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You have brains in your head.
You have feet in your shoes.
You can steer yourself 
in any direction you choose.
You're on your own. And you know what you know. 
And YOU are the guy who'll decide where to go.

Out there things can happen 
and frequently do 
to people as brainy 
and footsy as you.

I’m sorry to say so 
but, sadly, it's  true 
that bang-ups and hang-ups 
can happen to you.

And when you’re in a slump, 
you’re not in for much fun.
Un-slumping yourself 
is not easily done.

You'll get mixed up, of course, 
as you already know.
You’ ll get mixed up
with many strange birds as you go.
So be sure when you step.
Step with care and great tact 
and remember that life's 
a great balancing act.
Just never forget to be dextrous and deft.
And never mix up your right foot with your left.

And will you succeed?
Yes! You will, indeed!
(98 and 3 /4  percent guaranteed ).

-  Dr. Seuss 
(1904 - 1991)
Oh the Places You'll Go!
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Abstract
In this thesis, terahertz emission from semiconductor surfaces is studied at high optical 

excitation fluences in order to investigate the scaling of such sources to high efficiencies. 

A quantitative comparison o f terahertz emission from InAs surfaces, one of the more 

efficient semiconductor sources, to the most efficient reported pulsed terahertz emitter, a 

large-aperture GaAs photoconductive switch, is carried out. It is found that at high bias 

voltages the large-aperture photoconductive switch is more efficient at converting optical 

to far-infrared energy but that the InAs semiconductor source has a higher frequency 

bandwidth.

In the high excitation fluence regime, it is found that the dominant emission mech­

anism from InAs surfaces changes from the previously reported photo-carrier dominated 

processes at low excitation fluences. A detailed calculation of bulk and surface electric- 

field induced optical rectification from zinc blende crystals is performed. The calculations 

are compared to the experimental observation of optical second-harmonic generation and 

terahertz emission from InAs surfaces for various crystal orientations. The results indi­

cate that the dominant emission mechanism for terahertz radiation from InAs is surface 

electric-field induced optical rectification.

A comparison of emission of THz radiation from porous crystalline surfaces o f InP 

versus unstructured surfaces was carried out. It was demonstrated, for the first time, 

that an increased conversion efficiency of terahertz radiation could be achieved with 

the introduction of porosity and in particular that the optical rectification component
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of terahertz emission from InP surfaces could be enhanced with the introduction of 

porosity. The mechanism for the enhancement is tentatively attributed to local-field 

enhancement within the porous network.

A terahertz time-domain spectrometer set-up was constructed, employing a semi- 

large aperture photoconductive switch. This system was characterized and applied to the 

study of wood and wood products. Specifically, it was demonstrated in a transmission 

mode that wood samples exhibit both birefringence and diattenuation. These results 

could lead to potential applications for the determination of fiber orientation in wood 

products such as the analysis of fiber orientation in paper products.
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Symbols

A  Area

a  Power absorption coefficient

c Speed of light in vacuum
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dij  Effective second-order susceptibility tensor element
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Chapter 1

Introduction

The terahertz portion of the electromagnetic spectrum is roughly defined as the fre­
quency range from 100 GHz to 10 THz. At 1 THz (single oscillation period of 1 ps), 
the free-space wavelength of the radiation is 300 /urn, corresponding to a photon energy 
of 4.1 meV or a temperature of 48° K. In this chapter, the motivation for studying the 
generation and detection of pulsed terahertz radiation will be given, and the details of 
the outline for the thesis presented.

1.1 Context of terahertz radiation in this thesis

The terahertz portion of the electromagnetic spectrum has been accessible for some 
time by various means including molecular gas lasers, gyrotrons and free-electron lasers 
[1]. Due to complexity, cost and limited frequencies of operation, these sources have 
traditionally made it difficult to gain full access to the terahertz frequency range.

Microwave electronics have traditionally been able to access the lower frequency 
range of the THz spectrum, however, driving electronic emission of electromagnetic 
radiation beyond 100 GHz is technologically challenging. Similarly, optical methods for 
generating electromagnetic radiation have generated sources of radiation extending to 
the mid-infrared, proving more difficult to generate coherent sources in the terahertz 
range.

It has only been in the last 20 years that a significant breakthrough in the generation 
technology for terahertz radiation has occurred [2]. Since this time, a number of reviews 
characterizing systems capable of generating free-space radiation in this frequency range 
have appeared [3, 4].

As the technology for accessing this portion of the electromagnetic spectrum is so 
new, there are new application areas appearing frequently in the literature. This is a 
very good time to be involved with research in this area, as it offers the opportunity 
to examine unexplored application areas for the technology. The next section examines 
some of the application areas that exist today.

