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A study of optical properties and application of
GaSe crystal in the mid- and far-infrared

Student: Ching-Wei Chen Advisor: Prof. Ci-Ling Pan

Institute of Electro-Optical Engineering
College of Electrical Engineering and Computer Science

National Chiao Tung University

Abstract

In this dissertation, the optical properties and applications of high quality, home-made
GaSe single crystals are investigated in the mid- to far-infrared ranges. The major part of
this study is focused on the coherent light generation by means of the nonlinear optical
processes associated with the GaSe erystal, which possesses the promising characteristics
including high nonlinearity and low absorption properties. First, the optical constants of a
GaSe crystal are measured by the Fourier-transform infrared spectrometer (FTIR) and
terahertz time-domain spectroscopy (THz-TDS) in a wide frequency range. Based on
experimental data, a modified complex ordinary and extraordinary dielectric function of
GaSe is presented. The transverse and longitudinal optical phonons in the reststrahlen band
for the ordinary refraction index are experimentally determined to be 6.39 and 7.62 THz,
respectively. Besides, a low-frequency rigid-layer phonon mode at 0.586 THz confirms the
pure GaSe crystal to be in the e-phase. Furthermore, the revised parameters of Sellmeier
equation, which is expressed in an empirical formula form and that effectively describes the
dispersion of this GaSe crystal, is also reported. The proposed dielectric functions of the
e-GaSe crystal in this study are applicable to practical photonic devices at terahertz
frequencies.

Moreover, we apply this promising material for the generation of coherent infrared
radiation widely tunable from 2.4 to 28 um through difference-frequency generation (DFG).

The infrared-active modes of e-GaSe crystal at 237.0 cm™ and 213.5 cm™ were found to be
il



responsible for the observed optical dispersion and infrared absorption edge. The poles of
the modified Sellmeier equations occur at 42.2 um for the e-ray and 46.8 um for the o-ray,
respectively. The pole of the o-ray dispersion corresponds to an infrared active mode of
E’-symmetry with vibration involving both Ga and Se atoms on the basal plane of GaSe
crystal. The pole of the e-ray dispersion corresponds to an infrared active mode of
A,”-symmetry with vibration involving both Ga and Se atoms along the optical axis (c-axis).
We perform a study of the effect of optical absorption on generation of coherent infrared
radiation from mid-IR to THz region from GaSe crystal. The output power variation with
wavelength can be properly explained with the spectral shape of parametric gain and
absorption coefficient of GaSe. The adverse effect of infrared absorption on DFG process
can partially be compensated by doping GaSe crystal with erbium ions.

Subsequently, we propose and experimentally demonstrate the generation of
single-cycle terahertz radiation with two-stage optical rectification in GaSe crystals. By
adjusting the time delay between the pump pulses employed to excite the two stages, the
terahertz radiation from the second GaSe. crystal can constructively superpose with the
seeding terahertz field from the first stage. The high mutual coherence between the two
terahertz radiation fields is ensured with the:coherent optical rectification process and can be
further used to synthesize a desired specttal profile of output coherent THz radiation. The
technique is also useful for generating high“amplitude single-cycle terahertz pulses, not
limited by the pulse walk-off effect from-group velocity mismatch in the nonlinear optical
crystal used. In addition, free carriers induced nonlinear absorption of THz radiation is also
investigated in this study. The absorption cross-section, o7y, of GaSe at terahertz frequency

in the presence of free carriers are estimated in the range of (1.3—5.9)x10"7 cm’.

Specially, femtosecond laser induced plasma in ambient air based on the third order
nonlinearity is employed to construct a THz-TDS system in this study. The properties of the
THz radiation from this configuration are characterized by altering the phase shift, the angle
between polarizations of the fundamental and second harmonic beams. The dependence of
the THz signal as a function of the fundamental pulse energy before the BBO crystal is also
examined. Furthermore, GaSe crystal is a promising nonlinear optical medium to perform
the generation of intense THz radiation. Herein, we report the experimental demonstration
of terahertz wave amplification in GaSe crystal. Terahertz power amplification factor of
about 2.7 times is preliminarily performed under the phase matching condition around 1
THz. The demonstration provides a potential way to further increase the terahertz electric

field for nonlinear spectroscopic applications with a desktop femtosecond laser system.

v
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Chapter 1

Introduction

1.1 Background

Gallium selenide (GaSe) is a native p-type semiconductor that belongs to the III-VI
layered semiconductor family [1-3]. In the stacking direction (along the crystallographic
z-axis which is in the direction of the optical c-axis), the layers can be arranged in different
ways, which leads to the existence of different poly-types. Four modifications (f3, y, d and ¢€)
have been reported in the literature [2]. A great deal of studies have made by several
research groups to understand the poly-types in these compounds. The formation of a
particular poly-type or a mixture of several poly-types depends substantially on the growth
method of single crystals. For instance, the Czochralski and Bridgman-Stockbarger methods
yield mainly the & poly-type. Figuré 1-1"presents the structure of GaSe, and atomic

configuration of GaSe layers. The e-type structure has a D;, space group symmetry with

two layers, which is including-four molecules (eight atoms) per unit cell. The atoms are
located in the planes normal to:the e<axisrinithe sequence Se-Ga-Ga-Se. Each GaSe layer
thereby consists of two planes of Ga atoms, which are surrounded on two sides by the unit
planes of the Se atoms. The strong bonding between two sheets of the same layer is covalent
with some ionic contribution. But the bonds between the complete four-fold layer is
essentially of the van der Waals-type. Due to the characteristics of layer, GaSe exhibits a
strongly pronounced structural anisotropy. Consequently, the e-type GaSe is a promising
candidate material for nonlinear optical conversion devices in the near- to far-infrared
wavelength (1-18 um).

GaSe possesses a number of exciting properties, which are listed in Table 1-1, for
nonlinear optical application. Among these nonlinear optical crystals, GaSe has a
transparency range extending from a wavelength of 0.62 um to 20 um where the optical
absorption coefficient does not exceed 1 cm™ throughout the range [1, 3]. The e-type GaSe

is a negative uniaxial crystal (n,>n., where n, and n. denote the refractive indices in the

ordinary and extraordinary direction). Its nonlinear optical coefficients are among the top
five for birefringent crystals. Due to its large birefringence, it can satisfy phase matching

(PM) conditions for optical configurations under the wide frequency range.
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Fig. 1-1 Layer structure of e~GaSe crystal.
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Table 1-1 Nonlinear optical crystals for mid-infrared applications

Crystal Nonlinear Merit Transparency Absorption Damage

Coefficient Factor Range (um) Coefficient  Threshold

(pm/V) (d*m*) (em™) (MW/cm?)

@ 10.6 pm @ 10.6 pm @ ~10ns,

1.064 pm
ZnGeP, 68.9 162 0.74-12 0.83 3
AgGaSe, 32.6 63.3 0.71-19 0.089 25
AgGas, 12.5 12.8 0.47-13 0.04 35
GaSe 54 217 0.62-20 0.081 30
TI3AsS3 36.5 42.4 1.28-17 0.082 16
CdGeAs; 217 1090 2.4-18 0.5 40




For purposes of serving as a nonlinear optical (NLO) material in the mid-infrared and
far-infrared (THz), GaSe possesses excellent values for all these properties, as has been
extensively studied in the literatures [4-22]. To achieve birefringent phase matching, it is
generally necessary to be able to cut and polish the faces of a NLO crystal at an angle
arbitrary to the optical axis (for GaSe, this is the c-axis, along the [001] direction). However,
GaSe has a layered structure, with weak van der Waals-like bonds between the layers,
making it extremely difficult to cut and polish, except for crystal faces in the plane of
cleavage (perpendicular to the optic axis). This feature reduces the usefulness of GaSe as a
NLO crystal for practical use, and also complicates access to measurement of its basic
properties [4-11].

Nonlinear optical frequency mixing is a well known technique since the discovery of
capability of the laser for generation of tunable coherent light using a single crystal.
Recently, incoherent parametric super-radiant generation tunable in the range of 3.5-18 um
in GaSe (type-1 PM) was obtained by using 110 ps pulses from the actively mode-locked
Er:YAG laser as a pump source [12]. Subsequently, picosecond pulses of a mode-locked
Er:Cr:YSGG laser were used topump a traveling-wave OPG; type-I and type-II OPG
provided continuous tunability in the range of 3.5-14 and 3.9-10 pm, respectively [13]. On
the other hand, there have beén a number of reports on difference frequency generation
(DFG) to achieve tunable and “coherent mid-infrared for GaSe by using variety of laser
sources [14, 15]. Additionally, few*papers.reported on the generation of far-infrared (THz
wave) from GaSe crystal [16-18]. Figure 1-2 shows that GaSe has the lowest absorption
coefficients in the THz wavelength region [19]. Consequently, GaSe has the largest figure of
merit for the THz generation, which is several orders of magnitude large than that for bulk
LiNbO; at 300 um. According to Shi's results, an efficient and coherent THz wave tunable
in the two extremely wide ranges of 2.7-38.4 and 58.2-3540 pm, with typical line-widths of
6000 MHz, had been achieved for the first time [17].

The nonlinear optical crystal is the heart of the nonlinear optical processes. There has
been a lot of improvement in growth technology of nonlinear materials, particularly in the
infrared region, and a number of nonlinear materials have been developed for laser device
application. To perform efficiently, the material should possess a unique combination of
optical, thermal and mechanical properties. Recently, the doping of the GaSe crystals was
investigated to improve its optical and mechanical properties [20-22]. Recently, the
electrical and optical characteristics of erbium doped GaSe (Er:GaSe) crystals had reported

[23, 24]. The two acceptor levels were found to originate either from the substitution of one
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Er’" for one pair of Ga®* or insertion of one Er’* interstitial ions at interlayer sites in the unit
cell. The structure of GaSe can also be slightly altered by the erbium doping. Recently, the
optical properties of Er:GaSe crystals and its potential in the generation of mid-infrared

radiation had been further explored [25].

T T T T
——GaSe ]
- = -ZnGeP,
---- LiNbO5 3
—.—-DAST

== CdSe }§
----- GaAs

L

Absorption Coefficient (cm'1}

0 150 300 450 600 750 900 1050 1200
Wavelength (um)

Fig. 1-2 Absorption coefficients versus wavelength for several nonlinear crystals, some
of which were frequently used for terahert; generation. The absorption

spectrum for CdSe available covers a narrow wavelength range of 63—71 uym

[19].

In this work, the GaSe crystals were grown by a vertical Bridgman furnace. All the
GaSe crystals used herein are home-made and provided by Prof. Chen-Shiung Changs
group from National Chiao Tung University (NCTU). The photograph of the as-grown GaSe
crystal is shown in Fig. 1-3. The optical c-axis is perpendicular to the good optical cleaved

surface, as shown in Fig. 1-3. Tuning the external angles is necessary for perform the
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phase-matching condictions (the angle between the optical axis and beam propagation

direction) in the nonlinear optical experiments.

c-axis

GaSe Crystal

T
Fig. 1-3 A cleaved surface @the gs:g%wgﬁ-GaSe crystal.
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1.2 Motivation *":‘ié’*; 4

GaSe crystal has been widely ﬁ%ﬂ%ﬂﬁf(b’ I'tf‘?(':generation and application of infrared and
THz frequency regime. For accessing to the practical application of optoelectronics device,
the realization of the basic optical properties of this crystal is very important and
indispensable. Fortunately, the published literatures mentioned about the optical constants of
GaSe crystal are inconsistent. The knowledge of the Reststrahlen band and vibration modes
in this crystal is still limited. Therefore, we motivated to explore the optical properties of
GaSe crystal by means of the optical measurements, including Raman scattering, Fourier
Transform Infrared Spectroscopy (FTIR) and terahertz time domain spectroscopy
(THz-TDS) in this study. After understanding fundamental optical properties, such as
ordinary and extraordinary dielectric functions, Sellmeier equations and vibration
frequencies, the extensive applications of GaSe crystal to perform the light source
generation and nonlinear optical frequency conversion processes could be expected. Then it
is proved that GaSe crystals have the promising properties such as high nonlinear coefficient

and low absorption coefficient that benefits the high conversion efficiency in such frequency

conversion processces.



There have been numerous works described that GaSe crystal can generate light source
with wide frequency range from mid-infrared to THz by use of the frequency conversion
technique such as difference frequency mixing process. However, few papers concern the
optical behaviors in the strong absortion region and the role of the absorption effect in the
DFG process. In this work, we further explore the origin and effect of the infrared
absorption edges based upon the understanding of the proposed Sellmeier equations.
Moreover, we investigate the effect of infrared absorption on the generation properties of
coherent infrared radiation from mid-infrared to THz region in the GaSe crystal.

The conversion efficiency for generating the THz radiation is usually quite low among
the several promising techniques. In order to yields the intense single cycle and high
amplitude THz wave, we propse some methods to increase the output power of THz
radiation. First, we propose the multiple stages of optical rectification technique which is
useful for generating high amplitude single-cycle terahertz pulses, not limited by the pulse
walk-off effect from group velocity mismatch in the nonlinear optical crystal used. On the
other hand, we attempt to upscale the power of the weak THz radiation by utilizing the
phase-matching parametric amplification technique associated with the high nonlinear

coefficient property of GaSe crystal.

1.3 Organization of thesis

This section is to outline the scope of a PhD research program by the author of this
thesis, and describe the structure of the thesis which contains most of the achievements of
this study. This thesis consists of seven chapters including this introduction, background
information and motivation (Chapter 1), and the overview of the radiation light sources of
mid-infrared to far-infrared (terahertz) (Chapter 2), and optical properties and potential
applications of e-GaSe crystal in terahertz frequencies (Chapter 3), and the generation
properties of coherent infrared radiation in the optical absorption region through difference
frequency mixing (DFM) (Chapter 4), and coherent generation and spectral synthesis of
terahertz radiation with multiple stages of optical rectification (Chapter 5), and the study of
THz optical parametric amplification in ¢-GaSe crystal (Chapter 6), as well as conclusion
and future work (Chapter 7).

Chapter 2 presents an overview of the radiation light sources of mid-infrared to
far-infrared (terahertz). Several promising generation techniques, including optical

parametric generation (OPQG), different frequency generation (DFG), four-wave mixing
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(FWM), photoconductive switch and optical rectification (OR) will be introduced in this
chapter. In addition, few detection methods for THz waves are also included.

Chapter 3 introduces that optical constants for a single crystal ¢-GaSe are investigated
by use of the terahertz time-domain spectroscopy (THz-TDS) and Fourier Transform
Infrared Spectroscopy (FTIR) over the frequency range from 0.2 to 3 THz. Based upon the
experimental data, the modified ordinary and extraordinary complex dielectric functions of
e-GaSe is proposed.

Chapter 4 describes the application of e-GaSe crystal in coherent generation of the
picosecond wide tuning range infrared radiation. The generation properties in the absorption
region are discussed herein. The origin and effect of the infrared abosorption edges are also
examined in this chapter. The output power variation as a function of the wavelength can be
explained by the spectral profile of the parametric gain and absorption coefficient.

Chapter 5 demonstrates that multiple stages optical rectification will be useful for
generation of high-field, single-cycle terahertz pulse not limited by the availability of thick
GaSe crystals of good optical quality or the walk-off effect due to group velocity mismatch.

Chapter 6 demonstrates the application of e=GaSe crystal in scaling up the pulse energy
of the broad band THz radiation by using the. parametric amplification technique. The
theoretical prediction and practical performance and the table-top system are also reported.

Consequently, the conclusion: to-this work is given in Chapter 7. Recommendations of

further work are also given in this chapter.
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Chapter 2

Overview of the radiation light sources of mid-infrared to

far-infrared (terahertz)

2.1 Introduction

Sources of tunable high-quality, ultrashort laser pulses in the near- and mid-infrared
spectral region are an important tool in various fields of optical spectroscopy. As far as
comparatively compact sources are concerned, the infrared radiation can be covered best by
means of nonlinear frequency conversion. Extensive experimental studies have been carried
out in this field of research in both the nanosecond and picosecond / femtosecond regime.
Coherent sources in the mid-infrared to far-infrared are of prime importance for molecular
spectroscopy, eye-safe medical instrumentations, radar and remote sensing of atmospheric
constituents, and for numerous ‘military applications such as target tracking, obstacle
avoidance, and infrared countermeasures.

As virtually all fundamental vibrational modes of molecules and molecular ions lie in
the 2-20 pum wavelength region,“infrared spectroscopy provides a convenient and real-time
method of detection for most gases. Spectroscopic techniques have been successfully
applied to monitor air pollution and to identify and quantify the presence of specific gaseous
constituents in the atmosphere. In the mid-infrared spectral region the fundamental
vibrational-rotational absorption spectra of molecular pollutants are very rich in absorption
lines and the absorption frequencies are generally located so that strong lines of a number of
most pollutant gases can be well distinguished from those of the others. Absorption spectra
can thus be utilized for the detection and identification of polluting molecular species in this
so-called fingerprint region.

After the rapid progress in ultrashort lasers and the successes in semiconductor
technology and nonlinear optics, it has leaded the birth of a new area of applied physics
known as optoelectronics or photonics in 1970s. One of the most promising photonic
spectroscopic applications is the terahertz time-domain spectroscopy (THz-TDS). Terahertz
region lies between microwave and infrared regions is relatively narrow, it is still important
in condensed matter physics. There are many interesting phenomena falling right to this

region, especially the soft lattice vibrations in dielectrics.
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THz pulses generated by sub-picosecond laser pulses based on photoconduction and
optical rectification with a broad bandwidth have found many applications, such as THz
imaging, THz spectroscopy for studies of carrier dynamics and intermolecular dynamics in
liquids, and dielectric responses of molecules, polymers, and semiconductors. A tunable and
coherent THz source is one of the key elements for applications such as chemical
identification, biomedical diagnostics, and THz spectroscopy. For instance, THz-probing
technology exhibits a unique potential for label-free detection of a DNA binding state.
Furthermore, it was recently demonstrated that cw THz waves can be used to detect cancer.
To achieve these important applications and therefore to create a new era for THz science

and technology, a compact ~ efficient ~ and coherent THz source is essential. Although in the

past short THz pulses were generated by means of optical rectification, by photoconduction,
and by Cerenkov radiation, it was difficult to measure low conversion efficiencies directly.
Quite low conversion efficiency of ~10"° was achieved based on optical rectification.
Terahertz radiation is in the frequency range from about 0.1 to 10 THz, which
corresponds to wave-numbers between 3 and 300 cm™, photon energies between 0.4 and 40
meV, temperatures between 5 and;500K and wavelengths between 3 mm and 30 um. This
frequency range, shown in the Fig. 2-1, has several names: far infrared, sub-millimeter wave
and terahertz range. Until some-years ago, this frequency range was known as the ‘THz gap’.
The lack of efficient sources and of*sensitive-detéctors made measurements very difficult.

