pulses, the zeroth-evolution THz pulses,

is lower than other THz images because the amount of power absorption is similar between the two

THz electrical resonant regions. The initial THz pulses has the smallest correlation value among the all

evolutions. With the increase of the evolution number, the higher contrast THz power image than others

is anticipated, which is clearly seen in Figs. 6.22(c). As shown the fifth-evolution phase pattern results

in Fig. 6.22(c), the maximally optimized THz pulse has highly sensitive attenuation around 0.5 THz and

the left half circle is dark due to the absorption by ETM1. This last phase-mask array found with the

largest correlation value as shown in Fig. 6.20(b) results in the highest contrast THz image. Therefore,

the two ETM regions unresolved by unshaped THz pulses are clearly distinguished as a result of adaptive

THz pulse shaping. It is noted that the pulse-shaping scheme for selective substances microscopy has

been previously demonstrated in optical domain, with the name of coherent control microscopy, where

the non-linear nature of two-photon fluorescence has been used [136].
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Figure 6.22: (a) An imaging target consists of two different THz metamaterials, where the left half circle

is filled with ETM1 of 0.5 THz resonance frequency and the right half with the other with 0.8 THz. (b,

c) Measured THz power images with different THz pulses for the zeroth- and fifth-evolution phase-mask

array, respectively. A shaped THz pulse image with fifth-evolution phase pattern shows the highest

contrast than others since this last phase-mask array has the largest cost value. (d) Measured THz

power as function of lateral x-position at dashed line in (b) and (c). This plot shows the relative contrast

of THz images for initial (0th-) and final (5th-) evolution THz pulses.
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Figure 6.22(d) shows measured THz power as a function of lateral x-position at dashed line in Fig.

6.22 (b) and (c). This plot shows the relative contrast of THz images for two different THz pulses. The

contrast of image with zeroth-evolution THz pulses is lower and measured THz power is similar between

two different ETMs. As can be expected through Fig. 6.22(c), the maximally optimized THz pulse with

fifth-evolution phase pattern, which has the highest cost function results in the THz image with highly

increased contrast.

6.8 Discussion

In this chapter, we have demonstrated the usage of shaped THz pulses for functional THz imaging

by using adaptively shaped THz pulses via optical pulse shaping technique. Spectral phase modulations

in a spatial light pulse shaper in Fourier domain produce intentionally shaped THz pulses with different

spectral characteristics. For the generation of tailored THz pulses highly sensitive to spectral response

substances, the quantity of defined correlation value is compared with each iteration step. The observed

correlation enhancement is about 25 times compared to the initial error level. We have also performed

pulsed THz spectroscopic imaging with the adaptively found THz waveforms. The shaped THz pulse

imaging system enhances the contrast of THz image since an intentionally shaped THz pulse has the

sensitive attenuation to specific spectrum. It is hoped that this method could be extended to frequency-

dependent functional biological and medical imaging, and nondestructive inspection in THz frequency

region.
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Chapter 7. Conclusion

7.1 Summary

In this dissertation, we have studied and demonstrated new methods of displaying temporal phase

information of THz pulses for sub-wavelength imaging. Firstly, a semiconductor film with diffraction

apertures is illuminated by ultrafast laser pulses to produce THz waves so that temporal phase advance-

ment of THz pulses occurs when THz pulses is generated from sub-wavelength InAs emission apertures.

This temporal phase shift is explained by transverse of spatial confinement of sub-wavelength THz ra-

diation InAs thin apertures. The geometrically phase shift of radiated THz waves has been induced

when the spatial frequency of the beam size is larger than k. This phase shift behavior can be applied

to sensitive recognition of micrometer-size patterns smaller than the wavelength of THz pulses. The

imaging results show that temporal phase difference in the time-delay domain can resolve small objects.