1
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1.2 Applications

While there are many application areas being explored, the two main areas receiving the 
greatest attention in the last few years are imaging and spectroscopy.

The generation of pulsed terahertz radiation together with coherent detection allows 
many different imaging techniques to be applied. Simple absorption of the far-infrared 
energy can be used to map out materials such as IC's or to use the strong absorption 
of water to map out water concentration such as in a leaf [5]. The imaging mode 
employed in Ref. [5] was a point-by-point scanning method, which has been further 
developed [6], Since this time, other imaging modalities have been developed, including 
computed tomography [7], impulse ranging [8] multi-static reflection imaging [9] and 
two-dimensional electro-optic imaging [10]. Methods for terahertz imaging based on 
mixing of optical wavelengths in photoconductors to generate terahertz radiation without 
femtosecond lasers, and subsequent electro-optic detection have also been studied [11].

The interest in imaging with far-infrared radiation stems from the long wavelengths 
(compared to optical wavelengths) tha t mitigate scattering in many media, whereas at 
the same time having short wavelengths (compared to microwave frequencies) allows for 
reasonable spatial resolution. In addition, many materials are transparent at far-infrared 
frequencies. For example, regular clothing is transparent at terahertz frequencies [12], 
opening up many application areas for security. It has also been shown that to some 
degree sand is transparent, opening up applications to land-mine detection [13].

In addition to security applications, much attention is being paid to possible biomed­
ical applications of terahertz-pulse imaging , with demonstrations of, for example, imag­
ing of basal cell carcinoma [14] and dental tissue analysis [15].

A number of the imaging techniques rely on the absorption of far-infrared radiation 
by water. In fact, even small amounts of atmospheric water vapor can attenuate far- 
infrared in the pulsed terahertz experiments [16], which lim it potential communications 
applications of terahertz radiation to short-haul terrestrial communications.

The strong absorption of terahertz radiation by water has successfully been measured 
in a terahertz time-domain spectroscopy system in reflection mode [17], demonstrating 
the robust capabilities of terahertz time-domain spectroscopy. One might be tempted 
to assume that thermal background radiation may be a problem in terahertz time- 
domain spectroscopy; however, the coherent time-gated nature of the detection virtually 
removes any thermal background, allowing for such impressive measurements as the 
water absorption lines in a flame [18].

Such a high sensitivity to water has also been exploited to generate extremely sen­
sitive monitors of water, sensitive to nanometer water layers [19], and even to sub­
monolayer water adsorption [20].

Spectroscopy in the far-infrared is of interest to researchers as many molecules have 
rotational energies in the terahertz frequency range. Examples of applications that 
use rotational energies of molecules is that of gas sensing using terahertz time-domain 
spectroscopy [21].

2
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It has also been shown that many biologically important molecules, such as reti­
nal [22] and DNA [23] have activity in the terahertz frequency range. For these 
larger molecules, the far-infrared activity has been attributed to torsional modes in the 
molecules [22], Other examples of spectro-chemical applications of terahertz radiation 
include illicit-drug detection [24],

Spectroscopy using terahertz radiation is a powerful technique, since it offers access 
to a large frequency range, and with coherent detection can give access to the full 
complex dielectric function of the material. This has been used for spectroscopy on 
semiconductors [25], and more recently, to gain insight into the nature of conductivity 
by time-resolved measurements in low-temperature GaAs [26], organic semiconductors 
[27], and solvated electrons [28] using optical pump - terahertz probe techniques.

Aside from the unique spectral properties of terahertz radiation that contribute to 
the increasing application areas, one important feature is of critical importance. Many 
materials are transparent to terahertz radiation, offering application areas in quality 
control [21] and security [29]. For most of these applications, the terahertz technology 
would be in direct competition w ith x-ray imaging techniques. The advantage that 
terahertz systems offer is non-ionizing radiation that is not a significant safety hazard. 
The electromagnetic levels radiated from the standard terahertz-pulse imaging systems 
are orders of magnitude below what might be harmful to people [30].

As the application areas for terahertz technology grow, a greater demand for efficient 
emitters and detectors is being recognized. In the next section, some of the standard 
techniques for generating pulsed terahertz radiation for terahertz-pulse imaging are dis­
cussed.

1.3 Generation of terahertz radiation

The three methods traditionally used to generate pulsed THz radiation are: (i) Transient 
current generation at semiconductor surfaces [31], (ii) emission from a photoconductive 
switch [2], and (iii) nonlinear optical interactions [32, 33].