Accordingly, the THz range remained o a large extent unexplored.

THE ELECTROMAGNETIC SPECTRUM

Wavelengh 10 102 10" 1 107 102% 10° 104 10° 105 107 10® 109 1010 10" 1012
(in meters) T T T T T T T T T T T T T T T T
_ B T Shorter
Sizeofa T-RAYS
wavelength
Common ramo ! (R =
wivelength RADIO WAVES INFRARED ULTRAVIOLET HARD X-RAYS

s
2
@
2
m

MICROWAVES SOFT X-RAYS GAMMA RAYS

Frequency 1 ] ] 1 1 ] I 1 ] ] 1 1 ] 1 L
(waves per

second) 106 107 108 10° 10% oM 1012 10?3 1014 4075 10!6 107 10%® 409 1020
¢ Lower Higher
Energy of 1 1 1 1 I 1 1 1 1 1 1 I 1 1 1 1
one photon
(electonvoits) 10 10® 107 106 10% 10¢ 10® 102 107 1 10' 102 10® 10* 105 10F

Fig. 2-1 Overview of frequency regions.
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The appearance of ultrashort pulsed laser of ~100 ps pulse duration made it possible to
generate THz waves covering the whole THz spectral range. In 1981, Mourou and Auston
first demonstrated generation and detection of pulsed THz radiation by a photoconductive
switch with advantages of time resolution of picosecond and high sensitivity enhanced by
phase-lock technique [1, 2]. In 1988, Grischkowsky used the photoconductor dipole antenna
as the THz sensor, pushing the spectrum into the order of terahertz frequency [3]. Numerous
investigations on THz wave showed a modest increase, whereas after 1995 the field has
experienced an impressive growth. Probably the most important single development
responsible for this growth is the invention of the mode-locked Ti: sapphire laser, which has
greatly facilitated the use of ultrashort pulses in all sorts of experiments, among them the
generation and measurement of THz pulses. Afterward a variety of antennas was appeared,
like typical dipole antenna, large aperture photoconductor dipole antenna [4] and also
another method using semiconductor surface electric field [5] to generate THz pulses by the
ultrashort pulsed laser. In 1996, Wu et al. developed free-space electro-optic sampling
(FS-EOS) technique to enhance signal to noise ratio (S/N ratio) up to 105 and to achieve
much large dynamic range [6].

Since THz spectroscopy is-a time-domain method, the pump-probe experiments can be
easily performed. The sample can be excited by the optical pump beam, which is split from
the femtosecond laser beam the pump beam:is perfectly synchronized with the THz probe
pulse and gating pulse. During last; few. years, the femtosecond optical amplifiers and
parametric generators became commercially available. The regenerative amplified laser
enabled us to generate a very intense excitation pulse and the latter to tune the excitation
wavelength. This makes the THz time domain spectroscopy very suitable for investigations
of ultrafast dynamics on the sub-picosecond time scale for the fundamental physics. The
THz wave has an infinite potential in application of science. In the bioscience, the photon
energy of THz is much smaller than the traditional X-ray and the pathological changes will
not be induced by THz wave in human body. Since different tissues of body have different
sensitivity for THz waves, more detailed information can be obtained through the THz
tomography imaging. Photon energy of THz wave is about 4 meV for 1 THz, which
approximately equals to the binding energy of the excitons in many semiconductors. Most
of all, recently developed THz waves possess ultrashort duration with broad bandwidth and
provide both high sensitivity and time-resolved phase information. These advantages can be
used in several applications, such as the study of carrier dynamics of condensed matters

with high temporal and spectral resolutions. Recently, the spectroscopic technique using
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pulsed THz wave, called terahertz time-domain spectroscopy (THz-TDS), has been
developed, by taking advantage of short pulses of broadband THz radiation. THz-TDS has
the time resolution of sub-picosecond level and the spectral resolution of 50 GHz. The
ability of THz-TDS to measure both real and imaginary parts of the dielectric function in
real time has made it a promising method to investigate the materials at THz frequencies.
The development and spread of THz sources and receiver advance the THz
time-domain spectroscopy. Table 2-1 shows a list of common use of THz emitters and
detectors. Furthermore, we will only consider table-top sources herein, i.e. sources one can
have in one’s own lab. Such sources are nearly always based on femtosecond lasers in the

visible or near-infrared.

Table 2-1 List of TH7 emitters and detectors and their advantage

Emitter Type Advantage

Free electron laser highest THz power

Gunn oscillator generate sub THz

Quantum cascadelaser cw, single mode

Difference frequency generation narrow line-width cw possible

Photoconductive antenna high SNR

Semiconductor surfaces higher THz power

Optical rectification broadband THz spectrum
Detector Type Advantage

Bolometer
Pyroelectric detector
Photoconductive dipole antenna

Electro-optic crystal

incoherent radiation, more sensitivity
incoherent radiation

higher SNR

broadband THz spectrum

2.2 Overview of coherent mid-infrared generation

Ultrashort pulses in the mid-infrared (MIR) spectral range (A = 3-20 pm) provide
powerful tools to investigate the ultrafast dynamics of non-equilibrium excitations in

condensed matter [7]. Recently, structural changes in molecules or molecular complexes
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were monitored directly in the time domain by means of the transient absorption of
prominent molecular vibrations [8]. Vibrational dynamics and correlations in liquid water or
in proteins have been successfully studied with femtosecond pulses in the MIR [9-12].
Femtosecond infrared spectroscopy has also been increasingly applied to problems in
solid-state physics [13]. For instance, time-resolved investigations of the coherent [14] or
incoherent [15] dynamics of intersubband excitations in semiconductor nanostructures have
provided new insights that cannot be obtained by experiments based on interband transitions.
Recently, the ultrafast dynamics of the electronic system in a high transition-temperature
superconductor was investigated near the conductivity gap with femtosecond MIR pulses as
a probe [16]. Such experiments increasingly call for sources that provide intense pulses on
the micro-joule level with pulse durations of the order of 100 fs or less. In this temporal
range tabletop laser systems based on parametric devices are superior to free-electron lasers,
which typically provide much longer pulses and for which the realization of synchronized
pulses at two different wavelengths is a difficult problem that involves additional

high-power laser systems.

Table 2-2 “Properties of various.nonlinear crystals

Crystal Point Transmission '/ Nonlinear  Effective Nonlinearity n,
Group Range (nm) coefficient dog ne
(pm/V)

KDP 42m 0.17-1.5 0.39 (ds6) dpoe=d365in0sin2¢p 1.50
dope=d365in20cos2¢ 1.46
BBO 3m 0.19-3 23 (d22) dyoe=ds15in0-d>zcos0sin3¢p 1.66
0.16 (d3;) dm=dzzcos2 Ocos3¢ 1.54
LilO; 6 0.28-6 4.4 (ds)) dyoe=d35in0 1.86
1.72
AgGas, 42m 0.47-13 12 (d36) dpoe=d365inOsin2¢p 2.35
deoe=d365in20cos2¢ 2.30
AgGaSe; 4o 0.71-19 33 (d36) dpoe=d365inOsin2¢p 2.59
deoe=d365Tn20cos2¢ 2.56
CdSe 6mm 0.75-25 18 (d3;) dyeo=d315in0 2.43
2.45
GaSe 62m 0.62 -20 54 (d>,) dpoe=d22c080sin3¢ 2.70
dope=d>> cos’ Ocos3¢p 2.38
Te 32 3.5-36 670 (d1)) deoo=di; cos20sin3(o 4.79
doeo=d11 cosOcos3¢p 6.25
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¢ Nonlinear coefficients and refractive indices are listed for A=1 um for KDP ~ BBO and
LilOs; and A=10 um for AgGaS, ~ AgGaSe, ~ CdSe * GaSe and Te. The indices of effective

nonlinearity dgy. denote the polarizations (o, ordinary; e, extraordinary) of phase-matched

process a +b—-c.

A =2-5 um : Sources for this limited range are comparatively abundant. Such setups
permit, for example, the generation of as much as 100 mW of 60-150 fs pulses from high
repetition rate (80 MHz) parametric oscillators based on KNbO; or KTiOAsOs (KTA)
crystals [17, 18]. At kilohertz repetition rates, parametric amplification in KTP provides
equally short pulses down to ~70 fs duration with 200 nJ pulse energy in the 3—4 um range
[19]. Difference frequency mixing of signal and idler pulses in thin KTP or LilOs crystals
generates 200 fs pulses tunable from 2.5 to 5 um [20-23].

A =3-10 um : This broader range necessitates use of nonlinear crystals with sufficient
transparency. The limited number of possiblé materials includes AgGaS, (see the Table 2-2)
or ZnGeP,. Difference mixing of:the outputef an82 MHz, two-color Ti: sapphire laser in
AgGaS, permitted the generation of 500 fs pulses-tunable from 7.5 to 12.5 um [24]. At low
repetition rates, a ZnGeP,-based parametric amplifier produces 200 fs pulses (A = 6 um)
tunable from 2.5 to 10 pm [25}. Erom amplified" Ti: sapphire laser systems that deliver
intense pulses at a 1 kHz repetition rate, 130 fs pulses tunable from 3 to 10 um were
generated by difference frequency mixing (DFM) pulses from an optical parametric
amplifier (OPA) in AgGaS, [26, 27].

A = 10-20 um : Generation of femtosecond pulses at wavelengths beyond 10 um has
barely been studied. Complex setups constructed from 80 MHz parametric oscillators and

subsequent DFM in AgGaSe; or GaSe deliver output powers of =2 mW in the 5-18 pm

range [28, 29]. However, from such schemes that combine several nonlinear
frequency-conversion stages and require high-power Ti: sapphire lasers (1-2 W) and
synchronously pumped, stabilized external cavities, only pulse durations above 300 fs were
demonstrated. Recently, some of the present authors and others demonstrated a compact
scheme for the generation of pulses of typically ~150 fs duration in the spectral range from
7 to 20 um at high repetition rates by parametric mixing within the broad spectra of 13 fs
pulses from a 2 MHz cavity-dumped Ti: sapphire oscillator in GaSe [30]. Setups based on
amplified systems allow for much higher pulse energies but typically produce even longer
pulses. Bayanov et al. use the second harmonic of a 4 Hz, 7 mJ picosecond Nd: glass
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amplifier to pump a three-path OPA [31]. By subsequent DFM in GaSe, pulses tunable from
4 to 20 pm and with energies of as much as 11 pJ with pulse duration 700 fs are generated.
Other setups generate pulses of 1 ps [32] or 10 ps [33] duration. Recently, it was shown that
non-phase-matched optical rectification of very short, ~10 fs Ti: sapphire pulses or optically
switched high field transport in semiconductors can also provide higher-frequency

components up to the MIR (A>8 pum) range [34-37]. However, applications to nonlinear

(e.g., pump—probe) spectroscopy with such an ultrabroadband (0-30 THz) source are rare
because of the large spectral spread of group delay and diffractive properties and the very
low (nanowatt) average powers.

Nonlinear materials like AgGaSe,, GaSe and CdSe have been proven to be well suited
in the considered wavelength range. Starting with intense but fixed-frequency radiation at 1
um different conversion schemes depending on the pump system have been investigated. As
GaSe allows for pumping at 1 pm efficient generation of MIR radiation is possible by
parametric amplification of tunable near-IR (NIR) radiation delivered by dye lasers or
parametric sources with tuning ranges up.to .20 um [31, 32, 38]. Kaind! et al. performed an
intense mid-infrared light source that provides femtosecond pulses on a micro-joule energy
level, broadly tunable in the 3—-20 mm wavelength range [39]. The pulses are generated by
phase-matched difference-frequency mixing in GaSe of near-infrared signal and idler pulses
of a parametric device based on+a 1 kHz Ti:*sapphire amplifier system. Recently, Shi et al.
demonstrated the phase-matched MIR"generation in GaSe up to 28.7 pm by difference
frequency mixing of a Nd:YAG laser (1.064 um) and a tunable near NIR parametric source
with nanosecond pulse duration [40]. A drawback of such a conversion scheme is the
two-photon absorption (TPA) in GaSe still observable for high intensity radiation around 1
um. Accordingly, pumping at longer wavelengths seems to be a reasonable choice.

Therefore, several nonlinear optical crystals could be applied to generate the
mid-infrared radiation through the difference frequency mixing technique. Figure 2-2
represents the yielded frequency ranges for several common used NLO crystals in the
experiments for mid-infrared generation. It is obviously shown that GaSe crystal possesses
the promising property which can cover widest generated mid-infrared frequency range

compared with other crystals.
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Crystal 1 5 10 15 20 38 (um)

KNbO,
KTA
KTP
LilO,

AgGas,

ZnGaP,

AgGaSe,
CdSe
GaSe

Fig. 2-2  Generated frequency ranges for several NLO crystals in mid-infrared

generation.

2.3 Overview of coherent terahertz generation and detection

2.3.1 Generation by photoconductive antenna

Femtosecond laser excites a biased:semiconductor with photon energies greater than its
band-gap, will produce electrons and-holes at-the' illumination point in the conduction and
valence bands. Figure 2-3 presents the schematic of PC antenna. Owing to fast changing of
the density of the carriers and accelerated by the applied dc bias, electromagnetic field
radiates into free-space. The production of currents with a full-width half-maximum
(FWHM) less than 1 ps depends on the carrier lifetime in the semiconductor [41].

The carrier density behavior in time is given by

dn/dt=-n/7,+G(t) (1)
where n is the carrier density and G(¢) = n, exp(t/ At)’* is the generation rate of carriers due

to laser pulse excitation, with Az the laser pulse width and ny is the generated carrier density

at t = 0. The generated carriers are accelerated by the bias field with a velocity rate given by

dve,h /dt = _Ve,h /Trel + (qe,hE) / meﬁ‘,e,h (2)

where v, is the mean velocity of the carrier, g, are the charge of the electron and hole, 7,

i1s the momentum relaxation time, and E is the local electric field, which is less than the

applied bias £}, because of the screen effect of space charges. The relation is as follows:
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E=E —-P/3¢, (3)
where ¢, is the dielectric constant and P is the polarization induced by the separation of
electrons and holes. The polarization depends on time according to the expression

dP/dt=-P/t, +J 4)

where 7, 1s the recombination time between electrons and holes (z,..= 10 ps for LT-GaAs)
and J= env, + (—e)nv, is the current density.

The far-field radiation can be expressed as follows:
E,,. ocdJ /0t oc evon/ ot +endv/ ot (5)

where v equals to v, — v;,. The transient electromagnetic field E7y. consists of two terms: the
first term describes the carrier density charge effect while the second term describes the

effect of charge acceleration due to the electric field bias.

THz radiated /

— Bias Voltage

Pump beam

Fig. 2-3 Schematic of PC antenna.
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2.3.2 Generation by optical rectification

The generation of terahertz by optical rectification is only possible by pulsed laser.

Optical rectification is the generation of DC polarization by the application of optical waves
in a non-centrosymmetric medium with large second-order susceptibility y*. Assume a
femtosecond pumping pulse propagates in z-direction, with the pulse duration 7g in
Gaussian profile:
1(@) = I, (@) exp(~(7,0)’ [2) (6)
When this pulse propagates through the nonlinear optical crystal, there will be induced
polarization in the crystal:
PP (z,0)= y? (w)I(w)exp(-wz/v,) (7)
where v, is the group velocity of pump pulse. By solving nonlinear Maxwell’s equations:

1 0°DY 4z 0’P?

VE+——— = ——— 8
¢t or ¢t or ®
The locally generated terahertz electric field ean be expressed as:
E,,,. (z,0) = @’ g (@) zsinc(Ak,,,.z [ 2) 9)

Then the generated terahertz is the'integral of local generation.

Laser pulse A w~1/A 7 THz pulse

Nonlinear crystal

Fig. 2-4  Illustration of terahertz radiation by optical rectification.
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If there are no momentum mismatch, the output signal follows the intensity envelope of
the pump laser pulse. For instance, laser pulses with duration of 100 fs are used as the pump
source, the spectrum of generated pulses center approximately at a few terahertz. Because
the ultrashort pulses have large bandwidth, the frequency components are differentiated with
each other and the produced signal have frequency component from 0 to the bandwidth of

the pump A®~1/7, ~10THz. Broadband THz wave detected up to 70THz was reported

[42]. Figure 2-4 illustrates the schematics of the terahertz wave generation by means of

optical rectification.

2.3.3 Generation by laser induced plasma

In 1993, Hamster et al. first observed terahertz emission from laser-induced plasmas
[43]. This is a novel method of generating terahertz which is emitting from laser induced
plasma based on amplified laser systems. The basic concept of these emitters is to focus an

ultrashort high energy laser pulse insa’gaseous medium such as ambient air. Reaching
optical field strengths as high as 5% 10" W//eni® which is enough to ionize the air and form a

plasma in the focal region. Up to now, there-ate three different approaches to generate THz
wave from plasma as our knowledge:

1. Emission based on ponderemotive force

The mechanism is that the polarization produced by the free electrons that are
accelerated by the ponderomotive forces associated with the propagating laser pulse, i.e. due
to a spatial-temporal optical intensity gradient within the plasma. In this method, a
rotationally symmetric polarization is created around the beam propagation axis, this leads
to an emission of terahertz wave in a diverging cone around the optical propagation axis.
Due to symmetry reasons no net terahertz field radiates along the optical propagation axis
[43]. Compared to another two methods employing laser-induced plasma, the pulse energy
of the generated terahertz wave using this approach is relatively low.

2. Emission based on external bias fields

This approach is applying an external bias field to the plasma region. It can increase the
terahertz wave strength and to direct it into the forward direction of the optical propagation
axis. The electric field amplitude of the terahertz pulse scales up linearly with the external
bias field. The maximum achievable terahertz pulse energy for a given laser pulse energy is
limited by the maximum external bias field [44].

3. Emission based on optical second harmonic bias
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Another nonlinear optical method for THz generation was found by Cook et al. with
later developments by other groups [45-47]. This approach is more efficient than that
mentioned above. It uses the nonlinear interaction of the fundamental and the second
harmonic in a plasma generated by the same laser pulses. Figure 2-5 displays the schematic

of the THz generation via four-wave mixing in a plasma.

focal length
50 mm x(g)

BEO 3
THz emission

plasma 799 nm
401 nm

799 nm

770 —830 nm

385 —415 nm

¥ 1ooumZaTHz

Fig. 2-5 Schematic of the THz generation via:four-wave mixing in a plasma. The pulse
at the fundamental contains wavelengths between 770 and 830 nm, the second

harmonic between 385 and 415 nm.