Secondly, we have shown a simple method of making an optical fiber emit THz waves. We have

devised and demonstrated an optical-fiber THz emitter using a (100)-oriented InAs thin fiim placed on

a 45-degree wedged optical-fiber tip. The THz wave generation mechanism from the optical-fiber tip

is explained by the photo-Dember effect in a relatively low band gap semiconductor. In a proof-of-

concept experiment using the alignment-free THz source for THz-TDS and THz imaging, we obtained a

bandwidth of 2 THz and sub-wavelength spatial resolution. This spatial resolution is measured as 180

µm, three times smaller than the size of the optical-fiber core which is comparable λ0/2 (λ0 = 300 µm

= 1 THz). Using this method, the THz imaging resolution is expected to be improved to the size of the

optical-fiber core. The designed compact THz emission tip here can be extended to near-field imaging,

spectroscopy, polarization studies, and remote sensing with sub-wavelength resolution.

Additionally, we have shown the developed functional THz pulse imaging system by using intendedly

shaped THz pulses via optical pulse shaping technique. Adaptively pre-designed THz pulses with the

evaluation of cost function for material spectral response have enabled THz pulsed spectroscopy and

imaging since spectral phase modulations in a spatial light pulse shaper on Fourier domain produce

tailored THz pulses with different sensitiveness. As a result, we have acquired THz functional images

by elaborately shaped THz pulses. This shaped THz pulse imaging system enhances the contrast of

THz image. This developed spectroscopic and imaging method with designed THz pulses for material

spectral response will rapidly enable pulsed THz spectroscopy and imaging without temporal or spectral

scanning if direct THz power measurement is used.

7.2 Future work

The near-field characteristics of metamaterials and biological samples

In Chapter 3-5, we demonstrated and constructed new methods of sub-wavelength THz emission

microscope system by using thin InAs film. At this stage, it will be obtained the resolution of an order

of micro-meter by using above mentioned laser THz emission near-field microscope and optical-fiber

THz emitter based on thin InAs film and we will study direct measurements of the electric near-field of

metamaterial split ring resonators at THz frequencies using highly focused THz emission apertures. The
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Figure 7.1: Simulation of the near-field current density distribution for THz electrical resonance mate-

rials (ETM1 and ETM2).
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Figure 7.2: Optical microscope images of (a) sperms and (b) red blood cells (Image courtesy of University

of Kansas Medical Center and Exploratorium).

frequency-dependent resonance behavior of THz metamaterials could be studied when sub-wavelength

THz pulses locally excite the resonance mode of THz metamaterials. So far, artificial sub-wavelength

metamaterials are mostly studied and characterized by far-field measurements. While the far-field mea-

surement provides important information about the characteristic resonances and the macroscopic prop-

erties ǫeff and µeff , this do not provide direct insight into the formation and dynamics of the microscopic

internal fields. Experimental studies of the electromagnetic near-fields in metamaterials have not been

extensively studied due to the difficulties involved in measuring electric and in particular magnetic field

components with the required sub-wavelength spatial resolution. We will employ sub-wavelength THz

emission microscope to investigate the complex resonant characteristics of a planar metamaterial and

show their localized electric and magnetic near-field response. The thin-film method provides spatially

resolved measurements of the amplitude, phase and polarization of the electric field from which we

show the microscopic near-field traces in a planar metamaterial at THz region. Also, we will acquire

sub-wavelength THz spectroscopic imaging by the developed sub-wavelength THz emission microscope.

Even with THz metamaterials, we will show that sub-wavelength THz emission microscope based on the

surface of thin InAs film spatially and spectrally resolves small fragment materials and biological samples

with the size of several micrometers. THz imaging of sub-wavelength biological samples e.g. sperm and

red blood cell have not yet been reported. These samples has the size of several micrometers from 4 to

10 µm (∼ λ/30). The constructed thin film-InAs-based THz emission microscope in this dissertation is

expected to simply simply obtain the sub-wavelength THz imaging for real target samples attaching on

the back side of thin film InAs.
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THz radiation from lateral dipole on the surface of thin-film semiconductor

THz emission from the surface of semiconductors is typically detected in free space. However, the

radiation is generated from a dipole within a semiconductor with refractive index n ∼ 3.5 and must be

transmitted into a medium of refractive index n0 = 1.0 in order to be measured. It is clear that any

radiation generated outside a radiation cone of about θ < 17◦ will be totally internally reflected by the

Snell’s law. The direction of radiation cone is modulated to decrease the internal reflection and increase

measured radiation component by tilting the normal direction of semiconductor surface. The slanted

thin InAs emitter result in the distortion of obtained THz images due to slanted angle of THz emitter.