The generation of terahertz radiation from semiconductor surfaces has attracted 
much attention since initial reports of high conversion efficiencies, using InAs in a mag­
netic field [34]. Since this time, InAs surface emission has proven to be a relatively bright 
source of pulsed TFIz radiation, especially under the influence of an external magnetic 
field [35, 36, 37, 38]. As one of the more efficient emitters of terahertz radiation, it is 
of practical interest to examine the limitations of emission from InAs emitters.

Aside from the practical significance of terahertz emission from InAs surfaces, the 
emission is especially interesting due to the complex nature of the radiation. This 
results from multiple competing mechanisms that lead to the radiation. Contributions 
from photo-carrier acceleration in the depletion field [31, 39], photo-carrier diffusion [40], 
and optical rectification [41, 42, 43] have all been reported. The relative magnitudes of 
radiation resulting from the various processes is strongly dependent on excitation fluence
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[44]. In order to fully understand the limitations on the generation of THz radiation, it 
is important to clearly differentiate all of the mechanisms leading to the emission, and 
understand how the emission scales with optical excitation energy.

The main generation mechanisms that have been reported to contribute to terahertz 
emission from semiconductor surfaces will be briefly reviewed at this point, in order to 
demonstrate the various dependencies on crystallographic orientation and pump polar­
ization.

1.3.1 P hoto-carrier related emission mechanisms

When a femtosecond optical beam strikes a semiconductor surface with photon energies 
greater than the band-gap, electron-hole pairs are generated on the time-scale of the 
optical excitation pulse. This situation may then lead to a transient current, J{ t) ,  as 
shown schematically in Fig. 1.1.

The transient current may result from the diffusion of carriers away from the surface 
after excitation due to differences in mobilities for electrons and holes (photo-Dember 
effect) as shown in Fig. 1.1 (a) [40]. In addition, a transient current may develop as a
result of the photo-generated carriers being accelerated by the surface electric-field as 
shown in Fig. 1.1 (b) [31]. In either case, the transient current develops in a region
given by the optical absorption depth of the incident radiation, which for most materials 
is on the order of 1 [ im  or less. The time-varying current will then lead to radiation in 
the terahertz frequency range as:

T^rad  „  d J ( t )  / i  i \
^ T H z  ^  Q t  I1 1 )

where J is the transient current density. The free-space wavelength at 1 THz is 300 
Hm , and therefore, the emission of electromagnetic radiation in this frequency range, 
originating from a transient current with dimensions on the order of 1 / im  may be 
considered as dipole radiation.

For dipole radiation, w ith the dipole oriented perpendicular to a dielectric-air inter­
face (as is the present case), it can be shown that the polarization of the radiation is 
always in the plane of incidence (p-polarized) [45]. That is, there will be no s-polarized 
terahertz emission from such a source.

In addition, the transient current only depends on the injection of electron-hole pairs 
within the optical absorption depth, and therefore does not depend on crystallographic 
orientation. Moreover, the dependence on pump polarization comes only through Fresnel 
coupling of the pump beam.

These points can be summarized as follows for the terahertz emission from photo­
carrier related effects:

• THz polarization: p-polarized emission only.

•  Dependence on crystallographic orientation: None.

4
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Figure 1.1: When a femtosecond optical beam strikes a semiconductor surface, with 
photon energies greater than the band-gap, electron-hole pairs are produced. This can 
lead to a transient current as a consequence of the difference in mobilities of electrons 
and holes resulting in a diffusion current (a), or by the acceleration of carriers in the 
surface electric-field (b).
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•  Dependence on pump polarization: Weak - comes through the varying Fresnel re­
flection of the pump beam. file:///usr/share/doc/m ozilla-browser/localstart.htm l

These points will be used extensively later in the thesis in order to distinguish the 
photo-carrier related contributions to the radiated terahertz field from semiconductor 
surfaces.

1.3.2  Bulk optical rectification

When an intense optical beam interacts with a non-centrosymmetric material, a second- 
order nonlinear polarization of the material results. In general, this can lead to the 
second-order processes of optical rectification and optical second-harmonic generation.

It has been known for a long time, that emission of radiation in the far-infrared 
can result from optical rectification of an optical pulse [46]. In addition to this, optical 
rectification from crystal surfaces as a result of bulk optical rectification within the 
optical absorption depth can contribute significantly to the radiated terahertz field from 
semiconductor surfaces [43],

The process is shown schematically in Fig. 1.2. An optical pump beam excites a 
time-dependent polarization of the lattice within the optical absorption depth of the 
pump beam. This time-dependent polarization tracks the intensity profile of the optical 
excitation beam, and radiates a far-infrared wave with terahertz frequency components:

rprad d2P(t)
T H z  x  Q t 2 V1-2)

where P (t) is the polarization of the crystal which is given by:

P  oc x(2)(°i -u ,u )E o p t( -u )E o p t(u )  (1.3)

where E opt is the optical excitation field and 's the second-order nonlinear response 
of the material.