Thus, a complete description of this process requires the simultaneous treatment of
plasma formation, of plasma dynamics, of the generation of the THz radiation and of the
propagation of the THz radiation through the plasma. In the following we only consider the
THz generation, i.e. we consider the plasma as a medium with optical nonlinearities. The
nonlinear polarization in the focal region and the generated terahertz field amplitude are
given by:

Ep (1) % Py © XV E, B, (D E, () cOS(9) (10)

20w
where 77 (Q:20+Q, -, - o) is the third order susceptibility, £, and E,, is the electric

field of fundamental wave and the second harmonic wave, respectively. ¢, which equals to
kA1, 1s the phase difference between the fundamental and second harmonic beams, k3, is
the wave vector of the second harmonic beam and A4/ is the path difference between the

fundamental wave and the second harmonic wave along the beam propagation direction.
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2.3.4 Detection by photoconductive antenna

In 1984, Auston et al. first generated and detected the THz pulses by photoconductive
antennas [48]. In photoconductive antennas detection scheme, the antenna is optical gated
with a femtosecond laser pulse. The gating pulse creates carriers and the terahertz pulse
provides the bias field to yield a detectable current in the detection antenna. The output
polarity is sensitive to the direction of the field. For several years, it was considered that the
length of the optical gating pulse and the decay rate of the semiconductor were crucial to the
detector responsitivity and time resolution. Hence, it was assumed that no advantage could
be gained from using shorter gating pulses, as the carrier lifetime of the carriers would
always determine the response time of the detector. This in turn would therefore limit the

detection capability of a typical GaAs photoconductive antenna to low frequencies.

2.3.5 Detection by electro-optical sampling

In 1995, the free space electric .optical sampling (FEOS) detection scheme was first
investigated by Zhang’s group [49]. Thissmethod has widely used and allowed for coherent
detection of the temporal evolution 'of the electric field in the ultrashort transients. Figure
2-6 displays the schematic of FEOS setup, which consists of EO crystal, quarter wave plate
(or compensator), wallaston prism andbalanced detector.

First, when no terahertz field experiences, the optical probe beam will not be affected
by the EO crystal, then by rotating the angle of quarter wave plate, to make the polarization
become circularly. This circularly polarized beam will be split into two orthogonal
polarization components (s- and p-polarization) with equal intensity. The balanced detector
measures the intensity difference between these two components, the value is zero. When
terahertz meets the EO crystal, the electric field of the terahertz pulse will induce a small
birefringence in the EO crystal through Pockel's effect. Passing through such crystal, the
initially linearly polarized optical probe beam will change into elliptical polarization. This
ellipticity is proportional to the THz electric field which applied to the crystal. Then the
elliptical polarization probe beam will be split into two orthogonal polarization parts by
wallaston prism. The intensity difference can be detected by balanced detector, then the THz
amplitude is proportional to this signal. In general, the duration of terahertz pulse is several
picosecond (or sub-picosecond) much longer than the laser pulse (femtosecond order),

hence the terahertz field can be approximately treated as a dc bias field. Accordingly, the
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whole terahertz time domain profile can be mapped out by scanning the delay between

terahertz and probe beam.

Balanced detector

Probe beam

THz Beam

Fig. 2-6 The scheme of EO sampling setup.

P A

) <110>ZnTe

Al4 plate

Al

Wallaston prism

The balanced detection signal for ‘an EO crystal such as <110> ZnTe can be calculated

[50]. The ZnTe crystal is a very common EO crystal used in terahertz EO sampling. It

belongs to zinc-blende structure with 43m point group symmetry, the only non-zero

coefficient of the electro tensor is y,,.

0 0 O

0 0 O

10 0 0
i Yu 0 0
0 7, O

0 0 7,

where y, =3.9 pm/V .

(1D

Herein the angle dependence of the signal in EO sampling with (110) ZnTe is described

and discussed. When an arbitrary electric field E= (E.,E,E,) propagate along the (110)
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axis is applied to the EO crystal, in the crystal axes coordinate system (x, y, z), the refractive

index ellispsoid can be written as:

2 2 2
X +y +z
2

nO

+ 2y E vz + 2y E 2x + 27 E xy =1 (12)

After rotating the (x, ), z) coordinate system around the z axis by 45°, the equation (12)

becomes:
1 1 ! 1 N2 1 1 ! 1 N2 Z, 1 ! 1 ! !
—2(—\/§x ——\/Ey) +—2(—\/5x +—\/§y) +—2+2EXr41(—\/5x +—\/5y )z
n 2 2 n 2 2 n 2 2
o o o (13)
1 ’ 1 r ! 1 12 1 12
+2Eyr41(5\/5x —Ex/Ey )z +2Ezr41(5x _Ey )=1
And E,=—FE,
2 1 2 1 2,2 1t
XS+ Er)+y (5Bt~ + 202Er,y7 =1 (14)
nO n() nO
Then the (x', y', z') coordinate system is rotated around the x’ axis by 6:
A
Vi=p'cos@-—z"sin bl (15)

z'=y"sinf+z"cos O
The components of the electric fieldiare-expressed in terms of the angle a (the angle of the
THz beam polarization with respe¢t to the (001)axis), which is shown in Fig. 2-7.

E =F, cosa

(16)
E =E

2 .
x " Sin &

With these definitions and some calculations, the index ellipsoid of Eq. (14) becomes:
x" (L2 +E,, 1, cosa)+ " {L2 —E,,, 1, [cosasin® @+ cos(a +26)]}
n

no o
1 (17)
+Z”2 {_2 _ ETHZI”41[COS a COSZ 9 — Cos(a + 29)]} = 1

[

And
20=—tan"'(2tana) —nx
1 1 (18)
n——yr<a<n+—)r,n=0,1...
( 2) ( 2)
By setting x " =0 (y 'z ” plane), then solve the equation, we can get two eigenvalues.
A, = iz ~ ¥V By [cos asin® @+ cos(ar +26)] (19)
n

0
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The refractive indices for visible-near IR light propagating along the x ” direction are:

3
n.(a)~n,+ %OETHZFM [cos asin® @+ cos(a + 26)]

3
n.(a)=n + %OETHZQI [cos a cos” @ —cos(a +26)]

The intensity detected by balance detector can be expressed as:

Al(a,p)=1,sin[2(p—0)]sin {%[”y., (@)—n_(a)]L}

3
Epyry L : :
=1, D01 (6os o sin 2¢p+ 2 sin o 08 2¢0)

2c

(20)

21)

where L is crystal length, ¢ is the angle of the probe beam polarization with respect to the

(001) axis, which is shown in Fig. 2-7.

The optimum signal can be realized at the Ilargest phase retardation if

a+260=nmx,n=0,+1,£2... which means terahertz beam should be parallel or perpendicular

to probe beam to get maximum detected signal.

(110) ZnTe

Z(001) | (Z')
7

V. v
., >
e V'
' Y(010)

X (100)

Fig. 2-7 Angles of the THz wave and probe beam polarization directions.
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Chapter 3

Optical properties and potential applications of &-GaSe

crystal in terahertz frequencies

3.1 Introduction

The terahertz (THz) spectrum (~0.1-10 THz) has recently attracted considerable
interest because of its potential in both fundamental physics and an increasing range of
applications. For instance, various molecules have distinctive dispersive and absorptive
properties at terahertz spectral frequencies. In particular, recent progress in both
time-domain and time-resolved THz spectroscopy has advanced understanding of the nature
of molecular vibrations, protein kinetics, carrier dynamics in semiconductors and other
phenomena [1-3]. In the past, ultrafast .laser pulses have been required to generate
broadband terahertz pulses based‘on optical rectifications and photoconductions. Coherent
broad-bandwidth THz pulses generated by optical tectifications [4] are highly useful for
time-resolved spectroscopic applications. To probe the nonlinear response of material in the
far-infrared region, high-energy. THz pulse  generation by optical rectification in a
large-aperture ZnTe single crystal has been recently reported [5]. In addition to optical
rectifications, other parametric processes in nonlinear crystals can efficiently convert optical
pulses to terahertz waves. For example, the terahertz parametric oscillation in a LiNbO;
crystal has been used to generate a pulse energy of ~10 pJ [6]. Recently, two coherent
infrared laser beams were mixed in nonlinear optical crystals such as GaSe [7], ZnGeP; [8]
and GaP [9], to generate efficiently terahertz waves with extremely wide tuning ranges and
high peak powers. Accordingly, a figure of merit, deI;-Z/n3a2, which can conveniently
represents the efficiency of generation of terahertz output, is proposed, where d.y is the
effective nonlinear coefficient; n is the index of refraction, and a is the absorption
coefficient at the terahertz frequencies.

Gallium selenide (GaSe) has been recently identified as a promising semiconductor
crystal for nonlinear optics and terahertz photonics applications because of its high
nonlinearity [10, 11]. It has been successfully employed to generate coherent radiation in the
mid-infrared and even down to the terahertz frequency range using difference-frequency

generation (DFG) or phase-matched optical rectification [7, 12]. The widest tuning range
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covers wavelengths from 58.2 um to 3.54 mm and is associated with o-ee phase-matched
difference frequency generation (DFG). On the high-frequency side of the reststrahlen band,
tuning in the range 2.7-38.4 um was performed using an e-oo phase-matching configuration.
The output peak powers were measured to be 389 W and 4.7 W at wavelengths of 203 pm
and 1 mm, respectively. GaSe is also becoming the material of choice for broadband
terahertz detectors [13]. Given the above findings, the optical properties of GaSe crystal are
practically important to several terahertz devices. Optical constants near the absorption edge
and over a wide spectral range from near-infrared to far-infrared continue to be studied
actively [14-19]. The dielectric response, optical constants and nonlinear optical properties
of the GaSe crystals in the terahertz range were recently investigated by terahertz
time-domain spectroscopy (THz-TDS) and other parametric processes [20-23]. Numerous
optical measurements and phonon modes of the p-GaSe crystal have also been reported [24].
Unfortunately, the available data on optical properties, including refractive index and
absorption coefficient, of GaSe crystal in the terahertz region are inconsistent.

This work experimentally elucidates the optical constants, including the real and
imaginary parts of the ordinary' diclectric function, over a wide range of terahertz
frequencies. Fitting to experimental tesults yields a revised complex ordinary and
extraordinary dielectric function for GaSe crystal.- The phonon vibrational modes and
overtones on the wide terahertz'frequencies-are well-examined. The high magnitude of the
figure of merit and the large birefringence of @ GaSe crystal are also identified. Based on the
superior optical properties of GaSe crystal at terahertz frequencies, a THz phase modulator

design is presented for potential applications.

3.2 Sample preparation and experimental method

The GaSe crystals adopted in this work were grown using the Bridgman method. Raw
materials were placed in a well-cleaned quartz tube, sealed and then pumped down to below
10 Torr. Crystals were grown at a thermal gradient of 30 °C/cm with a growth rate of 2
cm/day. The resulting pure GaSe crystal exhibited the characteristic appearance of a (001)
hexagonal layered structure. The optical transmission of a thin GaSe crystal of thickness
~170 um was determined using a Bruker IFS66v/S spectrometer (Fourier transform infrared
spectrometer - FTIR) over a wide range of frequencies (60-4000 cm™). The power
reflectivity from the thick GaSe crystal (thickness ~ 3 mm) surface was also measured by

the specular reflection method with an oblique angle of incidence (6~11°) using the FTIR.
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Three GaSe crystals with different thicknesses 287 um, 1110 pm and 2021 pm were
prepared for the THz-TDS measurement. A home-made antenna-based THz-TDS system
with a collimated beam at the sample position was used [25], as shown in Fig. 3-1. Briefly,
terahertz pulses generated from femtosecond laser-excited dipole-type antenna fabricated on
low-temperature-grown GaAs were collimated by an off-axis paraboloidal mirror and
propagated through the GaSe sample at normal incidence. The transmitted terahertz pulses
were focused on another dipole-type antenna that was gated by time-delayed probe pulses
and oriented to detect terahertz waves that were polarized parallel to the incident terahertz
wave polarization. The diameter of the beam of the terahertz wave through the GaSe sample
was approximately 0.6 cm. The terahertz spectrometer was purged with nitrogen and

maintained at a relative humidity of 3.0+£0.5%.

G Ii With dry nitrogen purge RH<3%
Emitter

A

Sample

\\

25 Detector

—— { «jﬂ

Fig. 3-1 A general sketch of the home-made terahert; time-domain spectroscopy

(THz-TDS) system. Laser source : Ti: sapphire femtosecond laser with
wavelength~800nm; Repetition rate~82MH7z; Pulse duration~50fs; THZ

emitter and detector : LT- GaAs photoconductive antenna with Si lens.

3.3 Analysis model of optical constant from THz-TDS

We assume that the terahertz signal is a plane wave passing through the crystal at
normal incidence. In order to compare the recorded signal transmitting through GaSe crystal,
we treat the signal passing through the purged nitrogen N, as a reference. In Fig. 3-2, the
terahertz signal, Ey(f), is passing through the crystal (thickness: d;) at normal incidence. The
electric field of the terahertz wave transmitted through the N, area and GaSe crystal at a

frequency, f, can be expressed as E,(t) and Es(t), respectively.
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Fig. 3-2 A general sketch of the (a) reference-purged N; and (b) sample-GaSe crystal
for the optical constants measurement in the terahert; time-domain

spectroscopy (THz-TDS) experiment.

The electric field of the terahertz wave transmitted through the N, area at the

frequencies f, can then be written as:

7

£(s

® 27, § _i2nft
E, (=[] E(f)xe xe I df (1)
where Ey(f) is the electric field of the incident terahertz wave, 7, is the complex refractive

index of N, (71, =1), and d, is thethickness of GaSe crystal. Similarly, the electric field of

the terahertz wave transmitted through the GaSe crystal can be expressed as:

Eg(0)= | Ey(f)%T45 % FPuys, (f2d ) xTg, x> df )
where 7, =2xi,/(ii,+7;) and iy =2xig/(fi;+7,) are the complex transmission
coefficients at the N»-GaSe and GaSe-N; interfaces, respectively. 7, which is the complex
refractive index of GaSe crystal, is either the ordinary index (7, =n, +ix, ) or extraordinary
index (71, = n, +ix, ) of the GaSe crystal. In this work, the terahertz wave is normal incident,

and the complex refractive index is defined as 7, . The Fabry-Perot coefficient in the GaSe
crystal with a thickness of d; is FPgus.(f, ds)

i27f(

2 I ﬁsfls(zmﬂ))
FF 5 (f, dS)=Z Fsy € ‘ 3)
m=0
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where 7, is the complex reflective coefficient at the GaSe-N, interface. The number of

times for multiple internal reflections is considered from m=0 to N. (N is a variable in this
calculation).

Complex transmittance of the sample is represented in terms of Eq. (1) and (2) as:

TS ei(¢s )
T'ref

_E@®)
Eref (t)

~ 2m . .

. figd, —
e s a2 T 2 i) | A (g )]
=1, 2 | Fu€ e xe

where /T, /T, and ¢ —¢,  indicate the power transmittance and the phase shift,

4

respectively. From Eq. (4), the complex refractive index 7, =ng+ix, 1s derived as

follows:

1 L N | et o
ng = d (9 _¢ref)_arg Lysls, ZO rs4€ ¢ +ny,
o

2 f =5
c
7% (5)
1 T,
Ky = 7 In - ——— |+ k&,
Drfs el fzn_f(”s—fls)
/ c tAStSAZ':rSAe ¢
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3.4 Results and Discussions

3.4.1 Raman spectroscopy

The Raman scattering measurements were performed by a Jobin-Yvon U1000 Raman
system. The Raman spectra were excited by means of the 514.5 nm line from an Argon-ion
laser with a filter to filter out the Rayleigh scattering of the laser. Raman signals were
collected by the double-grating spectrometer and detected by a LN, cooled charge coupled
device (CCD). The measured Raman spectra data are presented in Fig. 3-3. There are
several Raman active phonon frequencies at 78 em”, 1153 em™, 133.0 em™, 211.5 ecm™,
250 cm” and 306.6 cm™ for GaSe crystal. These phonon modes could be provided the

correct assignments according to some published literature [24, 27]. Some low frequency
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bands, such as 19 cm’ and 60 cm'l, were not observed because of the noise background

from the laser system.

3000 pure GaSe
P
‘0
§ 2500
£ 1153
o
= 133.0
© 2000
Q
c
g 2115 306.6
§ 1500

780 250.0
1000 [l o [l o [l o [l o [l o [l
0 100 200 300 400 500

shift cm?) =

Fig. 3-3 Raman spectra of GaSe crystal. Several Raman active phonon modes could be

identified in this measurement.

3.4.2 Optical constant measurement by THz-TDS

Figure 3-4(a) presents the temporal waveforms in THz-TDS without and with the GaSe
sample for different sample thicknesses (d=287, 1110, 2021 um). The measurement of the
time delay 4¢ yields the group index of refraction n=1+cA4t/d, where d is the thickness of the
sample, and c is the speed of light in a vacuum. For instance, the delay due to the sample
index and thickness is experimentally determined to be 4/~=15.21+0.03 ps for =2021 pum.
The calculated group index of refraction » is 3.26. Based on iterative calculation procedures,
the real part of the complex ordinary refractive index, presented in Fig. 3-4(b), is about
3.23-3.37 (£0.005) in the range from 0.2 THz to 3 THz. The result for n, in 0.2-3 THz at
room temperature is consistent with the resulting delay-time in the aforementioned terahertz
temporal profiles. The extracted values of the real part of the complex ordinary refractive
index from three crystals of different thicknesses are mutually consistent. The relatively
clear separation in the time domain of the main transmitted pulse and the first internal

reflection facilitated the data analysis for the main pulse in the thick samples (d=1110 pum,
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2021 pm). Furthermore, the calculated real part of the complex ordinary refractive index
from the thin sample (d=287 pum) has a poorer signal and noise ratio than that from thick
sample, probably because the thinner sample has a shorter interaction length with the
terahertz wave, such that the relevant extracted data are less correct. However,
measurements of the thin sample include a severe Fabry-Perot effect: the main peak and the
multiple reflection peaks will mix together such that the extracted data are associated with a
worse S/N ratio. Nevertheless, the mean value of the real part of the complex ordinary
refractive index measured from the thin sample is very close to that measured from the thick
samples. A significant phonon resonance feature is determined as in the thick samples.