So, we will be possible to obtain sub-wavelength THz image without the distortion when the angle

between femtosecond laser pulses and the normal surface of thin InAs film is zero. The lateral dipole can

be created by patterning slanted metal structures on the surface of semiconductor and directly carving

slanted surface in semiconductor. It can be laterally changed the distribution of photoexcited carriers

by patterning slanted metal structures and carving slanted surface in semiconductor.

Liquid crystal THz phase shifter

The applications of THz spectroscopy and imaging for solid-state materials, chemicals, explosives

and bio-medical samples have been explored. For these research and applications, passive optical devices

such as waveplates and polarizers are required necessary components. At visible region, liquid crystal

materials are widely used for signal processing, communications, tunable optical elements, and beam

steering because they commonly have large birefringence and the orientation of the liquid crystals can

be externally controlled by electric devices. Despite the wide application of liquid crystals in visible

region, their properties in the THz region have not yet been extensively investigated. In this manner,

we will investigate various liquid crystal materials using THz-TDS and find some materials with high

birefringence and small absorption characteristics in THz region for the development of fast, efficient and

transmissive THz liquid crystal devices. The difference phase shift for liquid crystal is calculated by the

following equation;

δ = 2πd△n/λ, (7.1)

where the phase shift δ, the thickness d and the birefringence (△n) of liquid crystal are expressed for a

particular wavelength λ. Therefore, a phase shift of π at 1 THz (λ = 300 µm) for a typical birefringence

of 0.15 would require the 1-mm-thick liquid crystal layer. In comparison, the same phase shift at visible

frequencies (e.g. HeNe laser, 633 nm) requires only a 2.1-µm-thick liquid crystal layer. As a result, the

absorption of liquid crystal layer should be considered for THz phase modulator. Liquid crystal layer with

relatively small absorption for THz region are required. With positive dielectric anisotropy, liquid crystal

molecules are reoriented toward the applied electric field beyond the threshold voltage Vth. The threshold

voltage is Vth = π(L/d)
√
k3/ǫaǫ0, where L is the distance between two electrodes, d is the thickness of

liquid crystal layer, and k3, ǫa = ǫ‖ − ǫ⊥, ǫ0 are the bend elastic constant, dielectric anisotropy, and the

vacuum permittivity, respectively. For V > Vth, the angle of liquid crystal molecules is reoriented from

the original orientation along the propagation direction of the THz beam. The reoriented angle θ at any

point z along the propagation direction can be calculated by using the relation [137]

z

d
=
Vth
πV

∫ θ

0

(
1 + q sin2 θ

sin2 θm − sin2 θ

)1/2

dθ, (7.2)
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where q = (k1−k3)/k3 and k1 is the splay elastic constant of liquid crystal. The angle θm is the maximum

reorientation angle located at z = d/2. This equation allows us to expect the profile of liquid crystal

molecular orientation in the cell for a given applied voltage.

In Chapter 6, we have demonstrated and developed the THz pulse shaping apparatus for THz

spectral correlation imaging. However, shaped THz pulses are indirectly manipulated and radiated by

the techniques of femtosecond optical pulse shaping. If we develop the phase modulator in THz region,

we could directly radiate optimally designed THz pulses for spectral correlation. We will construct and

demonstrate THz devices such as phase modulators, Fabry-Perot filters, and polarizers based on liquid

crystals.
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from p-lnAs due to the instantaneous polarization,” Appl. Phys. Lett. 85, 2463-2465 (2004).