The polarization of the crystal depends on the orientation of the optical pump fields 
with respect to the crystallographic axes, and the specific symmetry of the nonlinear 
crystal. Thus, in general, the radiated terahertz field depends strongly on the orientation
of the crystal, as well as the polarization of the pump field. In addition, it is possible to
generate various output polarizations of the radiated terahertz field.

This can be summarized as follows:

• THz polarization: Both s- and p-polarized emission as well as combinations thereof 
can be generated.

• Dependence on crystallographic orientation: Strong dependence which is dictated 
by the symmetry class of the nonlinear medium.
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Figure 1.2: When a femtosecond optical beam strikes a semiconductor surface, bulk 
optical rectification can contribute to the radiated terahertz field. A time-dependent 
polarization of the lattice results within the optical absorption depth of the optical 
pump beam, acting as a source term in Maxwell's equations and radiating a terahertz 
wave.
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•  Dependence on pump polarization: Strong dependence which is dictated by the
symmetry class of the nonlinear medium.

The exact dependencies of the terahertz radiation on crystallographic orientation and 
on pump polarization are calculated later in the thesis for the case of crystals with 43m 
symmetry, such as InAs. These dependencies w ill be used to identify contributions to 
the radiated terahertz field from bulk optical rectification when exciting semiconductor 
surfaces.

1 .3 .3  Surface electric-field  induced optical rectification

When an intense optical beam interacts with an arbitrary material, a nonlinear polariza­
tion of the material results as a result of the third-order nonlinear response.

In a material which has an applied electric field, the third-order nonlinear response, 
in combination with the applied DC field can result in an effective second-order nonlinear 
response which can lead to electric-field induced optical rectification or second-harmonic 
generation [47, 41].

For the case where a semiconductor is excited by an intense optical pulse, and the 
semiconductor has an intrinsic surface electric-field, then this effective second order 
polarization of the lattice can be written as:

P  =  X(3 ) (0; -u } ,u ),0 )Eopt(-u>)Eopt{uj)Esurf(0) (1.4)

where E opt is the optical excitation field, x ®  's the third-order nonlinear response of 
the medium, and E surf  is the surface electric field as shown schematically in Fig. 1.3

The time-dependent polarization, P(t), tracks the intensity profile of the excitation 
pulse and radiates a far-infrared wave as:

F r a d  . .  9 2 P ( t )
E T H z  °C d f 2 I1-5)

The polarization of the crystal depends on the orientation of the optical pump field 
with respect to the crystallographic axes, and the specific symmetry of the nonlinear 
crystal. In general, the terahertz field depends strongly on the orientation of the crystal, 
as well as the polarization of the pump field. In addition, it is possible to generate 
various output polarizations of the radiated terahertz field.

This can be summarized as follows:

• THz polarization: Both s- and p-polarized emission as well as combinations thereof 
can be generated.

•  Dependence on crystallographic orientation: Strong dependence which is dictated 
by the symmetry class of the nonlinear medium.
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Figure 1.3: When a femtosecond optical beam strikes a semiconductor surface, at which 
there exists an intrinsic surface electric-field, then an effective second-order polarization 
of the lattice results from the third-order nonlinear response of the material within the 
optical absorption depth of the excitation beam.
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•  Dependence on pump polarization: Strong dependence which is dictated by the
symmetry class o f the nonlinear medium.

The exact dependencies of the terahertz radiation on crystallographic orientation 
and on pump polarization are calculated later in the thesis for the case of crystals with 
43m symmetry, such as InAs. These dependencies will be used to identify contributions 
to the radiated terahertz field from electric field induced optical rectification.

1.4 Thesis statement

This thesis examines the detailed generation mechanisms and efficiency of terahertz 
radiation from InAs surfaces at high optical excitation densities in order to find ways of 
improving the conversion of optical to far-infrared energy. As terahertz technology is in 
its infancy, there are many potential applications of this portion of the electromagnetic 
spectrum which have yet to be studied in detail. This thesis will also examine one 
possible branch of industrial applications for pulsed terahertz radiation which is the use 
of pulsed terahertz radiation for examining wood and wood-related products. This is 
an exciting technology for wood-related products, as it provides access to the upper 
frequency range (below X-rays) for which wood is transparent.

1.5 Layout of the thesis

Chapter 2 examines the experimental set-up used in the generation and detection of 
pulsed terahertz radiation. In chapter 3, a detailed description of the electro-optic 
detector is given, where it is found that the electro-optic crystal can be used as a 
polarization analyzer, which is used extensively throughout the remainder of the thesis.