The refractive index n of a dispersive medium depends on frequency. In regions of the
spectrum where the material does not absorb, the real part of the complex refractive index (n)
tends to increase with frequency. Near anomalous dispersion and resonant absorption, the
curve of the refractive index declines with frequency [26]. The GaSe crystal is a dielectric
medium, with the expected dispersive behavior in the terahertz frequencies, according to our
measurements. The absorption spectrum, which is shown in Fig. 3-4(c), clearly includes an
absorption peak at around 0.586:THz (19.5 em:'), corresponding to the ringing in the
time-domain waveform in Fig. 3-4(a). The presence of the low-frequency sharp peak of the
“rigid layer mode” at 0.586 THz indicates 'that the pure GaSe crystal is in the e-phase. This
result is confirmed by the extracted index-of refraction n,, presented in Fig. 3-4(b). As
expected, the line-shape of the real part exhibits dispersive behavior close to the absorption
peak. Away from resonance, the real part remains smooth. Figure 3-4(c) shows the
extinction coefficient k to be about 0.0015—(0.020+0.012) outside the absorption peak. This
value corresponds to an absorption coefficient of under 20 cm™ in the 0.2-3 THz frequency

range.
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Fig. 3-4 (a) Time profiles of teraherty pulse transmitted through GaSe crystals of
various thicknesses. (d=287, 1110, 2021 um) (b) Real part of complex
refractive index n of GaSe:crystal. (c)'Imaginary part of complex refractive

index k of GaSe crystal,

3.4.3 Optical properties measurement by transmitted FTIR

Fourier-Transform Infrared transmission spectra are useful for characterizing phonon
vibration frequencies. Our earlier works have identified some overtones and multi-phonon
process modes [18, 19]. Figure 3-5 depicts the experimental absorption spectrum of the pure
GaSe crystal in the wide wavelength range (3—700 um). The measurements reveal no
absorption modes in the transparency window (<18 um). Some other IR-active modes at
19.6 um (510 cm™), 22.4 pm (446 cm™), 24.4 pm (410 cm™) and 27.6 um (362 cm™) are
identified. These modes are assigned to the difference frequency combinations of acoustic
and optical phonons or the impurity-induced localized modes. For instance, the band at 24.4
pm is the overtone of the IR active mode at 46.8 um. The band at 27.6 um originates in the
multi-phonon processes, while the two bands at 19.6 um and 22.4 pm follow mainly from

the impurity-induced localized modes [20, 24, 27, 28].
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Fig. 3-5 Absorption spectrum of pure GaSe crystal from 3 uym to 700 um.

In principle, the optical medium indeed absorbs; very strongly whenever the photon is
close to resonance with the TO ‘phonon. The fundamental optical properties of a dielectric,
including the absorption, refraction and. reflectivity, are all related to each other, because
they are all determined by the complex dielectric function. At frequencies in the reststrahlen
band between transverse (TO) and longitudinal (LO) optical phonons, no mode can
propagate and so all of the incident photons are reflected. The Kramers-Kronig analysis of a
reflection spectrum from a single interface was used to determine the complex refractive
index in elsewhere [29]. Figure 3-5 displays the strong infrared absorption peak in the
reststrahlen band. The phonon modes and absorption coefficient are determined by

measuring the crystal surface reflectivity, as follows.

3.4.4 Optical properties measurement by reflected FTIR

Figure 3-6 shows power reflectance, which yields information about optical phonons in
the reststrahlen band. After the experimental data are fitted, the transverse and longitudinal

optical phonons (w7 and w;o) are identified at 46.8 um (6.39 THz; 213.5 cm™) (E'(TO))
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and 39.2 um (7.62 THz; 255 cm™) (E'(LO)), respectively, for an ordinary refractive index.
Both assigned phonon modes in the reststrahlen band in our studies are consistent with those
reported elsewhere [10, 18]. The infrared active phonons identified by the specular

reflection measurements verify that the GaSe crystal is in the e-phase.

Wavenumber (cm™)
3.3 33.3 333.3

1.0 —— p——p—p———ey v

S O Experimental reflectance
— Fitting curve

0.8

0.6

Reflectance

0.4

0.2

0.0 ———— il

0.1 1
Frequency(THz)

Fig. 3-6 Power reflectance measurement over wide range of terahert; frequencies. A
strong infrared absorption peak in the range 6—8 THz, called the reststrahlen

band, is observed.

3.4.5 Ordinary and extraordinary dielectric function determination

The calculated power reflectance in the range 0.2 to 3 THz is obtained using the
parameters that govern the optical constants derived from the THz-TDS. Combining the
experimental measurements from THz-TDS and FTIR yields the power reflectance over a
wide frequency range. Moreover, based on the parameters given elsewhere [10], a complex
ordinary dielectric function is developed theoretically to fit our data, as presented as the red

solid-line in Fig. 3-6. The complex ordinary dielectric function &,(w) is modified slightly, by
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introducing a corrected damped harmonic oscillator term. The expression as a function of

wave-number, ®, 1S

2 2 2
(0, —;)S, N S,

2

g, (w)= Ao’ + Bo' +Cw’® + S, + L ——
w,—o —-il'h'o o -0 -il'o

(6)

where 4=6.105x107" ¢m®, B=1.8564x10"* cm*, C=4.0499x10” cm’, §,=7.37, $,=0.017,
=28 cm’l, 1=0.5667 cm'l, w;=255 cm'l, ®wr=213.5 cm™ and ®~=19.53 cm™.. Although the
parameters of 4, B and C are insignificant for the fitted result, we still include these for the
formula more completely in order to deduce the following Sellmeier equations. The
Kramers-Kronig analysis of the power reflectance data yields values for the transverse and
longitudinal optical phonon modes of w;=213.5 cm™ and w;=255 cm™, respectively, in the
reststrahlen band.

Figures 3-7(a) and (b) display the experimentally measured optical constants (n:
refractive index; a: absorption coefficient), which are compared with previously published
data. The figure includes the real and imaginary parts of the proposed fitted dielectric
function, the ordinary index of refraction and the absorption coefficient. In Fig. 3-7(a), the
revised real part of the ordinary dielectric function fits well with the experimental data in the
terahertz range. Additionally, the deviation between the imaginary part of the ordinary
dielectric function fitted curve and the experimental data in Fig. 3-7(b) is caused mainly by
the scattering absorption loss because of the-imperfect crystallinity of the crystal.

The Sellmeier equation is an empirical formula that effectively describes dispersion.
The modified Sellmeier equation coefficients for the pure GaSe crystal suitable over various
frequency ranges were experimentally proposed [18, 30, 31]. In particular, Shi et al. utilized
the dispersion relation of Vodopyanov to confirm the phase matching condition for terahertz
generation by applying difference-frequency mixing [32]. Furthermore, in our previous
investigations [18], the revised Sellmeier equations were expected to be accurate over the
spectral range of 2.4-35 um and were experimentally verified from 2.4 to 28 um. Piccioli et
al. theoretically fitted their data to propose the complex dielectric function [10, 15]. In Figs.
3-7(a) and (b), the solid-lines represent the calculated dielectric functions reported in the
literature [10, 18 and 30], which are separated to yield the ordinary n, and a,. The optical
constants measured herein agree closely the data published elsewhere [22]. The measured
sharp phonon resonance mode at 0.586 THz is verified in that work [22]. Other studies have
also obtained optical constants using THz-TDS in the terahertz range [20, 21]. To simplify
the figures in this paper, no data is included for comparison. However, some data concerning

optical constants in these studies deviate somewhat from those measured in this
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investigation. In particular, no second-order phonon vibration mode is observed, unlike that

in the literature [20].
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Fig. 3-7 (a) Comparisons of refractive indices n herein and published values. Revised
dielectric function-fitted curve is included. (b) Comparison of absorption
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coefficient a herein with published values. Revised dielectric function-fitted

curve is also included.
The ordinary dielectric function over the terahertz range is modified herein.
Furthermore, we fit our previous work [18] in Fig. 3-8 to retrieve the extraordinary

dielectric function. The complex extraordinary dielectric function &.(w) is expressed as

(af-—aﬁ)S}

2

g(@)=A'0°+B'0'+C'&’ + 5, + —
w, —o —il';o

(7

where 4'=122.3x10" em®, B'=—22.88x10""* cm*, C'=3.879x10” cm’, $5=5.76, [5=2.8 ecm™’,
w;=245.5 cm™, @7=237 cm™. The extraordinary dielectric function may be adaptable to the
terahertz regime by fitting the phase matching curve plotted in other works, which is shown
in the inset of Figs. 3-8(a) and (b) [21, 23, 32]. In the inset of Figs. 3-8(a) and (b), there are
some deviations in the long wavelength ranges. It might be likely due to the bandwidth of
the two interaction waves in the difference frequency mixing process. On the other hand, the
little changes of the phase matching angles among these THz range lead to the
non-distinguishable recording of the angles.value. Consequently, Table 3-1 concludes the

parameters used in the calculation’of the optical constants for e-GaSe from Eq. [6] and [7].
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Fig.3-8 Fitting of the infrared generation phase matching curve [18] to obtain the
extraordinary refractive indices n,. Inset: fitting the THz generation phase
matching curve plotted in other works [21, 23, 32].
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Table 3-1 Parameters used in the calculation of the dielectric functions for e-GaSe from

Eq. [6] and Eq. [7]

DIELECTRIC PARAMETER THIS WORK HANDBOOK
FUNCTION REFE[10]
A (cm®) 6.105x107% 6.105x107%
B (cm*) 1.8564x107" 1.8564x10™"®
C (cm?) 4.0499x10° 4.0499x10”
S 7.37 7.443
Ordinary S . 0.017
I (em™) 2.8 3
I, (cm™) 0.5667
o, (cm™) 255 254.7
or (¢m™) 213.5 213.5
oi(cm™) 19.53
A’ (cm®) 122.3x107%
B"(em?) ~-22.88x107"®
C’ (cm?) 3.879x10”
Extraordinary 5s - 576 576
I's (cm™) 2.8 2.8
or, (cm™) 245.5 245.5
or (cm™) 237 237

3.4.6 Sellmeier equations determination

According to the revised dielectric function proposed above, we report the following

modified Sellmeier equations for GaSe suitable for wide frequency range. For o-ray,

5 B C D EX GA?
= —+ +
’ A A A A-F A -H
where 4 is the wavelength in micrometers, and A=7.37, B=0.405, C=0.0186, D=0.0061,
E=3.1436, F=2193.8, G=0.017, H=262177.5577. The last term is added into this equation in

®)
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order to interpret the phonon modes (w,=19.53 cm™) observed in the THz range. Similarly,
the modified Sellmeier equation for e-ray is also given by
, . B C 2‘+ EAN
‘ AA A A-F
with 4= 5.76, B=0.3879, C=—0.2288, D =0.1223, E=0.4206, and F'=1780.3. Figure 3-9

)

presents the extraordinary refractive indices in this work and comparison with that from
other groups [10, 18, 30]. The inset of Fig. 3-9 shows the extraordinary refractive index ne
in wide THz range including the strong resonance region. Consequently, Table 3-2 lists the

parameters used in the calculation of the optical constants for e-GaSe from Eq. [8] and [9].
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Fig. 3-9 Comparisons of extraordinary refractive indices n, herein and published values.
Inset: the extraordinary refractive indices n, in the wide frequency range
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Table 3-2 Parameters used in the calculation of the Sellmeier equations for e-GaSe

from Eq. [8] and Eq. [9]

PARAMETER | THIS WORK | VODOPYANOV | ALLAKHVERDIEV
REF.[30] REF.[31]
A 7.37 7.443 7.38539
B 0.405 0.405 0.42611
C 0.0186 0.0186 —0.00797
n D 0.0061 0.0061 0.02291
0 E 3.1436 3.1485 0.88558
F 2193.8 2194 873.471
G 0.017
H 262177.5577
A’ 5.76 5.76 5.77169
B’ 0.3879 0.3879 0.31285
C’ —0.2288 ~-0.2288 —0.03784
n, D’ 0.1223 0.1223 0.0573
E’ 0.4206 1.855 2216.135
F’ 1780.3 1780 2049967

3.4.7 Potential application of GaSe in terahertz frequencies

The GaSe crystal is a promising material for nonlinear optical and optoelectronic
applications at terahertz frequencies. In Fig. 3-10, the figure of merit for GaSe is
approximately five orders of magnitude larger than that for bulk LiNbOj; at terahertz
frequencies. Hence, GaSe crystal is a good candidate for generating terahertz waves. Not
only does it have a low absorption coefficient at terahertz frequencies, but also it has a large
birefringence, as shown in the inset of Fig. 3-10. The birefringence presented in this study is
obtained from our revised ordinary and extraordinary dielectric function. The high
birefringence and low absorption coefficient suffice for terahertz device applications. For
example, the EO phase modulator can provide a phase shift @®=2zdAn/A, where d is the
thickness of the EO crystal; 4 is the operating wavelengths of the device; 4n equals the

difference between n, and #n, for the GaSe crystal (4n= n,—n,).
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A THz phase modulator design 1s considered. For a 1 THz frequency (4A=300 pm), a
crystal thickness d=400 um is required for a 2z phase shift. The estimated absorption
coefficient o is around 2 cm™ at 1 THz. Disregards of the Fresnel reflection from the
interfaces, the low intrinsic absorption loss in the GaSe crystal is such that the high
transmittance could be as high as 92% for a crystal thickness of 400 pm. Moreover, given a
3dB loss at 1 THz, the GaSe crystal could be as thick as 3.4 mm if perfectly crystalline
following high-quality crystal growth. Other practical applications of the design of photonic

devices at terahertz frequencies are anticipated.

3.5 Summary

The optical constants of a single crystal e-GaSe are studied using the terahertz
time-domain spectroscopy over the frequency range from 0.2 to 3 THz. Fitting the power
reflectance over a wide terahertz range for ordinary refraction index yields the transverse

and longitudinal optical phonons in the reststrahlen band of 6.39 and 7.62 THz, respectively.
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Modified complex ordinary and extraordinary dielectric functions of GaSe are presented.
Moreover, the revised Sellmeier equations are also reported herein. The accurate
measurement of the optical properties of the e-GaSe crystal is useful for fundamental and
practical applications, and the design of the photonic devices at terahertz frequencies. An
estimated EO phase modulator design is developed to yield the promising characteristics of

the GaSe crystal at terahertz frequencies.

_48 -



References

[1]

2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

M. C. Nuss and J. Orenstein, “Terahertz Time-Domain Spectroscopy,” in Millimeter
and Submillimeter Wave Spectroscopy of Solids, G. Gruner, ed., (Springer, Berlin,
1998).

D. Mittleman, Sensing with Terahertz Radiation (Springer-Verlag, Berlin, 2003).

B. Ferguson and X. -C. Zhang, “Materials for terahertz science and technology,” Nat.
Mater. 1, 26-33 (2002).

K. Reimann, R. P. Smith, A. M. Weiner, T. Elsacsser, and M. Woerner, “Direct
field-resolved detection of terahertz transients with amplitudes of megavolts per
centimeter,” Opt. Lett. 28, 471-473 (2003).

F. Blanchard, L. Razzari, H. -C. Bandulet, G. Sharma, R. Morandotti, J. -C. Kieffer, T.
Ozaki, M. Reid, H. F. Tiedje, H. K. Haugen, and F. A. Hegmann, “Generation of 1.5
wJ single-cycle terahertz pulses by optical rectification from a large aperture ZnTe
crystal,” Opt. Express 15, 13212-13220 (2007).

K. Kawase, M. Sato, T. Taniuchi;;and H. Ito, “Coherent tunable terahertz wave
generation from LiNbO; with monolithic sgrating coupler,” Appl. Phys. Lett. 68,
2483-2485 (1996).

W. Shi and Y. J. Ding, “Aimonochromatic and high-power terahertz source tunable in
the ranges of 2.7-38.4 and" 58.2-3540"um for variety of potential applications,” Appl.
Phys. Lett. 84, 1635-1637 (2004).

W. Shi and Y. J. Ding, “Continuously-tunable and coherent terahertz radiation by
means of phase-matched difference-frequency generation in zinc germanium
phosphide,” Appl. Phys. Lett. 83, 848-850 (2003).

W. Shi and Y. J. Ding, “Tunable terahertz waves generated by mixing two
copropagating infrared beams in GaP,” Opt. Lett. 30, 1030-1032 (2005).

E. D. Palik, Handbook of Optical Constants of Solids (Academic, New York, 1998),
Vol. I1I.

V. G. Dmitriev, G. G. Gurzadyan, and D. N. Nikogosyan, Handbook of Nonlinear
Optical Crystals (Springer, Berlin, 1997), pp. 166-169.

R. Huber, A. Brodschelm, F. Tauser, and A. Leitenstorfer, “Generation and
field-resolved detection of femtosecond electromagnetic pulses tunable up to 41
THz,” Appl. Phys. Lett. 76, 3191-3193 (2000).

K. Liu, J. Xu, and X. C. Zhang, “GaSe crystals for broadband terahertz wave
detection,” Appl. Phys. Lett. 85, 863-865 (2004).

_49 -



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

S. Adachi and Y. Shindo, “Optical constants of e-GaSe,” J. Appl. Phys. 71, 428-431
(1992).

N. Piccioli, R. Le Toullec, M. Megjatty, and M. Balkanski, “Refractive index of GaSe
between 0.45 um and 330 um,” Appl. Opt. 16, 1236-1238 (1976).

V. M. Burlakov, E. A. Vinogradov, G. N. Zhizhin, N. N. Mel’nik, D. A. Rzaev, and V.
A. Yakovlev, “Optical properties of GaSe films at lattice vibration frequencies,” Sov.
Phys. Solid State 21, 1477-1480 (1979).

K. Allakhverdiev, N. Fernelius, F. Gashimzade, J. Goldstein, E. Salaev, and Z.
Salaeva, “Anisotropy of optical absorption in GaSe studied by midinfrared
spectroscopy,” J. Appl. Phys. 93, 3336-3339 (2003).

C. -W. Chen, Y. -K. Hsu, J. Y. Huang, C. -S. Chang, J. Y. Zhang, and C. -L. Pan,
“Generation properties of coherent infrared radiation in the optical absorption region
of GaSe crystal,” Opt. Express 14, 10636-10644 (2006).