[101] J. R. Higgins, Sampling Theory in Fourier and Signal Analysis: Vol. 1: Foundations (Oxford

University Press, USA, 1996)

[102] A. M. Weiner, J. P. Heritage, and J. A. Salehi, “Encoding and decoding of femtosecond pulses,”

Opt. Lett. 13, 300-302 (1988).

[103] R. Bartels, S. Backus, E. Zeek, L. Misoguti, G. Vdovin, I. P. Christov, M. M. Murnane, and H. C.

Kapteyn, “Shaped pulse optimization of coherent emission of high-harmonic soft X-rays,” Nature

(London) 406, 164–166 (2000).

[104] D. Meshulach and Y. Silberberg, “Coherent quantum control of two-photon transitions by a fem-

tosecond laser pulse,” Nature (London) 396, 239-242 (1998).

[105] S. Lee, J. Lim, J. Ahn, V. Hakobyan, and S. Guerin, “Strong-field two-level two-photon transition

by phase shaping,” Phys. Rev. A 82, 023408 (2010).

[106] J. Lim, H.-g. Lee, S. Lee, and J. Ahn, “Quantum control in two-dimensional Fourier transform

spectroscopy,” Phys. Rev. A 84, 013425 (2011).

[107] J. Ahn, D. N. Hutchinson, C. Rangan, and P. H. Bucksbaum, “Quantum Phase Retrieval of a

Rydberg Wave packet using a Half-cycle Pulse,” Phys. Rev. Lett. 86, 1179-1182 (2001).

[108] D. Weidinger and M. Gruebele, “Simulations of quantum computation with a molecular ion,”

Chem. Phys. 350, 139–144 (2008).

[109] A. M. Weiner, D. E. Leaird, G. P. Wiederrecht, and K. A. Nelson, “Femtosecond pulse sequences

used for optical manipulation of molecular motion,” Science 247, 1317-1319 (1990).

[110] I. Brener, P. C. M. Planken, M. C. Nuss, L. Pfeiffer, D. E. Leaird, and A. M. Weiner, “Repetitive

excitation of charge oscillations in semiconductor heterostructures,” Appl. Phys. Lett. 63, 2213–2215

(1993).

[111] P. C. M. Planken, I. Brener, M. C. Nuss, M. S. C. Luo, and S. L. Chuang, “Coherent control of

terahertz charge oscillations in a coupled quantum well using phase-locked optical pulses,” Phys.

Rev. B 48, 4903-4906 (1993).

[112] T. Feurer, J. C. Vaughan, and K. A. Nelson, “Spatiotemporal coherent control of lattice vibrational

waves,” Science 299, 374-377 (2003).

[113] J. Ahn, A. Efimov, R. Averitt, and A. Taylor, “Terahertz waveform synthesis via optical rectifica-

tion of shaped ultrafast laser pulses,” Opt. Express 11, 2486-2496 (2003).

[114] K. K. Kohli, A. Vaupel, S. Chatterjee, and W. W. Rühle, “Adaptive shaping of THz-pulses gener-

ated in <110> ZnTe crystals,” J. Opt. Soc. Am. B 26, A74-A78 (2009).
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Summary