In chapter 4 the thesis extends the work on terahertz emission from InAs surfaces 
to high optical excitation fluences. For the first time, a quantitative estimate of the 
maximum conversion efficiency from InAs surfaces (w ithout an applied magnetic field) 
will be obtained, and a comparison to the standard high efficiency terahertz pulse energy 
emitter, the large-aperture photoconductive switch, carried out, resulting in the conclu­
sion that the large-aperture photoconductive switch is a superior emitter of far-infrared 
energy.

In chapter 5, a detailed analysis of the terahertz emission characteristics from InAs 
surfaces at high excitation densities is carried out, where the emission is found to be 
inconsistent with carrier-related effects, which were the previously reported emission 
mechanisms from InAs surfaces. The emission characteristics are then shown to match 
both a pure surface nonlinear optical response and that of an electric-field induced 
nonlinear optical response. Further experiments reveal that the most likely mechanism 
responsible for the emission of terahertz radiation at high excitation densities is that of 
surface electric-field induced optical rectification.
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In chapter 6 , given that a nonlinear optical response dominates the terahertz emission 
from InAs surfaces at high excitation densities, a method based on structuring the surface 
is investigated to increase the radiated conversion efficiency from InAs surfaces. The 
method is demonstrated to generate more terahertz power from InP. Second-harmonic 
generation and terahertz emission are both investigated from the engineered InP samples, 
giving evidence that the conversion efficiency from InAs may be enhanced in a similar 
way.

In chapter 7, the fact that photoconductive terahertz emitters have proven to be 
the most efficient at converting optical to far-infrared energy is used to construct a 
system for spectroscopic investigation. The system is characterized and described in 
detail. This system is then used to investigate potential industrial applications involving 
wood and wood products as reported in chapter 8 . Here it is demonstrated for the 
first time that wood is birefringent under excitation from freely propagating radiation in 
the far-infrared. The industrial applications of this phenomenon should be important in 
quality control of a variety of wood products.

11
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Chapter 2

Description of the experimental 
set-up used for the generation and 
detection of TH z radiation

In this chapter the details of the experimental set-up used in this thesis will be outlined. 
The details of the electronics and optics used will be outlined, followed by a brief dis­
cussion of the detector used. A brief summary of the various emitters used throughout 
the thesis will also be given.

2.1 General description and overview

There are two laser sources used as femtosecond optical pump sources in generating 
terahertz radiation in this thesis. One is a Ti:Sapphire oscillator with an optical pulse 
width of 80 fs, a repetition rate of 82 MHz, operating at 800 nm with an output 
power of up to 0.8 W (Spectra Physics MaiTai). The other is a regeneratively amplified 
Ti.Sapphire laser system with an optical pulse width of 120 fs (Gaussian FWHM), a 
repetition rate of up to 1 kHz, operating at 800 nm with an output power of up to 0.75 
W.

The output from one of these two laser sources, depending on the emitter that was 
being examined, is taken to the terahertz set-up which is shown schematically in Fig.
2 .1 .

The pump beam is split into pump (92 %) and probe (4 %) beams using a wedged 
window. The probe beam is passed through an optical delay line, allowing an absolute 
time-delay between the probe pulses and the THz pulses at the detector. The probe 
beam is focused onto the ZnTe crystal after passing through a small hole drilled through 
the focal axis of the parabolic mirror. The probe beam is linearly polarized (horizontally) 
at the ZnTe detector, where a birefringence is induced on the probe as a consequence 
of the application of the THz field. This polarization modulation is then analyzed using
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Figure 2.1: Schematic diagram of the set-up used in the thesis. BS is a beam splitter; 
|  is a half-wave plate; POL is a polarizer; M is a mirror; FM is a flip-mirror; ODL is 
an optical delay line; PL is a positive lens; NL is a negative lens; PM is a parabolic 
mirror; LPF is a low-pass filter blocking the optical leakage and passing the far-infrared 
radiation; ^  is a quarter-wave plate; WP is Wollaston prism; PD are photo-diodes; LIA is 
a lock-in-amplifier. The emitters of terahertz radiation are either used in a transmission 
geometry (1) or a reflection geometry (2). Various emitters are used in the thesis.
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a polarization bridge. The linear polarization of the probe beam is converted to a 
circular polarization using a quarter-wave plate, which is used to balance the detection 
under no applied THz field. The polarization state is analyzed differentially using a 
Wollaston prism to separate the two orthogonal polarization components, which are 
detected by a pair of photodiodes. The photo-diode signal is balanced using the quarter- 
wave plate. The differential photo-diode signal is detected using a lock-in amplifier, 
where the reference frequency comes from the optical chopping frequency of the pump 
beam. For the case when the emitter is a photoconductive switch, no chopping of the 
optical beam is used, and instead the reference signal is derived from the alternating 
bias applied to the emitter.