Y. -K. Hsu, C. -W. Chen, J. Y. Huang, C. -L. Pan, J. -Y. Zhang, and C. -S. Chang,
“Erbium doped GaSe crystal for mid-IR applications,” Opt. Express 14, 5484-5491
(20006).

B. L. Yu, F. Zeng, V. Kartazayev, R. R."Alfano, and K. C. Mandal, “Terahertz studies
of the dielectric responsé and second-order phonons in a GaSe crystal,” Appl. Phys.
Lett. 87, 182104-1-3 (2005).

T. Tanabe, K. Suto, J. -i. Nishizawa, and T. Sasaki, “Characteristics of terahertz-wave
generation from GaSe crystals,” J. Phys. D: Appl. Phys. 37, 155-158 (2004).

N. B. Singh, T. B. Norris, T. Buma, R. N. Singh, M. Gottlieb, D. Suhre, and J. J.
Hawkins, “Properties of nonlinear optical crystals in the terahertz wavelength
region,” Opt. Engineering 45, 094002-1-7 (2006).

J. -i. Nishizawa, T. Sasaki, Y. Oyama, T. Tanabe, “Aspects of point defects in
coherent terahertz-wave spectroscopy,” Physica B 401-402, 677-681 (2007).

K. Allakhverdiev, T. Baykara, S. Ellialtioglu, F. Hashimzade, D. Huseinova, K.
Kawamura, A. A. Kaya, A. M. Kulibekov (Gulubayov), and S. Onari, “Lattice
vibrations of pure and doped GaSe,” Mater Res. Bull. 41, 751-763 (2006).

C. L. Pan, C. F. Hsieh, R. P. Pan, M. Tanaka, F. Miyamaru, M. Tani, and M. Hangyo,
“Control of enhanced THz transmission through metallic hole arrays using nematic
liquid crystal,” Opt. Express 13, 3921-3930 (2005).

B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics (Wiley, New York, 1991).

-50 -



[27]

[28]

[29]

[30]

[31]

[32]

H. Yoshida, S. Nakashima, and A. Mitsuishi, “Phonon Raman Spectra of Layer
Compound GaSe,” Phys. Status Solidi B 59, 655-666 (1973).

M. Hayek, O. Brafman, and R. M. A. Lieth, “Splitting and Coupling of Lattice Modes
in the Layer Compounds GaSe, GaS, and GaSexS,x,” Phys. Rev. B 8, 2772-2779
(1973).

K. Yamamoto, A. Masui, and H. Ishida, “Kramers-Kronig analysis of infrared
reflection spectra with perpendicular polarization,” Appl. Opt. 33, 6285-6293 (1994).
K. L. Vodopyanov and L. A. Kulevskii, “New dispersion relationships for GaSe in the
0.65-18 pm spectral region,” Opt. Commun. 118, 375-378 (1995).

K. R. Allakhverdiev, T. Baykara, A. K. Gulubayov, A. A. Kaya, J. Goldstein, N.
Fernelius, S. Hanna, and Z. Salaeva, “Corrected infrared Sellmeier coefficients for
gallium selenide,” J. Appl. Phys. 98, 093515-1-6 (2005).

W. Shi, Y. J. Ding, N. Fernelius, K. Vodopyanov, “Efficient, tunable, and coherent
0.18-5.27-THz source based on GaSe crystal,” Opt. Lett. 27, 1454-1456 (2002).

-51-



Chapter 4

Generation properties of coherent infrared radiation in

the optical absorption region of GaSe crystal

4.1 Introduction

Generation of broadly tunable coherent mid-infrared (mid-IR) pulses is of considerable
interests in many disciplines ranging from molecular spectroscopy, bio-medical diagnostics,
to remote sensing of atmospheric trace constituents. The most important technique to
generate tunable coherent radiation in the mid infrared (mid-IR) is based on the
second-order nonlinear optical (NLO) processes in a non-centrosymmetric crystal. These
NLO processes include difference-frequency mixing, optical parametric generation and
amplification [1-9].

The crystals used for mid-IR‘generation by frequency down conversion are still scarce
and only a few of them have become commercially available [1-3]. Among these, GaSe is
particularly attractive as it exhibits a fairly high effective nonlinear coefficient, doy=54 pm/V
at 10.6 um and a wide transparency*range from.'0.62 um to 20 um [10]. It has been
successfully employed for generation of coherent radiation in the mid-IR and even down to
the THz frequency range by difference-frequency generation (DFG) or phase-matched
optical rectification [5, 8]. Improvements in the optical nonlinearity of GaSe crystal with
doping of silver or sulphur have been reported [11-13]. Recently, we also reported that the
nonlinear coefficient (d.;) of a GaSe crystal doped with 0.5 atom % erbium is 24% higher
than that of a pure GaSe crystal [14].

GaSe is a semiconductor with layered hexagonal structure belonging to the D!, (P6m2)

space group. Beyond mid-IR, the infrared absorption edge of the NLO crystal places a
practical limit on its frequency down conversion range. The infrared absorption edge of a
crystal is usually attributed to infrared-active phonon modes or their combination modes.
Unfortunately, there have been very limited studies concerning the effect of infrared
absorption edge on the optical dispersion and frequency down conversion efficiency of NLO
crystals, GaSe in particular.

In this work, we investigate the effect of infrared absorption on the generation

properties of coherent infrared radiation from mid-IR to THz region using the GaSe crystal.
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Based upon the experimentally determined phase matching curves, modified Sellmeier
equations of GaSe are proposed to more accurately describe the optical dispersion of this
crystal in this spectral region. We identify the phonon modes that are responsible for the
resulting infrared absorption edge. We also show that the absorption effect of these infrared
active phonon modes can be reduced by doping GaSe crystal with erbium ions. The scheme

increases the IR output and therefore extends the long wavelength tuning limit.

4.2 Experimental methods

The GaSe crystals used in this study were grown with the Bridgman method. For doped
crystals or Er:GaSe, up to 0.2 atom % of erbium (99.95%) was introduced into the melt.
Raw materials were placed in a well-cleaned quartz tube, sealed and then pumped down to
below 10 Torr. The crystal growth was carried out under a thermal gradient of 30 °C/cm
with a growth rate of 2 cm/day. The resulting pure GaSe and Er:GaSe crystals exhibit the
characteristic appearance of hexagonal layered structure of (001) plane. The crystal qualities
were evaluated by measuring the X-ray:tocking curve of the diffraction peak from the (008)
plane. The optical transmission ,0f the crystals were determined with a Fourier-transform
infrared spectrometer (FTIR, Bruker [ES66v/S) in-the mid-IR region and a home-made THz

time-domain spectrometer (THz=TDS) [I'5] in the THz region, respectively.

(@) GaSe

FWHM=0.02°
~ (72 arcsecond)

XRD Intensity (a.u)

224 225 226 227 228 229 23.0 231
0 (degrees)
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(b) 0.2% Er:GaSe

. FWHM=0.025°
(90 arcsecond)

XRD Intensity (a.u)

224 225 226 227 228 229 230 231
0 (degrees)

Fig. 4-1 (a) X-ray rocking curve of pure GaSe (b) X-ray rocking curve of 0.2%
Er:GaSe.

The crystal quality of the-pure and the 0.2% Er:GaSe crystals are excellent. This is
confirmed by measuring full-width-at-half-maximum (FWHM) widths of the (008)
diffraction peaks, estimated to be about 0.02°.and 0.025° for the pure and the 0.2% Er:GaSe
crystals. Figures 4-1(a) and (b) present the X-ray rocking curves for both as-grown and
doped GaSe crystals, respectively.

The GaSe difference-frequency generator (DFG) was implemented with a collinear
type-1 (o+o—e) phase-matching geometry. The photography and schematic of this DFG
system are shown in Figs. 4-2 (a) and (b), respectively. The pump beam of the DFG was
provided by the fundamental output of an Nd: YAG laser (A=1.064 um) with pulse duration
of 20 ps, at a repetition rate of 10 Hz. The signal beam, with a pulse duration of 5 ps and
tunable in the range of 1.1-1.8 um was generated by the idler output of a B-BaB,O4
(BBO)-based optical parametric amplifier (OPA) pumped by the 355 nm output of the
Nd:YAG laser, which is shown in Fig. 4-3. The typical pulse energy of the 1.064 um beam
employed for DFG was about 750 uJ, while that of the OPA was adjusted between 35 and
50 wJ. The spot size of the pump beam was measured to be about 1.7 mm, corresponding to
a maximum peak intensity of 1.7 GW/cm” on the GaSe crystal. The spot size of the signal

beam after focusing is about 2.5 mm. In order to prevent optically induced damage, the
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samples are placed at the location of the focus of signal beam, which is before the focus of

the pump beam. Both GaSe and the Er:GaSe crystals used in this study were not

anti-reflection-coated and have a nominal thickness of 3.3 mm.

s

1064 nm
BBO - OPO
4 i N
¥ < anplifer
Delay 1064 nm
& 7 208
GaSe for DFG 10 Hz
//Ge filter
ND filter
2 >
------------------------ 4
Py &
(b)

Fig. 4-2 (a) Photography of the GaSe-based ps-DFG system. (b) Schematic of the
GaSe-based ps-DF G system.
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Fig. 4-3 Wide tuning range of idler'output from 355nm pumped OPA.

The generated mid-IR radiation“was_detected either with a cryogenically cooled
mercury cadmium telluride (MCT). detector or a silicon bolometer. The residual pump
radiation was blocked with a germanium (Ge) filter. The absolute pulse energies of the
generated mid-IR radiation were determined with a calibrated pyroelectric detector. The
generated pulse energies are corrected for the losses from Fresnel reflection and

transmittance of the Ge filter.

4.3 Results and Discussions

4.3.1 Optical properties of pure and erbium doped GaSe crystals
measured by transmitted type FTIR

The absorption power spectrum of the pure GaSe crystal from 5 to 40 um is presented
in Fig. 4-4. A strong infrared absorption peak near 40-50 um (200-250 cm™) can be clearly
observed. Summarizing the lattice vibrational analysis and the existing data for infrared

active phonons of g-GaSe [16], several longitudinal and transverse optical phonons modes
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were noticed to occur at 214 ¢cm™ (E'(TO)) and 255 cm™ (E'(LO)). Before the absorption
edge, some other IR-active modes at 19.6 um (510 cm™), 22.4 um (446 cm™), 24.4 pm (410
cm™), 27.6 pm (362 cm™), 30.4 um (329 cm™), and 33.1 pm (302 cm™) can also be
identified. These modes are assigned as the difference-frequency combinations of acoustic
and optical phonons or the impurity-induced localized modes. For example, the band at 24.4
pum is the overtone of the IR active mode at 46.7 um. The band at 27.6 um has its origin
from the multi-phonon processes, while the two bands at 19.6 um and 22.4 um are mainly

due to the impurity-induced localized modes [17-20].

500
S L — Pure GaSe
e -—— 0 :
S 400} 0.2% Er:GaSe
c i
Q
2 300}
©
(@] b
o
E 200
‘§. !
?
2 100f
<

oL . . . R R

10
Wavelength (um)

Fig. 4-4 Absorption coefficients of GaSe are plotted as a function of wavelength in the
mid-IR. The solid and dashed curves show our experimental results measured

by FTIR and for pure and Er’*:GaSe, respectively.

From our measurement, the transmittance of the erbium doped GaSe crystal was
compared highly with the one of pure crystal while the output wavelength was above 15 um.
The infrared absorption of Er'":GaSe is lower than that of pure crystal because the linear
chain structure of Se-Ga-Ga-Se—Se-Ga-Ga-Se [14] in pure GaSe crystal is disrupted by

erbium dopants. As a result, the vibrations of induced vacancies or substitutional impurities
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in GaSe crystal are shifted to lower frequencies. Consequently, the heights of overtone

absorption peaks from the unperturbed part of GaSe lattice are reduced.

4.3.2 Effective nonlinear coefficient (d.;) determined by SHG

The most commonly used method to determine the effective nonlinear coefficient is
second-harmonic generation (SHG), because SHG benefits from well-established focused
beam theories for type-I and type-II interactions. Subsequently, we utilized the picosecond
infrared light source generated from our DFG system as a pump beam to achieve the
frequency doubling in the as-grown pure GaSe crystal. The DFG system herein, shown in
Fig. 4-2(b), was tuned to the wavelength of 6 pum. The output of the DFG system had a pulse
width of 5 ps, and the pulse energy was available up to ~1 pJ. We determined optimum
condition by varying the orientation and position of the crystal until maximum SHG output
was observed. The pulse energy in both the fundamental and the frequency-doubled beams
were measured with MCT detector! A 1 mm thick' glass plate was introduced to separate the
two wavelengths, and the absorption of the plate was factored into the efficiency calculation.

Type-1 phase matching was used .with an ordinary wave input and obtained an
extraordinary wave output. The-external phase matching angle of 30.2° was adjusted by
means of dispersion relation of GaSe. As-a-function of the input pulse energy, the measured
efficiencies of pure GaSe crystal are presented in Fig. 4-5. The slope of the efficiency data
was also used to determine the effective nonlinear optical coefficient (d.y) for this crystal.
The extracted effective nonlinear coefficient K, using the focused Gaussian beam theory of
Boyd and Kleinman, combined with both focusing and double refraction effects can be
determined [21]. The theoretical second-harmonic power P, is related to K the following
equation by

P, = KP’Lkh(B,¢) (1)
where P; is the fundamental input power; L is the interaction length; k;=2zn/49, with n being

the index of refraction of the input beam; and #(B,&) is the Boyd and Kleinman efficiency

1/2

factor. The double refraction parameter is B =(p/2)(k,L) ~, where p is the walk-off angle

of 3.4° was used, which is the predicted value when the Sellmeier equations are used at the

predicted phase matching angle. The focusing parameter & =L /b, where b is the length for

confocal configuration over which the beam diameter is less than 2"2w,. It is given by
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b =k}, and the efficiency scaling constant in m.k.s. units is
K =8zd’*/cen’A; 2
where ¢y is the permittivity of free space, c¢ is the vacuum speed of light, and d is the

effective nonlinear coefficient in meters per volt.

The measured nonlinear conversion efficiency is the total energy of second-harmonic

signal compared with the fundamental pulse energy and is expressed as 7 = Il’zdt/ I Pdt,

where the integrals are over the temporal duration of the pulse. One can relate this efficiency
to the time-independent Boyd and Kleinman theory by measuring the fundamental pulse

shape and integrating Eq. (1) over time. The result is
n = KLkh(B, &) j Pt/ j P,dt (3)

So that by measuring the temporal pulse shape of the fundamental we can relate the
experimental conversion efficiency to the theory. Using Eq. (1)-(3), along with the measured
pulse shape, we calculated the d.; by matching the theory to the data. We have determined
the nonlinear coefficient d», of the pure GaSe.crystal to be 56 pm/V, which agrees well with
a value of 54 pm/V reported in Ref. [10].

3.0

O 0.5% ErGaSe
25F O pure GaSe

[EEY
o
T
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Efficiency (%)
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Fig. 4-5 Measured SHG efficiency of a 3.3 mm long pure GaSe crystal as a function of
the internal pulse energy. Inset: Comparison of d.; between pure and 0.5% Er:GaSe.
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In addition, the conversion efficiency for erbium doped GaSe crystal is also measured
in this study. The effective nonlinear coefficient d.y of the 0.5% Er:GaSe crystals were
determined to be higher than that for pure one. The experimental measurement is shown in
the inset of Fig. 4-5. The difference could be ascribed to either crystal quality [11] or
doping-induced effect [12]. The structural analysis of our GaSe crystals shown in Fig. 4-1
suggests that these crystals have similar crystal quality. Therefore, the increased effective
nonlinear coefficient of Er:GaSe must originate from the doping effect with erbium. A
plausible interpretation could be that the substitution of one Er’" ion for one pair of Ga*” and
insertion of one Er'" interstitial ion at interlayer sites in the unit cell could result in a
favorable local structural alteration with better optical nonlinearity. Note that an 20 %
increase in optical nonlinearity by impurity substitution was also observed recently in
Y CasO(BOs); crystal [22] doped with Yb at a fairly high doping level of 20%. The increase
in optical nonlinearity was attributed to the more covalent nature of Yb, which causes large
delocalization of the m-electrons in the BO conjugate ring. Based on these two experimental
studies, doping indeed seems to be an effective way to improve the optical properties of
nonlinear optical crystals. Effective nonlinear coefficient (d.p) of 0.5% erbium doped GaSe
crystal was found to be increased by|24% from that of a pure GaSe crystal. It is noticed that
the absorption coeffiecients of pure and erbium -doped GaSe are comparable in the
wavelength of 6 um, the result-is shown-in-Fig: 4-4. The difference is within the 10%
deviation, in which the value for ‘erbium.doped GaSe is slightly higher. Therefore, the
absorption coefficient should not be likely the main origin which leads to the 24%
difference of the d,y for the doped and pure GaSe crystals.

4.3.3 Picosecond mid-infrared generation by difference frequency mixing

The tuning curve of a collinear type-I phase-matched GaSe DFG pumped at 1.064 pm
is presented in Fig. 4-6. The filled triangles in Fig. 4-6 are the experimental data. The
broken lines in red and green are the calculated results by using the Sellmeier equations
reported in Ref. [23] and Ref. [24], respectively. To characterize the phase matching (PM)
curves, we prepare one sample for each type of GaSe crystals. We first carefully determine
the crystal orientation with a zero external angle. The phase matching angles can be
measured with an accuracy limited by the rotational stage used. The tuning curves are

highly reproducible for different measurement runs with each data point having a
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measurement accuracy of +0.2° in crystal orientation and 10 nm in wavelength. The
difference between the phase matching tuning curves of the pure GaSe and the Er:GaSe (not
shown here) can not be distinguished within the measurement accuracy. The Erbium doping
appears to produce very small perturbation on the lattice of GaSe and therefore its role can

not be revealed in the Sellmeier equations and PM curve.
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Fig. 4-6 Type-I DFG output wavelength vs. external PM angle. The filled triangles
show the experimental data and solid curve is the fitting curve using the
modified Sellmeier equation. Dashed curve: calculated phase matching curve
using dispersion of GaSe from Ref. [23]. Dotted curve: calculated phase
matching curve using dispersion of GaSe from Ref. [24].