Terahertz wave generation from semiconductor thin films and its
applications

펄스 형태의 테라헤르츠 기술은 펨토초 레이저에 기반을 둔 광원개발과 검출기술의 개발의 도움으로

광범위하게연구되어왔다. 특히분광학및보안검사,생물학적/화학적식별과영상,그리고결함검사와

같은분야에서연구되고있다. 그러나테라헤르츠기술은공기중에서수증기에의한흡수,소형화에따

른어려움과상대적으로긴파장으로인한낮은분해능과같이극복되어야문제점들이있다. 특히,낮은

신호 대 잡음비를 극복하기 위한 더 큰 파워의 테라헤르츠 신호를 얻기 위하여 다양한 반도체 물질들이

연구되었고 이러한 반도체 물질을 이용한 테라헤르츠 기술이 함께 연구되었다. 이러한 물질 중에서

낮은 밴드갭을 갖고 있는 InAs 물질이 테라헤르츠 발생 측면에서 널리 이용되고 있다. InAs의 물질에

서 테라헤르츠 발생은 펨토초 레이저에 의해 여기된 정공과 전자의 반도체 표면에서의 이동도 차이에

의한 photo-Dember 효과로 설명될 수 있다. 이와 함께, 수 백 마이크로미터의 길이를 갖는 테라헤르츠

파장은 수 십 마이크로미터의 크기를 갖는 세포영상기술에 적용되기 어려움점이 있다. 이러한 단점을

극복하기 위하여 광학적 대역에서 이용되는 근접장 기술들이 테라헤르츠 기술에 채용되어왔는데 작은

개구를 이용하거나 파장보다 작은 팁 또는 집속된 레이저 펄스를 이용한 방식 등이 연구되고 있다. 이

러한 측면에서 테라헤르츠 근접장 연구를 위하여 MBE에서 성장된 InAs 박막을 이용하여 파장이하의

크기에서 집속된 레이저 펄스를 이용한 파장이하 테라헤르츠 발생 분광기 및 테라헤르츠 소형 광섬유

발생기를 개발하였다.

본 논문에서는 파장이하의 테라헤르츠 영상을 구현하는데 있어서 InAs 반도체 표면에서 파장이

하의 크기를 갖는 개구에서 발생된 테라헤르츠 펄스의 위상정보의 차이가 유용하게 이용될 수 있음을

분석하고 확인하였다. 파장이하의 InAs 개구에서 발생된 테라헤르츠 펄스는 시간영역에서 빠른 위상

변화가 관측되고, 이러한 위상변화는 푸리에영역에서 공간주파수의 분포가 주파수의 파수보다 클 때

생기는 회절에 의한 기하학적인 위상정보를 포함하고 있는 전파계수의 기대값으로 설명될 수 있다.

이러한 위상변화를 이용하여 약 λ/10크기의 테라헤르츠 영상을 성공적으로 얻었다. 이와 더불어 투과

형 InAs 박막을 이용하여 광섬유 크기까지 소형화된 테라헤르츠 광섬유 발생기를 개발하였다. InAs

박막은 광축방향으로 진행을 위하여 45도 전달된 광섬유 끝단에 부착되고 이를 이용하여 약 λ/2 크

기의 테라헤르츠 근접장 영상을 확보하였다. 테라헤르츠 광섬유 발생기는 수 마이크로미터의 광섬유

코어크기까지의 분해능을 얻을 수 있으며, 테라헤르츠 근접장 영상, 분광/편광 연구 및 원거리 전송

분야에응용될 수있는 가능성을가지고 있다. InAs박막을 이용한테라헤르츠 근접장영상기술과 함께

테라헤르츠 파형재단을 이용한 테라헤르츠 기능적 영상기술을 구현하였다. 테라헤르츠 재단 영상기

술을 이용하면 기존의 테라헤르츠 영상보다 영상대비가 증가된 영상을 얻을 수 있으며 앞서 기술된

테라헤르츠 근접장 기술과 함께 적용될 수 있다. 두 개의 물질의 영상대비를 증가시켜주는 테라헤르츠

펄스를 얻기 위하여 두 개의 물질의 측정값의 차이를 이용한 cost를 정의하고 이 cost를 반복적으로

증가시키는 방식을 컴퓨터를 이용하여 계속적으로 최적화 재단하여 영상대비가 증가된 주파수 특성이

반영된 테라헤르츠 기능적 영상을 얻었다.

본 논문에 기술된 InAs 박막을 이용하여 개발된 투과형 테라헤르츠 근접장 기술과 기능적 영상

구현을 위한 파형재단 기술이 테라헤르츠의 분해능 한계를 벗어나 세포를 포함하는 수 마이크로미터

크기의 물질에 대한 영상 및 분광연구에 확대적용 될 수 있으리라 기대한다.
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