The pump beam is passed through a half-wave plate and polarizer combination, 
which acts as a variable attenuator, allowing the optical pump fluence at the emitter 
to be adjusted. The pump beam is then telescoped to an appropriate diameter for the 
desired fluence range by using a pair of lenses as shown in Fig. 2.1. If a reference 
frequency is required, the beam is optically chopped using a mechanical chopper wheel. 
The chopper typically operates at a frequency of approximately 330 Hz when the 1 
kHz amplified optical source is being used, and 2 kHz when the oscillator source is 
being used. Depending on the emitter being used, either a transmission or reflection 
generation geometry is chosen by use of a flip mirror as shown in Fig. 2.1. The emitted 
THz radiation is then collected using four off-axis parabolic mirrors, forming an image 
of the THz radiation at the emitter on the ZnTe crystal.

The THz field is mapped in time by varying the delay between the optical probe 
beam and the THz field using the optical-delay line. The electro-optic detection used 
here is a coherent detection scheme, allowing both amplitude and phase of the THz 
fields to be recorded.

2.2 Electronic and Electro-optic Components

The electronic and electro-optic components used in the THz set-up are a crucial part 
of the experiments. As such, a brief overview of the electronics and devices used in the 
set-up described in section 2.1 is given here. There are three main components that will 
be discussed here. These are the large-area photodiodes used to differentially detect the 
probe polarization modulation, the computer scanned optical delay line used to map out 
the THz field, and the lock-in amplifier used to collect the THz waveforms with good 
signal-to-noise ratios.

The photodiodes that were used were ultra low-noise, large aperture photodiodes 
(Advanced Photonix). These diodes were chosen for two reasons. First, the dark current 
and noise-equivalent power (3.8 x lO ~ 14W H z~1//2) put them well below the noise floor 
of the detection system, and therefore will not contribute to the noise. Secondly, the 
large area of the photodiode elements ( 2 0  m m 2) removes any significant noise that may 
result due to pointing instability in the laser source.
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The optical delay line was constructed from a high-grade, 1" aperture, gold-coated 
corner cube retro-reflector (PLX Inc.) mounted on a translation stage (PI stage). The 
translation stage has a maximum linear displacement of 15 mm, corresponding to 100 
ps of probe delay. In addition to this, it has a placement repeatability of better than 0.5 
j j m (3.3 fs in time).

The lock-in amplifier was a model 7265 DSP lock-in amplifier (Perkin-Elmer), with 
dual input channels, where the differential photo-diode signal was detected directly in 
the lock-in amplifier. The lock-in amplifier was operated with an output filter setting 
of 24 dB /  octave, yielding an equivalent noise bandwidth of 6  Hz for a lock-in time 
constant of 20 ms, and operates at reference frequencies up to 250 kHz.

Data acquisition from the photo-diodes, lock-in amplifier, and digital control of the 
lock-in amplifier and optical delay line was automated using LabVIEW 1 installed on a 
lap-top computer. To accommodate multiple serial devices, USB-to-RS-232 adapters 
along with a USB hub were used.

2.3 Optics

Various optical components were used to guide the optical excitation and optical probe 
beams. These include mirrors, polarizers, lenses and waveplates. The mirrors used were 
dielectric mirrors for 45° or 0° high reflectivity use. The lenses were BK7 glass optics, 
some of which were anti-reflection coated for 800 nm (for focal lengths less than or 
equal to 25 cm). The polarizers used in the optical pump or optical probe beam lines 
were broadband Glan-Taylor calcite polarizers w ith a 1 cm aperture (Coherent Inc.). In 
addition, one Wollaston prism is used to separate orthogonal polarization components 
on the probe beam, which is a broadband, calcite polarizer with a 15° angular separation 
of the orthogonal polarization components (CASIX). The waveplates used were zero- 
order waveplates (CVI Laser Optics) constructed from quartz. For the terahertz beam, 
broadband off-axis parabolic mirrors were used to collimate and focus the radiation in 
order to minimize chromatic aberration. The parabolic mirrors were F/2, with a diameter 
of 2 inches and coated with gold (Janos Tech. Inc.).