4.3.4 Sellmeier equations determination

The tuning curves shown in Fig. 4-6 indicate that by varying the external PM angle
from 34° to 80°, the DFG output can be tuned from 2.4 to 28 pum. For the output
wavelengths longer than 20 pm, however, the experimental PM angles show significant
deviation from the two calculated phase matching curves. Compared to the curve with
Sellmeier equations taken from Ref. [23], our measured data points deviate from the

calculated curve by 2%—4% (0.7°-3.3°), which are larger than the error bar of our
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experimental data. A uniform shift of the measured data along the x-axis, which results in a
deviation of 0.6°-2.6°, can not yield a satisfactory fit to the PM curve from Ref. [23].
Furthermore the absolute crystal orientation with a zero external angle can be measured to
rule out this possibility. Therefore, to fit the PM curve for DFG satisfactorily, we propose
the following modified Sellmeier equations for GaSe.

For o-ray,

—+ 4
’ A A2 A-F @

where 4 is the wavelength in micrometers, and 4=7.37, B=0.405, C=0.0186, D=0.0061,
E=3.1436, F=2193.8. Similarly, the modified Sellmeier equation for e-ray is also given by
, . B C D EX

n'=A+—+—+t—_+t—5——

A A A A=F

with 4= 5.76, B=0.3879, C=—0.2288, D=0.1223, E=0.4206, and F=1780.3. The

©)

modified Sellmeier equations are expected to be accurate in the spectral range of 2.4-35 um
and had been experimentally verified from 2.4 to 28 um. It is noticed that the parameters
published in Ref. [25] were our previous achievement. Those parameters were performed by
genetic algorithm fitting which: find the- best: selution in the global searching. After the
following and completely work-in this study, the parameters of the Sellmeier equations for
GaSe crystal are modified again; which match appropriately for the physical meanings and
crystal properties. These achievements have been mentioned and reported in chapter 3 in
this thesis.

The phase matching curve based our modified Sellmeier equations is plotted in Fig. 4-6
as the solid curve. Excellent agreement with experimental data points is achieved. The error
could be down to about 2.4x10%. The improvement of our fit with Egs. (4) and (5) from that
with Ref. [23] is statistically significant, implying that our modified Sellmeier equations can
be used to yield useful information about the lattice vibrations responsible for the absorption
edge. There have been very limited studies concerning the origin and effect of infrared
absorption edge on the optical dispersion of a NLO crystal. The information reported is
crucial in view that infrared absorption edge is an important parameter for the design of new

infrared NLO crystals.
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4.3.5 Relation between infrared absorption edge and optical dispersion

The space group for e-GaSe is D,,(P6m2), and the primitive unit cell contains two
layers or eight atoms. The symmetry of the pseudolattice is the same as that of the crystal,
and the site group is C, (3m) for both Ga and Se. The decomposition into irreducible
representation is

44, +4A4 +4E +4E (6)
The modes are characterized in Table 4-1. The Ga and Se atoms are in motion in all 24

normal modes. The E’ modes are both infrared- and Raman-active, because of the lack of an

inversion center in the € poly-type [26].

Table 4-1 Properties of the long-wavelength lattice vibrations of e-GaSe

Irreducible Number of Number of Alctivity Direction of Atoms Transformation
representation acoustical optical vibration involved properties
modes modes
A 1 3 Infrared c-axis Ga+tSe z
Yl 4 Raman c-axis Ga+Se X+, 7
1
E 1 3 Infrared+Raman: Basal plane Ga+Se X,y X%, xy
E 4 Raman Basal plane Ga+Se Yz, X

The poles of the modified Sellmeier equations occur at 42.2 um for the e-ray and 46.8
um for the o-ray, respectively. The pole of the o-ray dispersion corresponds to an infrared
active mode of E’-symmetry with vibration involving both Ga and Se atoms on the basal
plane of GaSe crystal. The optical field of the o-ray propagating through the GaSe crystal
thus experiences an index of refraction reflecting the intralayer covalent bonding structure
of GaSe. The vibrational displacements of atoms in a primitive unit cell for E’-symmetry in
the hexagonal GaSe are shown in Fig. 4-7. The pole of the e-ray dispersion corresponds to
an infrared active mode of A,”-symmetry with vibration involving both Ga and Se atoms
along the optical axis (c-axis). The optical field of the e-ray then experiences an index of
refraction, reflecting an optical dispersion from the interlayer vibration in the GaSe crystal
[26]. The vibrational displacements of atoms in a primitive unit cell for A,”-symmetry in the

hexagonal GaSe are shown in Fig. 4-8.

-63 -



B
R
&

R

Fig. 4-7 Vibrational displacements of atoms in a primitive unit cell for E’-symmetry in
the hexagonal GaSe. The arrows indicate only directions of atomic

displacements [26].
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Fig. 4-8 Vibrational displacements of atoms in a primitive unit cell for A;”-symmetry in
the hexagonal GaSe. The arrows indicate only directions of atomic

displacements [26].
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4.3.6 Parametric gain and output power calculation

The parametric gain can be written as [27]

['(4)= (7)

where , is the intensity of the pump beam; d. is the effective nonlinear coefficient; ¢ is the
permittivity of free space; c is the light velocity in vacuum; n,, ny, n; correspond to the
indices of refraction at the pump, the seeding and the generated IR wavelengths; A, and A,
correspond to the wavelengths of the seeding and the idler IR pulses, respectively.

The theoretical parametric gain and absorption coefficients of pure GaSe are plotted as
a function of wavelength in Fig. 4-9(a). The output pulse energies of a 3.3 mm long pure
GaSe DFG from 2.4-28 um are presented as solid squares in Fig. 4-9(b). The energy of the
infrared pulses generated at 3.5 pm was about ~13 pJ with a photon conversion efficiency of
7.3%. This DFG system has stable output with +8% power fluctuation, which is due mainly
to the fluctuation of the laser and is treated as the error bars in the measurement. With the
exception of the absorption band around _40-50-um, the output pulse energy decreases
monotonically with increasing ‘wavelength. This is attributed to a decrease in parametric

gain and an increase in linear absorption loss of GaSe crystal.
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Fig. 4-9 (a) Calculated parametric gain (dash curve), calculated infrared absorption
(dot curve) and measured infrared absorption (solid curve) as a function of
wavelength. (b) Measured and calculated pulse energies of the DFG generator
versus wavelength. Solid squares show'the measured infrared pulse energies
Jfor pure GaSe, open triangles show the measured infrared pulse energies for
Er*:GaSe, solid curve and dashed-curve indicate the calculated pulse energies
with and without considering the. crystal linear absorption coefficient,
respectively. The open circles shown in the THz region are taken from Ref. [8]

Jfor comparison.

The generation of infrared pulses via down conversion can be modeled with a

parametric amplification process under a depleted pump beam condition [27]:

1) =, (=5 [(r=1;) /D] exp(-ar) ®)
I
where 1/1=T(1) ’1+—p ©)
1,0,
d /1= Linaepn+ 222 10
an /1= 16+ (10)

In Egs. (8)-(10), I, is the pump intensity; I, is the seeding intensity; /'(4) is the parametric

gain coefficient; a is the absorption coefficient; @, j = p, s, or i is the angular frequency of
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the pump, the seeding and the IR pulses, respectively; » is length of the GaSe crystal. We
note that sn in Eq. (8) is the Jacobian elliptic function resulting from an inversion operation
of the elliptic integral [27].

By taking into account the experimentally determined temporal and spatial profiles of
the laser pulses, the calculated output pulse energy without considering loss due to
absorption in the crystal is presented as the dashed curve in Fig. 4-9(b). The theoretical
prediction taking into account the loss is shown as the solid curve. Clearly the solid curve
exhibits better agreement with the experimental data. This reflects significant effect of
infrared absorption of GaSe on the DFG output. The Er:GaSe DFG generated higher output
pulse energy than the pure GaSe DFG near 20 um, as shown by the open triangles in Fig.
4-9(b). This is attributed to lower absorption loss of Er:GaSe near 20 pum as well as an
increased second-order optical nonlinearity from erbium doping [14]. For comparison, the
wavelength-dependent output data in THz region (see the open circles in Fig. 4-9(b)) are

taken from the data reported by Shi et al. [8].

4.4 Summary

We report a study of the effect of opticalrabsorption on generation of coherent infrared
radiation from mid-IR to THz region from GaSe crystal. The infrared-active modes of
g-GaSe crystal at 237.0 cm™ and 213.5 cm™ were found to be responsible for the observed
optical dispersion and infrared absorption edge. Based upon phase matching characteristics
of GaSe for difference-frequency generation (DFG), new Sellmeier equations of GaSe were
proposed. The output power variation with wavelength can be properly explained with the
shape of parametric gain and the spectral profile of absorption coefficient of GaSe. The
adverse effect of infrared absorption on (DFG) process can partially be compensated by

doping GaSe crystal with erbium ions.
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Chapter 5

Coherent generation and spectral synthesis of terahertz

radiation with multiple stages of optical rectification

5.1 Introduction

A great amount of effort had recently been focused on developing terahertz (THz)
science and technology for spectroscopy, security inspections, and biomedical imaging.
Although free electron lasers and an energy-recovery linac are able to produce intense
terahertz radiation in a wide frequency range [1, 2], cost effective access to these large-scale
facilities is limited. For many applications, compact table-top terahertz sources are desirable.
For example, a semiconductor biased with an electric or magnetic field and illuminated with
an ultrashort laser pulse can produce’ an ultrafast current transient, which then radiates
terahertz field efficiently [3, 4]. Terahertz radiation.can also be generated by use of optical
frequency mixing in nonlinear 'optical crystals [5-8]. Higher-order nonlinear optical
processes, such as four-wave-mixing 1n plasma, can also be used [9, 10]. A variety of
designs for THz emission [11-13]"have been demonstrated.

Optical rectification (OR) is one’of the promising methods to generate the terahertz
radiation [5-7] with advantages of broadband terahertz radiation output, high saturation
fluence for the pump pulses, and scalability. Generation of near single-cycle pulses centered
at 0.5 THz frequency with pulse energy up to 10 pJ, 100 uW average power, and 5 MW
peak power was demonstrated [5]. A theoretical study of cascaded OR processes in
nonlinear optical crystals for intense terahertz pulse generation was recently reported [14].
Similarly cascaded difference-frequency generation (DFG) had also been proposed [15].
Among many nonlinear optical crystals, GaSe is good for terahertz generation owing to its
high second-order nonlinearity and wide transparency range [16]. Femtosecond terahertz
pulses tunable up to 41 THz had been generated with a 90 um thick GaSe by use of a
phase-matched OR process [6]. A narrow band terahertz radiation source with a wide tuning
range had also been reported with a 2 cm thick GaSe DFG [8]. However, improving the
generation efficiency of THz radiation with increasing crystal length encounters some
difficulties: First, it is rather difficult to grow long GaSe crystals with good optical quality.
Second, the pulse walk-off effect from the group velocity mismatch limits the effective
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interaction length in nonlinear crystal. This leads to the useful length of GaSe for the
generation of femtosecond terahertz radiation in the order of micrometer to millimeter. By
avoiding the above-mentioned obstacles, we demonstrated in this study the generation of
single-cycle high-amplitude terahertz radiation pulses by using multi-stage optical

rectification in GaSe crystals.

5.2 Theoretical model and experimental methods

The nonlinear interacting processes between the optical and terahertz pulses in
cascaded GaSe OR stages can be properly described with the coupled wave equations.
Under the slowly-varying envelope approximation, the coupled-wave equations in

frequency domain can be written as [14]:

d . Eouyed o . ) a
o B S ;(w“) = Ep(z,a)eraJT,Z)Ep(z,a)p)exp(]AkTyzz)dak%ET‘Z(z,a)m) (1)
P
d . gOIUOCdeffa)p . ap
B, =] o [E,(z.o— o, (7,0, )exp(Ak,2)d0— 2 F, (26 (2)
T,2

where z is the propagation distance in GaSe; Ez, and Ep denote the terahertz radiation field
and the optical pump wave in the 'second-stage GaSe-crystal; ¢ is the dielectric constant of
vacuum; uy is the permittivity of free-space;.c.is the speed of light in vacuum; dey is the
effective nonlinearity; wrz, and wp are the angular. frequencies of the terahertz radiation and
the optical pump wave; n(wr;) and n(wp) are the refractive index at the corresponding
frequencies. az, and op are the linear absorption coefficients of the terahertz radiation and
the optical wave in the GaSe, respectively; 4k, 7, denotes the wave-vector mismatch
between the pump and terahertz wave. The total terahertz field in time domain can be
described by:

E.=E; exp(jar,7) T E;, 3)

where E7; and E7; are the terahertz radiation fields from the first and the second OR stage,
respectively; 7 denotes the propagation delay time between the two OR stages.

The pure GaSe crystals used for this study were grown by the Bridgman method. Raw
materials were loaded in a well-cleaned quartz tube. The tube was then sealed and pumped
down to below 10° Torr. The crystal growth was initiated with a thermal gradient of 30
°C/cm and a growth rate of 2 cm/day. The experimental setup for our multi-stage OR is
shown in Fig. 5-1. The pump laser was a 1-kHz amplified Ti: Sapphire laser with pulse
energy of 700 pJ and duration of 270 fs. The typical average pump power on the GaSe

crystals was about 130 mW and 150 mW for the first and second stage, respectively. The
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pump beam diameter for both stages was adjusted to be about 3 mm. Both GaSe crystals
were configured for non-phase-matched OR [17]. The terahertz radiation field generated
from the first OR stage of 2 mm thick GaSe crystal was guided to the second OR stage of 3
mm thick GaSe. The terahertz pulses from the two OR stages were aligned collinearly with
two gold-coated parabolic mirrors. We blocked the residual 800 nm laser beams with teflon
plates. An indium-tin-oxide (ITO) glass plate, which can transmit the 800 nm laser pulses
while partially reflects the terahertz radiation, was used as the beam combiner. The time
delay between the two terahertz pulses was carefully controlled with a translation stage. An
optical chopper was used in this experimental arrangement to simultaneously modulate the
optical pump beams for the first and second GaSe OR stages. For monitoring the
time-domain waveform of terahertz radiation, we employed the electro-optical sampling
technique [18] with a 1 mm thick ZnTe crystal. Terahertz radiation generated from either the

first or second stage, or both can be recorded without moving any optical element.

chopper
BS . V.BS _%

Ti:Sapphire 1 kHz I
270 fs 700 pJ Second stage

1 Probe stage
ok ND-Filter
. |
ND-Filter
I
Teflon 1 /
|
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Fig. 5-1 Schematic of coherent generation of terahert; radiation by multi-stage optical
rectification in GaSe crystals. BS: Beam splitter; ND-Filter: Neutral Density
filter; ITO: indium-tin-oxide glass plate; 7/4: quarter wave plate.
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5.3 Results and Discussions

5.3.1 THz generation by optical rectification with azimuthal ¢ angle

dependence

Optical rectrification is nonlinear optical behavior related to the second-order
susceptibility. THz output from the OR is dependent on the value of the nonlinearity d.
The d,5 of the GaSe crystal 1s expressed as follows:

4
By selecting the suitable ¢ angles, THz peak electric field and the d 4 could be optimized.

Epy, < d,, = dy, cos’ Ocos3p

Figure 5-2 shows the THz time domain waveforms at different GaSe azimuthal ¢ angle.
This relationship is attributed to the hexagonal crystal symmetry in the uniaxial crystal. It

has been shown that the maximum signal is achieved when the GaSe emitter has its

azimuthal angle set at |c0s 3¢)| =1, since the effective nonlinear coefficient of type-II phase

matching is proportional to the value of cos3¢. Figure 5-3 presents the THz wave peak

amplitude versus azimuthal ¢ angle for GaSe emitter.
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Fig. 5-3 THZ wave peak amplitude versus azimuthal ¢ angle for GaSe emitter.

5.3.2 High coherence between multiple stages of optical rectification

We first adjusted the terahertz pulses from the two GaSe OR stages to be overlapped
spatially. The optical path length of the pump‘beam to the first GaSe stage was then varied
to adjust the arrival time of the terahertz pulse at the second GaSe stage.

Figure 5-4 shows the field amplitude of the terahertz output from the second OR stage
as a function of the arrival time of the seeding terahertz field. In this case, the terahertz field
generated in the second stage is added to the incoming THz seeding field. We can also map
out the seeding terahertz pulse profile by scanning the first stage delay line while blocking
the pump pulse to the second GeSe crystal. The resulting seeding pulse profile was shown as
the square-symbols in Fig. 5-4. High degree of mutual coherence between the terahertz

fields from the two GaSe OR stages was clearly revealed.
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Fig. 5-4 Time delay dependence of terahert; field amplitude after the second stage.
Square-symbols present the iterahert; time-domain waveform from the first

stage, which is magnified forithe.easy comparison.

5.3.3 THz coherent superposition _and spectral synthesis by multiple

stages of optical rectification

Figure 5-5 shows the terahertz time-domain waveforms and the spectra at three
different time delays between the two OR stages. In these figures, the signal from the first
stage is presented as black dashed curve and the pulse from the second stage is displayed
with the red dashed-dot line. The superposed THz pulses from both stages are shown as the
blue curve with open squares. By adjusting the time delay, the terahertz fields from the two
OR stages can be superposed constructively or destructively. To generate maximum
terahertz field, the time delay of the two terahertz pulses should be adjusted for the best

temporal overlap within 0.1 ps in our study, to yield constructive superposition over the

entire spectral components involved.
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Fig. 5-5 Teraherty time-domain waveforms from the first and second stage, and two
stages. (a) (d) Terahertz pulse from the second stage leads that from the first
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Inset: corresponding spectra of the terahert; radiation. Experimental

measurement: (a) (b) (c); Theoretical simulation: (d) (e) (f).
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In Fig. 5-5(a), the main peak of terahertz field from the second OR stage leads that
from the first stage. However, the trailing part of the THz pulse from the second stage still
overlaps and interferes with the THz field from the first stage. The coherent superposition
nature is more clearly revealed in the frequency domain shown in the inset of the Fig. 5-5(a).
Parts of the terahertz spectral components from the two stages are constructively added to
produce higher spectral power while some spectral regions superpose destructively to yield
lower spectral power. Thus the coherent superposition with multiple terahertz radiation
sources offers a potential for the synthesis of terahertz field. In Fig. 5-5(c), the terahertz
pulse from the second stage lags behind that from the first stage in such a way that the main
positive peak from the second stage overlaps with the negative amplitude of the THz pulse
from the first stage. The destructive superposition yields a spectrum shown in the inset of
Fig. 5-5(c). The destructive superposition is caused by out-of-phase mixing of the terahertz
field from the first stage with the optical pump pulse in the second OR stage. The spectral
phase content of the terahertz field can then be imprinted onto the pump pulse. In other
words, when pump pulse in the second OR stage and terahertz field from the first stage are
getting close and partly overlapped in the time'.domain, the seeding terahertz field will
dominate the three-wave mixing process -and lead to the output terahertz field profile
variations. In the case of Fig. 5-5(c), the phase difference almost equals to m in the
overlapped region between terahertz field ftom the' first stage and the pump pulse in the
second OR stage. Thus the terahertz field generated by the pump pulse in the second OR
stage is then superposed with the first THz field to yield a much weaker terahertz radiation
output.

The highest terahertz field amplitude can be obtained by synchronizing the first and
second OR stages to attain constructive superposition of terahertz fields in the second OR
stage. This can be done by seeding terahertz field with the correct phase at a proper arrival
time relative to the optical pump pulse of the second stage. The output terahertz field
possesses the property of the seeding terahertz field but with higher amplitude. The inset of
Fig. 5-5(b) presents the spectra of the terahertz radiation fields to reveal the amplification
nature of terahertz radiation pulse after the coherent superposition of the two stages.

The terahertz signal measured by the electro-optical sampling technique could be
affected by the dispersion of the terahertz signal; the velocity-matching condition between
the terahertz and optical pulses, and improper alignment [18]. The theoretical simulation of
the two OR stages with Eqs. (1)-(3) is performed in order to remove the artifacts in the

practical experiment. To allow for a straightforward comparison of the THz spectral profile

- 81 -



with the measured data, we assume a non-transform limited optical pump pulse with a
spectral width < 1 THz. The absorption by the optical phonon mode of GaSe at 0.586 THz
was also included in our simulation. The calculation results corresponding to the three
different experimental conditions are presented in Figs. 5-5(d), (e), and (f). The simulation
results agree well with the experimental data shown in Figs. 5-5(a), (b) and (c). This
confirms that the theoretical model used to depict the coherent multi-stage optical

rectification processes in GaSe crystals is satisfactorily accurate.

5.3.4 Nonlinear absorption of THz wave in GaSe crystal

It is well known that linear and nonlinear optical absorption in GaSe have significant
influences on THz generation process [19-21]. Free carriers can be generated via linear
one-photon absorption and nonlinear two-photon absorption of GaSe pumped by a
high-intensity near-infrared pulse. The terahertz radiation pulse propagating in the GaSe can
then be attenuated by free carriets. To access the free carrier absorption effect at THz
frequencies, we placed the optical chopper in our setup (see Fig. 5-1) at a different position
such that only the probe and the first pump beam were modulated by the chopper. In this
way, the THz radiation generated by .the-second GaSe crystal will not be detected. We
measured the peak amplitude of the terahertz radiation field while varied the optical pump
intensity of the second GaSe OR stage. The results, as shown in Fig. 5-6, reveal that the
measured terahertz radiation field decreases when the optical pump intensity is higher than 2
GW/cm®. The decreasing THz radiation must be caused by free carrier absorption occurring
in the second GaSe crystal.

From the measurement, the attenuation coefficients of the optical wave at 800 nm in
GaSe by either linear absorption or nonlinear two-photon absorption were determined to be
o0=1.44 cm™” and f=1.48x10"" cm/W, respectively (see the inset (a) of Fig. 5-6). These
coefficients obtained in current work are comparable to that published in Ref. [20, 21]. We

can estimate the number density of free carriers N in GaSe with [21]:

F F
N=[—atf——F=F) )
N oy
where F'=Fy(1 —R), F} is the energy density of the optical excitation; 7w =1.55¢V (A=800

nm); the optical reflectivity at 800 nm wavelength is R=0.23; 7, =7,,,, /2+VIn2 for the
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pump pulse with pulse width zzwmy. At our experimental condition, the number density of

electron-hole pairs was estimated to be N=1.5x10"® cm™ with F=10 GW/cm”.
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Fig. 5-6 Terahert; radiation attenuation by the GaSe crystal under high intensity pump
laser pulses. Inset (a): fitting of the experimental data for linear and nonlinear
absorption coefficient of 'GaSercrystal pumped by 800 nm optical pulses. Inset
(b): fitting of the experimental data for the absorption coefficient ary,s at

terahertg frequency in GaSe crystal due to free carriers.

The absorption of terahertz radiation by the free carriers generated from the two-photon
absorption of GaSe at high optical excitation level can be calculated with
1
T=—= exp(—aTHz’_,bd ) (6)
]0
Here /) and I denote the terahertz intensity before and after the GaSe crystal under test; d is
the crystal thickness; and a7y the absorption coefficient at terahertz frequency, which is
defined as

Ay e = o N (7)

with N being the free carriers concentration and o7y, the absorption cross-section of GaSe at
terahertz frequency in the presence of free carriers. We can determine the absorption

cross-section oy by fitting the measured data to Eqgs. (5)-(7), and the result are presented in
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the inset (b) of Fig. 5-6. The deduced value of g7y lies in the range of (1.3 —5.9)><10']7 cm?’.
Kulibekov et al. had reported the value of absorption cross-section for the free carriers at the
optical frequencies (=626 nm) to be about (4 —6)x10™"? cm? [21]. Compared to the optical
pulses, the terahertz pulses possess the much lower photon energies (E=4 meV). As a result
of the photon energy of THz wave is about 4 meV for 1 THz, which approximately equals to
the binding energy of the excitons in many semiconductors, thus the weak terahertz signals
are severely and easily absorbed by the free carriers. Accordingly, it is reasonable that the
value of absorption cross-section for the free carriers at the terahertz frequencies measured

in this work is two orders of magnitude larger than that published in Ref. [21].

5.3.5 Pump power and absorption dependence of the THz wave output

We further examined the power dependence of the terahertz radiation generated by
optical rectification. Figure 5-7 shows: therterahertz radiation output from the second OR

stage without seeding as a function of optieal pump-intensity.

6000 —C— Experimental optical Rectification process
Theoretical calculation with free carrier consideration

P — =Theoretical calculation without free carrier consideration
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Fig. 5-7 Output terahert; field amplitude under different pump intensity.

-84 -



A sub-linear dependence was found when the pump intensity is above 2 GW/cm?,
which can be attributed to the absorption of terahertz radiation by the free carriers generated
by the pump pulses at 800 nm. All the calculation results were re-scaled properly in order to
compare with the experimental data. We modeled the OR generated terahertz radiation with
Eq. (1). The red curve in Fig. 5-7 indicates the terahertz output by taking into account the
linear optical absorption effect only. The terahertz output increases significantly with the
pump intensity. When free carrier generation from both the linear and nonlinear two-photon
absorption were taken into account in the calculation, the result is presented as the
blue-colored curve in Fig. 5-7. The terahertz output saturates at high pump level, agreeing
well with our measured data. The excellent agreement indicates that the free carrier
absorption effect places an upper limit on the terahertz radiation intensity at high pump
level.

Power saturation of the terahertz radiation from ZnTe crystal at high pumping level had
also been reported and was attributed to two-photon absorption of the optical excitation
beam [22, 23]. The limitation on terahertz radiation output by two-photon absorption can be
avoided with lower excitation level by using larger.beam size. The generation of high power
terahertz radiation is therefore-limited only by the finite interaction length of nonlinear
optical process used.

The GaSe crystal thicknesses used in-this work are 2 mm and 3 mm for the first and
second OR stages, respectively. The pumping level for both stages is about 7 GW/cm®”. By
using one OR stage with single 5 mm thick GeSe crystal pumped at higher level of 14
GW/cm?, the excess part of the crystal over the interaction length simply produces more free
carriers and causes more power loss of terahertz radiation output. We estimated the peak
electric field of the terahertz radiation output from the single OR stage to be 1224 V/cm.
This value is only one half of that from two coherently coupled OR stages, which yields an
output of 2285 V/cm without optimization.

Intense table-top terahertz radiation source had been demonstrated with large-aperture
photoconductive switches [24]. However, some drawbacks were encountered. For example,
the pulsed high voltage bias produces excess electrical noise and the terahertz output
saturates at relatively low excitation fluence. Terahertz pulses with high peak electric fields
can also be produced with air plasma [9]. In this method, high pump intensity up to TW/cm®
is needed to effectively generate high-order nonlinear process in the plasma. Coherently
coupled OR stages reported here offers an alternative for high-intensity THz pulse

generation at lower pump intensity than that used in plasma THz source. In comparison to
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large-aperture photoconductive switches, the OR THz generation scheme produces
broad-bandwidth THz pulses, which may be more suited for time-resolved spectroscopic
applications. Micro-joule level terahertz pulse had been reported by using a large OR
emitter [25]. Micro-joule level terahertz pulse could be actually obtained by enlarge the
pump pulse diameter and upscale the pump pulse energy [5, 25]. In practice, the conversion
efficiency of terahertz generation is usually limited by Manley-Rowe relation to the order

about 10°—10™ [5, 8, 9, 13, 24, 25]. Conversion efficiencies much higher than the

Manley-Rowe limit had been theoretical verified by cascaded difference frequency
generation processes under the assumption of ideal phase-matching condition and no
absorption [14-15]. Therefore, high conversion efficiency can be achieved with multi-stage
OR scheme. The multi-stage OR technique can overcome in principle the limitations on the
finite interaction length and generate higher terahertz field amplitude than from one thick
crystal. The price paid for the multi-stage generation of terahertz radiation is a more

complex set-up and precise alignment between stages.

5.4 Summary

Generation of single-cycleterahettz pulses by multiple optical rectification stages using
GaSe crystals was experimentally demonstrated."By properly adjusting the time delay
between the pump pulses to the two OR"stages, the terahertz radiation field generated by the
second stage can be constructively superposed to the seeding terahertz field from the first
stage. Free carrier absorption effect places an upper limit on the terahertz radiation intensity
at high pump level; and the severe free carriers induced absorption cross-section for
terahertz radiation is also quantitatively determined. The technique can be useful for the
generation of single-cycle high-amplitude terahertz pulse, which is not limited by the pulse

walk-off effect from group velocity mismatch.
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Chapter 6

The study of terahertz optical parametric amplification in

g-GaSe crystals

6.1 Introduction

During the last decade, time-domain THz spectroscopy and imaging have become
widely used techniques in several fields of physics, chemistry and biology [1]. Probably one
of the most important present challenges of THz technology is up-scaling the THz pulse
energy to a level suitable for nonlinear spectroscopy. So far the generation of THz pulses for
studies of nonlinear phenomena usually requires complex machines. For instance, free
electron lasers can deliver THz pulses with 17 pJ energy [2]; and an energy-recovery linac
has produced THz pulses up to 20 W average power [3] and 100 pJ energy per pulse [4].
Nevertheless, the synchronization of two|such. THz pulses or of THz pulses with optical
pulses with sub-picosecond accuracy is difficult [2] or is not yet possible at all [3].
Furthermore, the cost effective access to'these large-scale facilities is limited.

So far photoconductive switches produce THz pulses with high energy up to 0.4 pJ [5]
and higher average power ~ 40 uW [6]."The ‘spectral maximum of these pulses, however, is
below 1 THz. In contrast, optical rectification can generate THz pulses with spectral
maximum even at a few tens of THz [7]. As usual for nonlinear processes, generation of
high energy pulses requires phase-matching between the optical and the THz pulses.
Quasi-phase-matching can be obtained in periodically poled LiNbO; (PPLN) crystal. For
such a situation, tilting of the pump pulse front by diffraction off a grating has been
proposed to reach velocity matching in LiNbOs; [8-11]. Very recently, this method generated
terahertz pulses with 10 pJ of energy, which corresponds to 100 uW average power and 5
MW peak power [12].

As a promising nonlinear optical medium, femtosecond laser-induced plasma in gases
has been studied intensively over the past several years. Recently, The generation of
single-cycle terahertz pulses via four-wave mixing of the fundamental and the second
harmonic of 25 fs pulses from a Ti: sapphire amplifier in air plasma was recently reported
[13]. The energy of the terahertz pulses was around 30 nJ, which corresponds to the created
peak terahertz electric field as high as 400 kV/cm. Recently, Dai et al. reported the

-89 -



experimental demonstration of terahertz wave amplification in femtosecond-laser-induced
air plasma [14]. The amplification effect is attributed to four-wave-mixing optical
parametric processes. This demonstration provides a potential way toward intense terahertz
wave sources for nonlinear terahertz optoelectronics. A peak amplification factor of about
65% is measured with total optical excitation intensity of 8x10'* W/cm?®. The amplification
effect occurs within a time scale of less than 400 fs of the onset of ionization processes due
to the optical excitation pulse duration. Consequently, Table 6-1 shows a list of several
promising methods for the generation of high power THz wave.

In nonlinear optics field, optical parametric amplification (OPA) technique has been
widely applied to amplify the weak signal in the range from visible to infrared frequency
spectra [15]. The high gain for the weak signal can be achieved by choosing the suitable
nonlinear optical crystals. Accordingly, in this work, we attempt to enhance the weak pulse
energy of THz radiation by means of the OPA technique associated with the GaSe crystal
which possesses high nonlinear coefficient and low absorption coefficient at THz

frequencies.

Table 6-1 List of the'numerous methods fof high power THz generation

Method Paper Power Energy  Electric Note
field

Free-electron lasers (FELs) G.M.H.Knippels(1999) PP~1 MW 17 W
Energy-recovery linac G.L.Carr(2002) AP~20 W
(subpicosecond electron
bunches in an accelerator)

Laser-plasma accelerated W. P. Leemans(2003) 100 pwJ
electron bunch
Pulse front tilting (OR) J. Hebling(2002) AP~1.1 pyW 55p] LiNbO4
Tilted pulse front (OR) J. Hebling(2004) 400 pJ 10K
LiNbO; (77K)
(Tuning range1-4.4 THz) 3.4%
Tilted pulse front (OR) A. G. Stepanov(2005) 240 nJ (77K)
LiNbO; 10% [5x10™]
Tilted pulse front (OR) K. L. Yeh(2007) AP~100 pW 10 wJ 250 kV/ecm 10 Hz
0.6%MgO doped LiNbO; PP~5 MW 45% [6x107]
Large aperture ZnTe (OR) F.Blanchard(2007) AP~150 W 1.5u) 3THz
(RR:100 MHz) [3.1x107]
Large-aperture GaAs E. Budiarto(1996) 04w [8x107]
photo-conductive switches
Photo-conductive switches G. Zhao(2002) AP~40 pyW 95 V/em
DFM : GaSe (30 um) K. Reimann(2003) 12 nJ 1 MV/cm BW=30 THz
Spatial filtering technique D. F. Gordon(2006) PP~1.5 kW 6nJ Tenability
(PM-GaSe) 0.7-2 THz
DFG (5ns) : GaSe W.Shi(2004) PP~209 W 1.045 pJ [5.5x10%]
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(GaSe: 20mm) (at 196 pum) 0.055%
(at 1.53 THz)
DFG (5ns) : GaSe W. Shi(2002) PP~69.4 W 347 nJ
(GaSe: 15mm) (at 196 um)
DFG (5ns) : GaP W. Shi(2005) PP~15.6 W 78 nJ [3x107]
(at 173 um) 0.002%
PM-OR (GaSe) R. Huber(2000) 1000 V/em Tunable 41
THz
(5um-3000pm)
Semi-insulating GaAs G. Zhao(2002) AP~40 pW 95 V/em
emitter
(Ti:sapphire oscillator)
Interdigitated electrode A. Dreyhaupt(2005) 85 V/em
metal-semiconductor-metal
(MSM) structure.
Interdigitated A. Dreyhaupt(2006) AP~190 pyW 1.5 kV/ecm [2.5%x10%]
photoconducting device
(RR:78 MHz)
Photoconductive SI-GaAs J. H. Kim(2005) AP~10 mW
(line excitation) 0.1%
Orientation-patterned G. Imeshev(2006) AP~3.3 mW [1.6x107]
GaAs (2um pump,
100MHz, 120fs)
Pulsed biased GaAs D.You(1993) 0.8 W 150 kV/em <500 fs,
1.5 THz
FWM (Ny) T. Bartel(2005) 30 nJ 400 kV/cm 0.3-7 THz
[6x107]
Four-wave rectification in D.J.Cook(2000) 5p] 2 kV/ecm Power
air spectrum
peaks near 2
THz
FWM M.Kress(2004) 6.8 kV/cm
FWM in air plasma H. Zhong(2006) 10 kV/em Plasma length
>10 mm
Divergence
angle <10°
FWM in air plasma X.-C. Zhang (2007) 350 kV/em
Magnetic field enhanced N.Sarukura(1998) AP~650 yWW  6.5~8 pJ RR:80-100
(InAs) MHz
BW=1.7T
Pump:1.5W
Magnetic field enhanced R. McLaughlin(2000)  AP~12 pW 0.15pJ RR:82 MHz
(InAs) 170K,
BW=8T

X AP : Average Power; PP : Peak Power; RR : Repetition Rate; BW : Band Width; [ | :

Conversion efficiency
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6.2 Theoretical model and experimental methods

6.2.1 The principle of OPA process

The principle of OPA is quite simple: in a suitable nonlinear crystal, a high frequency
and high intensity beam (the pump beam, at frequency w,) amplifies a lower frequency,
lower intensity beam (the signal beam, at frequency wjy); in addition a third beam (the idler

beam, at frequency w; , with w;<w;<w,) is generated. A schematic of the experimental

configuration of collinear type of OPA is represented in Fig. 6-1. In the interaction, energy
conservation

ho, =ho, +ho, (1)
is satisfied; for the interaction to be efficient, also the momentum conservation (or phase
matching) condition

nk, =k, + hk, )

where k,, k;, and k; are the wave vectors of pump, signal, and idler, respectively, must be
fulfilled. The signal frequency to be amplified can.vary in principle from w,/2 (the so-called
degeneracy condition) to w,, and correspondingly the idler varies from w,/2 to 0; at
degeneracy, signal and idler have the same frequency. In summary, the OPA process
transfers energy from a high-power,-fixed frequency pump beam to a low-power, variable
frequency signal beam, thereby generating also a third idler beam. To be efficient, this
process requires very high intensities of the order of tens of GW/cm?; it is therefore
eminently suited to femtosecond laser systems, which can easily achieve such intensities

even with modest energies, of the order of a few micro-joules.