2.4 Terahertz detector

A 1mm thick, (llO)-oriented ZnTe crystal (eV Products Inc.) was used as an electro­
optic detector for the terahertz radiation [48], This detection scheme is outlined in 
detail in chapter 3. Briefly, an optical probe beam is passed co-linearly with a terahertz 
field inside of the ZnTe crystal. The terahertz field acts as a bias field for the linear 
electro-optic effect (Pockels effect), which induces a polarization modulation on the

1L a b V IE W  is a commercial data-acquisition software package available through N ational Instruments
Inc.
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probe beam. The polarization modulation is measured using a Wollaston prism and a 
pair of photo-diodes to monitor the differential polarization signal, which is balanced in 
the absence of a terahertz field. The differential photo-diode signal is measured w ith a 
lock-in amplifier, and the terahertz signal is mapped out in time by varying the probe 
delay with respect to the terahertz pulse.

2.5 Terahertz emitters

In total, 5 different terahertz emitters are examined at various levels of detail in this 
thesis. These are: surface emission from InAs, InP and porous InP, as well as tera­
hertz emission from a large-aperture photoconductive switch and a semi-large aperture 
photoconductive switch.
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Chapter 3

Electro-optic detection of 
terahertz radiation

This chapter will discuss electro-optic detection of THz radiation. It will begin with an 
overview of the detectors that can be used for detecting radiation in the THz frequency 
range, and the reasons for adopting electro-optic detection using ZnTe will be outlined. 
A calculation of the electro-optic response of the ZnTe crystal will be given. The results 
will be shown to agree with those published by Planken et al. [49], The calculations 
are repeated here to emphasize the importance of the crystallographic orientation of the 
ZnTe electro-optic crystal. Specifically, it will be demonstrated that the ZnTe crystal 
itself can be used as an analyzer, to detect either vertically or horizontally polarized 
THz radiation. This is used extensively throughout the remainder of the thesis. This is 
an important point, which has not previously been highlighted. Finally, the calibration 
procedure implemented to extract the magnitude of the linear electro-optic coefficient 
of ZnTe will be outlined, and the results compared to literature values.

3.1 Detection of pulsed terahertz radiation

There are a number of methods used to detect far-infrared radiation. Thermal detection 
as well as coherent detection using electro-optic crystals and photoconductors can be 
used for detecting pulsed terahertz radiation. The linear electro-optic effect will be 
discussed in detail in this chapter. The use of ZnTe electro-optic detection will be 
compared to other possible detectors.

3 .1.1  Background

Traditionally, radiation in the near-infrared through the visible wavelength range at higher 
frequencies can be detected with great sensitivity. In fact, many devices are sensitive to 
radiation at the photon level in these wavelength regions. Examples of such devices are
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photo-multipliers, photoconductors and photodiodes. These devices essentially operate 
on the same principle: a photon has sufficient energy to generate a free electron or 
charge-carrier pair which is detected electronically. These methods work sufficiently well 
when the photon energies of the radiation to be detected are large enough to generate 
the charge carriers. All of these detectors suffer from a lower cut-off frequency that 
cannot be avoided, and results from the intrinsic limitation on liberating the charge 
carriers.

The photon energy at 1 THz is about 4 meV, making it very difficult to employ 
the standard techniques for photon detection listed above for higher frequencies. At 
the same time, very sensitive detection of electromagnetic radiation can be achieved for 
very long wavelengths by electronic means. For example, the detection of radio waves 
using antennas can be very efficient. However, it becomes more and more difficult 
to operate antennas, as well as the corresponding electronics, at higher and higher 
frequencies. It therefore requires somewhat unique technology for detecting radiation 
in the THz frequency range, lying between the well developed detection technology for 
the visible and the well developed detection technology for the microwave portion of the 
electromagnetic spectrum.

There are basically two types of detection that one would consider - direct detection 
and coherent detection of THz radiation. Direct detection would likely be considered 
when a coherent source of THz radiation is not available, or when the source is a narrow 
frequency source at moderate power. Examples of direct detection would be thermal 
detectors such as pyroelectric or bolometric detectors. For higher sensitivity, a nonlinear 
detector such as a Schottky barrier diode or hot electron bolometer can be used in a 
heterodyne configuration. For a comparison of the noise performance of the various 
devices in heterodyne detection of THz radiation see, for example, Gerecht et. al. [50]. 
For the case of coherent detection, the two primary methods are photoconductive and 
electro-optic detection [48].

3.1 .2  T h erm al detection

Traditionally, spectroscopy in the far-infrared has been accomplished using Fourier- 
transform infrared spectroscopy (FTIR spectroscopy). A detailed comparison of FTIR 
and terahertz time-domain spectroscopy using electro-optic detection has been carried 
out by Han. et al. [51],

The detector used in FTIR applications is usually a thermal detector, either a bolome­
ter or pyroelectric detector. The source used is traditionally an incoherent source using, 
for example, a mercury arc-lamp.

In contrast to this, time-domain spectroscopy using electro-optic detection employs a 
pulsed source of coherent far-infrared radiation, and the electro-optic detection is coher­
ent and time-gated. The coherent nature of the source and detection allows exceptional 
noise performance.