Z(2)
LK
kp_> — kp
ko  —k

Fig. 6-1 The experimental configuration of collinear type of OPA.
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We now address the problem of phase matching: to achieve maximum gain, we must
satisfy the phase matching condition, Ak=0, which can be recast in the form

no. +n.o
» - 1 1 S S (3)
w,

n

It is easy to show that this condition cannot be fulfilled in bulk isotropic materials in the

normal dispersion region (n; <n,<n,). In some birefringent crystals, phase matching can be

achieved by choosing for the higher frequency pump wave (w,) the polarization direction
giving the lower refractive index. In the case, common in femtosecond OPA, of negative

uniaxial crystals (n.<n,), the pump beam is polarized along the extraordinary direction. If

both signal and idler beams have the same ordinary polarization (perpendicular to that of the
pump beam) we talk about type-I (or ostoi—e,) phase matching. If one of the two is
polarized parallel to the pump beam, we talk about type II phase matching; in this case
either the signal (es+o;—e,) or the idler (ost+ei—ep) can have the extraordinary polarization
[16]. Both types of phase matching can be used and have their specific advantages
according to the system under consideration, Usually the phase matching condition is
achieved by adjusting the angle ,, between-the wave vector of the propagating beams and
the optical axis of the nonlinear, crystal (angular phase matching). As an example, we
consider the case of a negative uniaxjal efystal, for which type-I phase matching is achieved
when [17]

n, (Hm)a)p =n, o +n,o, 4)
which allows to compute 7.,(6,). Recalling the dependence of the extraordinary index on

the propagation direction in uniaxial crystals

1 sin’(8,) cos’(8,)
_ LR

2 - 2
nep (em ) nep n op

)

where n,, and n,, are the principal extraordinary and ordinary refractive indexes at the pump

wavelength, the phase matching angle can then be obtained as

w2 —n(0,) }

n
Hm =asim l: - 2
n

(6)

2
ep (em ) nop - nep
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6.2.2 Satisfactory phase matching condition

As a result of the promising optical properties of GaSe crystal in THz range, such as
large birefringence, high nonlinearity and low absorption coefficient, we supposed that
GaSe can be a good gain medium for the OPA process. GaSe crystal is a birefringent crystal,

thus its Sellmeier equations can be express as follows:

2 0.405 0.0186 0.0061 3.14364° 0.0174°
n’ =137+ +——t+t———+— +— (7
A A A A°=2193.8 A°—-262177.5577
2
n?=576+ 0.38279 3 0.22488 N 0.12623 N 02.42061 )
A A A A-—-1780.3

where n, and n. is the ordinary and extraordinary refractive index, respectively; A is the

wavelength in micrometers.

4000
3500 [ 70— 800nm pumped THz-OPA
3000}
E b
2 2500p (0.3THz , 1000um , 2.57°)
S 2000k ©.5THz , 600um , 3.42°)
S : (ATHz, 300um , 4.82°)
o 1500 (L5THz, 200um , 6.27°)
] i 0
= 1000} ( 2THz, 150um,7.80°)
500 - 0-0—0
0 - . . ) ) . ) . .~ofofof.o—ofo.—o—o.io - o .

0 10 20 30 40 50 60
External angle (degree)

Fig. 6-2 Seeding wavelength versus corresponding external phase matching angle.

In this OPA process, the wavelength of pump pulse is 800 nm, seeding pulse is at
terahertz frequencies. In the terahertz region, we choose type-I (es+e;—o0p) phase matching
condition with collinear type OPA scheme, in which pump pulse is ordinary wave and both
of signal and idler are extraordinary waves. In addition, the effective nonlinear coefficient

dey of the GaSe crystal is given by
94 -



d,, = d,, cos’ 6 cos3p 9)

In order to perform higher efficiency, we can set |cos3¢|=1 to optimize the effective
nonlinearity d . The azimuthal angle ¢ could be selected as 0°, 60° and 120°. Under the

energy and momentum conservation conditions, the external phase matching angle tuning

curve could be deduced, as shown in Fig. 6-2.

6.2.3 Experimental setup

Figure 6-3 presents the THz-OPA experimental setup. It consists of two parts, including

the THz-TDS stage and OPA stage.

ND-Filter 4; -ﬂ
/

/7
BS BS
SUREPNG | S, T
Ti:Sapphire 1 kHz |%

Pump stage

Probe stage

ND-Filter

. |
ND-Filter : | /)
. Teflon| I
chopper [>X] T
: ’ """ i [ - OPA Balanced Detector

{ P GaSe

|

H ¢ 9
) s H
plasma ITO
ZnTe
: ==mBBO N
P+ h ©
%y pellicle wallaston

THz generation stage

114

Fig. 6-3 The experimental setup of THz-OPA.

The regenerated amplified laser is utilized as the laser source with pulse energies of 1.5
mJ and pulse duration 50 fs. The terahertz wave is generated through four wave mixing
method in ionized plasma which formed by focusing the fundamental and second-harmonic

of the laser pulse. The pump laser beam is adjusted for vertical polarized. The THz output
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characteristics including the time domain waveform and spectral profile is shown in Fig. 6-4.
The wire-grid polarizer is used to select the suitable polarization (e-ray) for the phase

matching condition requirement in the subsequent THz-OPA process.

300} (a)

200

=
o
o
v

:

THz field (V/cm)
S
o

-200

-300 o 9 o 2 o
0 5 10 15

Time delay(ps)

4.0

(b)

3.5

Power spectrum (a.u)

0.0 0.5 1.0 15 2.0 2.5 3.0
Frequency (THz)

Fig. 6-4 THz generation by use of the four wave mixing in the plasma (a) THzZ time
domain waveform (b) THz spectrum.
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In consideration of the convenient optical alignment, we replace the terahertz emitter
from GaSe optical rectification of air nonlinear medium through four-wave mixing. Because
the beam, including 800 nm optical beam and terahertz beam, will be converged to a point at
the position of OPA-GaSe in this arrangement. The teflon plate is used to block the residual
optical laser pulses. The terahertz is detected by EO-sampling with 1 mm thick <110> ZnTe
crystal. The balanced detector and lock-in detection technique is applied to increase the
signal/noise ratio (SNR).

In order to achieve collinear OPA scheme, the ITO glass plate is used as the beam
combiner of optical and THz pulses. The pump beam is adjusted to horizontal polarized to
meet the o-ray phase matching for the folling THz-OPA process. Moreover, the pulse
duration of the femtosecond pumped beam is stretched by prism pairs to approximately
1.5~2 ps, in order to achieve a good temporal overlapping between the optical pumped
pulses and THz pulses. Then the optical pump pulses energies are adjusted to be about 220
uJ and beam diameter about 3 mm. The optical pump intensity is approximately 2 GW/cm”.
Such pump intensity could avoid the free carrier absorption effect, which severely reduced
the THz intensity, inside the GaSe erystal. Figure.6-5 displays the autocorrelation trace of
the stretching optical pulse by prism paits:

14
== Autocorrelation trace
P Fitting curve

12
~ [
S
g 10
N
>
= P
c
o 8
+—
=

6

o 2 o 2 o 2 o 2 o 2 o

4
-9000 -6000 -3000 0 3000 6000 9000
Time delay (fs)

Fig. 6-5 The autocorrelation trace of optical pump pulses after stretching by prism

pairs.
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6.3 Results and Discussions

6.3.1 The characteristic of THz generation by laser induced plasma by

four wave mixing

A 1 kHz Ti: sapphire laser system (Spitfire) at 800 nm with maximum pulse energy of
2 mJ, pulse duration 50 fs is employed herein. We focus the pluses through a 100 pm thick
type-1 BBO crystal with a 20 cm lens, that has been phase-matched for second harmonic
generation (SHG), placed at a variable distance from the focus point. The generated
terahertz pulses are detected by free space EO sampling with 1 mm thick ZnTe crystal.
Figure 6-4(a) and (b) presents the terahertz time domain waveform and its corresponding
frequency domain spectrum, respectively. Then, we rotated the BBO crystal against the
beam axis which means varying the angle between fundamental beam (w) and second
harmonic beam (2w). Figure 6-6 shows the terahertz signal generated by four-wave mixing
that is numerically subtracted the signal generated by BBO because the THz signal from
BBO will overlaps the signal from plasma. We ean see that the maximum signal is deviated

about the angle +40° from the angle of maximum SHG efficiency.

- O- THz generated from plasma
— SHG efficiency

Normalized THz field

00p

0 50 100 150 200 250 300 350
BBO ¢ angle (degree)

Fig. 6-6 Terahertz signal from the focus (plasma) as a function of BBO crystal rotation

angle.
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Four wave rectification predicts the following dependence of the maximal THz
amplitude on relative phase ¢ between @ and 2w waves. The generated THz signal is also
proportional to the third order nonlinearity, electric field amplitude of second harmonic

wave, the square of electric field amplitude of fundamental wave:

ETH

Z

o« yVE, E’cos(p) (10)
We can change the phase by varying the distance d between BBO and the focus point. The
phase shift ¢ is given by

@ =ky,(ny, —n,)d (11)

where n,, and n,, are the refractive index of air at the frequency w and 2w.
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o
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Fig. 6-7 Terahertz amplitude versus BBO-to-focus distance.

Figure 6-7 presents that terahertz amplitude is varied by adjusting the distance from
BBO to focus point. One can clearly observe phase-change-induced oscillations as expected
from theory (dot-curve). The linear decrease of the envelope arises from the change of the
SHG conversion efficiency because of the change in the beam spot size in the BBO crystal.
The moving range only from 4.9 to 6.3 cm is due to the damage threshold of BBO and its

dimension area. The pump beam size is larger than BBO dimension area when the distance

-99 -



is larger than 6.4 cm, and close to the damage threshold of BBO crystal when the distance
less than 4.9 cm. Changing the distance d is not only altering the relative phase but also
changing the SHG efficiency and the beam spot size on the BBO crystal. The SHG power

conversion efficiency is given by [18]

oo = tanh’ (. x.4,(0)2) (12)
where x =(w/ n)3/2 \2(#/&,)d is the phase mismatch. And we can derive that

Eyy;. o cos(9) tanh(é) (13)
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Fig. 6-8 Terahertz amplitude versus laser pulse energy.

We measured the THz signal intensity with varying the laser pulse energy before the
BBO crystal. The results are shown in Fig. 6-8, while BBO was set at the angle position that

has maximum THz output and the distance d=5.34 cm. By using the relation

E, cE ], (14)
Eq. (10) has the quadratic dependence

B 212 (15)
The pulse energy below 300 pJ can be fitted well with Eq. (15), but the THz signal falls

below the fitted quadratic curve in the higher pulse energies portion. It may be likely due to
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the defocusing of the laser beam by the plasma and reduces the effective peak intensity. In
addition, at larger plasma volumes, phase mismatch and THz absorption effects by free

carriers could more likely be significant [18].

6.3.2 GaSe crystal length determination by GVM

Group velocity mismatch (GVM) between the pump beam and the signal and (idler)
beam will limit the interaction length over which parametric amplification. By calculating

GVM, we can quantify interaction length by the pulse splitting length, Eq. (16).

T .
Ljp:; ,J=8,1 (16)

P

where 7 is the pump pulse duration, o, =1/vgj—1/v is the group velocity mismatch

&
between signal/idler pulses and pump pulse. In this work, the wavelength of optical pump
pulse is at 800 nm. The corresponding GVM. are 9;,=528.6 fs/mm for idler wavelength (THz)
is at 300 pm; J,,=—9.5 fs/mm for signal wavelength'is at 802 nm. Accordingly, the selected

GaSe crystal length is about 3 mm for optical pump pulse duration 1.5 ps.

6.3.3 Pump depleted gain prediction by taking account of the linear and

nonlinear absorption

The output of the terahertz signal after the THz-OPA system can be explained by the

parametric amplification process under a depleted pump beam condition [19]:

I.(r)= [(%)Ip (1-sn’[(r—1,)/ 1, 7])]x exp(—ar) (17)

P

.o
where 1/1=T(4) [1+—*% (18)
\ Lo,
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1 1 o,
and ro/lzaln(l6[l+l” ~-]) (19)

s%p

In Egs. (17)-(19), 1, is the pump intensity; / is the seeding THz intensity; /'(4) is the
parametric gain coefficient; a is the absorption coefficient, which includes the linear and
nonlinear absorption; @j, j=p, s, or i is the angular frequency of the pump, the signal and the
idler pulses (THz wave), respectively; 7 is length of the GaSe crystal. We note that s in Eq.
(17) is the Jacobian elliptic function resulting from an inversion operation of the elliptic
integral [19]. From the calculating results, the net gain could be expected. For instance, the
pump/seeding THz intensity are set as 2x10° W/ecm” and 3.5x10° W/em?, respectively, in the
calculations. Consequently, the power amplification gain magnitude could reach as high as
approximately 4.5 for the central frequency located at 1 THz. The prediction gain profile is
shown in Fig. 6-9.

14F —0O—Theoretical gain-prediction
12 [ Pump . 2*10"Wicm*
10F Seed: 35%10"Wicm’
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2 B DoDlD’D’D
0 [ Py [ Py [ Py [ Py [
0.0 0.5 1.0 15 2.0

Frequency (THz)

Fig. 6-9 Theoretical gain prediction in this THz-OPA system.
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6.3.4 THz amplification experimental achievement

The GaSe external phase matching angles is set 3°~5°, which corresponds to the phase
matching wavelength 300~1000 um (0.3 THz ~ 1 THz). For THz-OPA system, the seeding
THz time domain profile is shown as the black-line in the Fig. 6-10(a). Then the THz output
signal after amplification is depicted as the red-line. Figure 6-10(b) presents the seeded and
amplified THz spectrum profile. The weak THz signal can be power amplified as 2.7 times
respect to the input THz signal. The experimental achievement of the power amplification
gain is a little lower than that calculated from the theoretical prediction. It is likely attributed
to the imperfect phase matching and the beams overlap between the optical pump and the
THz seed. Besides, the gain calculation method mentioned in Section 6.3.3 is under the
plane wave assumption of the THz radiation. Therefore, the predictional gain factors for
every frequency components satisfy the perfect phase-matching condition. The magnitude of
the gain factor might be over-estimated. Therefore, the theoretical predition of the gain
factor is even up to 4.5 at central frequency 1 THz, the lower magnitude of the gain factor,

2.7 times in this study, could be achieved for practical experiment.
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Fig. 6-10 THz amplification by OPA process (a) THz time domain waveform (b) THz

spectrum.

6.4 Summary

Femtosecond laser induced plasma“in-ambient air based on the third order nonlinearity
is employed to construct a THz-TDS system“in this study. The properties of the THz
radiation from this configuration is characterized by altering the phase shift, the angle
between polarizations of the fundamental (800 nm) and second harmonic beams (400 nm).
The dependence of the THz signal as a function of the fundamental pulse energy before the
BBO crystal is also examined. Furthermore, GaSe crystal is a promising nonlinear optical
medium to perform the generation of intense THz radiation. Herein, we report the
experimental demonstration of terahertz wave amplification in GaSe crystal. Terahertz
power amplification factor of about 2.7 times is preliminarily performed under the phase
matching condition around 1 THz. The demonstration provides a potential way to further
increase the terahertz electric field for nonlinear spectroscopic applications with a desktop

femtosecond laser system.
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Chapter 7

Conclusions and future works

The optical constants of a GaSe crystal are measured by the terahertz time-domain
spectroscopy at terahertz frequencies. Based on experimental data, a modified complex
ordinary and extraordinary dielectric function of GaSe is presented. A low-frequency
rigid-layer phonon mode at 0.586 THz confirms the pure GaSe crystal to be in the e-phase.
The transverse and longitudinal optical phonons in the reststrahlen band for the ordinary
refraction index are experimentally determined to be 6.39 and 7.62 THz, respectively.

The infrared-active modes of e-GaSe crystal at 237.0 cm™ and 213.5 cm™ were found
to be responsible for the observed optical dispersion and infrared absorption edge. Based
upon phase matching characteristics of GaSe for difference-frequency generation (DFG),
new Sellmeier equations of GaSe _were: proposed. The output power variation with
wavelength can be properly explained with.the shape of parametric gain and the spectral
profile of absorption coefficient.of GaSe. The adverse effect of infrared absorption on (DFG)
process can partially be compensated by doping GaSe crystal with erbium ions.

We propose and experimentally demonstrate the generation of single-cycle terahertz
radiation with two-stage optical rectification in GaSe crystals. By adjusting the time delay
between the pump pulses employed to excite the two stages, the terahertz radiation from the
second GaSe crystal can constructively superpose with the seeding terahertz field from the
first stage. The high mutual coherence between the two terahertz radiation fields is ensured
with the coherent optical rectification process and can be further used to synthesize a desired
spectral profile of output coherent THz radiation.

A THz-TDS system based on laser induced plasma in ambient air is also constructed in
this study. A THz amplification process could be achieved by optical parametric
amplification technique. High gain can be performed under the theoretical calculation.
Herein, we report the experimental demonstration of terahertz wave amplification in GaSe
crystal. Terahertz power amplification factor of about 2.7 times is preliminarily performed
under the phase matching condition around 1 THz. The demonstration provides a potential
way to further increase the terahertz electric field for nonlinear spectroscopic applications

with a desktop femtosecond laser system.
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The recommendation in future work is represented as follows:

In this dissertation, the generation of mid- to far-infrared radiation has been perfomed
by use of the GaSe crystal. Especially, the severe effect of the free carriers has been
identified to reduce the output and performance of the THz emission systems, including the
multiple-stage optical rectification and terahertz parametric amplifier. Therefore, in
fundametnal, the elimination of the intrinsic nonlinear abosorption of the free carrier is the
important issue to study. If the concentration of free carriers could be reduced, the
performance of the high-power terahertz producer must be improved. The intense terahertz
light source can be expected.

In practice, it could be devoted to perform the terahertz phase modulator. The external
angles of the optical axis of the GaSe crystal between the direction of incident terahertz light
are as a function of the phase shift. This relationship could be further determined for the
convenient application to the scientists.

A simple calculation and design has been done for the prediction of the maximum
energy output of the terahertz radiation from the multiple stage optical rectification system.
In photon factory (NCTU), the Spitfire could be operated under 10 Hz repetition rate, 800
nm central wavelength, 50 fs. The laser pulse energy could be as high as 15 mJ. After the
theoretical calculation, a design case is_preliminately proposed to achieve the maximum
terahertz output from this technique:

The total laser pulse energy“is devided to three parts for the three-stage optical
rectifications. The pulse duration is stretched to 280 fs, focusing spot size is about 7mm, and
the GaSe crystal length is 570 um for each stage. The conversion efficiency for each stage is
about ~2x107. After the coherent superposition of terhertz electric fields in the time domain,
the intense single-cycle terahertz pulse could be yielded. Therefore, in our prediction, the
maximum pulse energy of terahertz radiation output by means of the multiple stage optical

rectification is as high as 300 nJ.
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