A figure of merit for the detection system is the noise-equivalent power (NEP), which
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can be as good as lO~16W H z ~ 1/ 2 for the electro-optic detection [51]. Typical values 
for the NEP of liquid helium cooled bolometers are in the range of 10~ l2W  H z ~ 1/ 2, 
and for pyroelectric detectors, they are in the range of 10- 8  — 10~w W H z ~ 1/ 2. It 
should be pointed out that, primarily due to group-velocity mismatch in the electro­
optic detection, the thermal detectors performance is superior to electro-optic detection 
above approximately 3THz [51]. However, for the purposes of the present investigations, 
we are concerned primarily with frequencies in the range of 0.1-2 THz.

It is primarily due to the limitations of the thermal detection that electro-optic 
detection was employed in the work presented in this thesis. As the terahertz radiation 
was being generated with a coherent, pulsed optical laser source, the main components 
required for coherent electro-optic detection were present. Using a thermal detector 
would lead to a poorer signal-to-noise ratio in the measurements. Moreover, thermal 
detectors have an essentially fla t frequency response in the far-infrared, causing problems 
with background incoherent radiation at high temperatures.

Another method for detecting pulsed terahertz radiation, in a coherent manner, is 
by using a photoconductive switch as a detector. Therefore, the choice of coherent THz 
detectors is between a photoconductive and electro-optic detector.

3 .1 .3  photoconductive switch and electro-optic  sam pling

A nice description of free-space electro-optic sampling (FS-EOS) and photoconductive 
sampling (PCS) is given in the review article by Dragoman [48]. In addition, detailed
comparisons of the two methods for coherent detection of THz radiation have been
published [52, 53].

PCS and FS-EOS are shown schematically in Fig. 3.1. In photoconductive sampling, 
the THz field acts as a bias, driving a current which, in turn, is gated by the probe pulse 
which momentarily reduces the resistivity of the switch. The probe is varied in time with 
respect to the terahertz pulse and generates a photocurrent that is proportional to the 
applied THz field.

As the probe strikes the PCS, a total charge, Q, is generated. The charge is depen­
dent on the gating time, r ,  and is given by [52]:

Q (t ) =  J  dtv(t)g (t  -  t ) (3.1)

where the induced bias voltage, v(t), generated across the PCS depends on the applied 
THz field, E ( uj), and the antenna response function, H ( uj), as:

v{t)  ~  J  dujH{uj)E{uj)eiuJt (3.2)

and the time-dependent conductance, g(t), depends on the probe intensity profile in 
time, l(t), and the photo-current rise and recovery times of the substrate, tc  and t r , 
respectively:
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t - t '
e TR (3.3)

In general, the antenna response function is frequency-dependent, and depends on 
the coupling of the THz field into the antenna, as well as the impedance matching 
conditions of the antenna to the transmission line [52],

For the simple case where proper impedance matching is achieved, no external cou­
pling lens is used for the THz radiation, and H(u>) =  1, the total charge generated 
by a probe pulse is given by the convolution of the time-dependent substrate conduc­
tance, g(t), and the THz field, E(t) ,  with E { t )  replacing v { t ) in Eq. 3.1. In this case, 
the detected waveform only recreates a true picture of the THz field when the probe 
pulsewidth, current rise-time and carrier recombination times are all significantly less 
than the THz pulsewidth (~  300/s). For short-pulse lasers, the probe pulse is usually 
significantly less than this (<  1 0 0 /s ) ,  so it is the material response function that limits 
the re-creation of the THz field accurately. Therefore, it is necessary to construct a PCS 
on a substrate with a fast recombination time, such as low temperature (LT) GaAs [52].

In contrast to this, the linear electro-optic response of a material is virtually instanta­
neous, so that special preparation of the detector is not required. FS-EOS is achieved by 
co-propagation of the THz pulse with a time-gated probe pulse, within an electro-optic 
crystal such as ZnTe [48]. The THz field acts as a bias for the Pockel's effect within 
the electro-optic crystal, inducing a phase retardance [48]:

where n Q is the index of refraction, to is the optical probe frequency, c is the speed 
of light in vacuum and r 4 i  is the linear electro-optic coefficient of ZnTe, all of which 
are constant for a fixed probe wavelength. The induced phase-retardance, A 4>(t ) ,  is 
measured by analyzing the polarization of the probe in a balanced geometry, using a 
A/4 plate to balance the differential photo-diode signal from a Wollaston prism, and 
monitoring the differential photo-diode signal as a function o f the probe delay r .  In the 
absence of group-velocity dispersion, integrating Eq. 3.4 gives the reconstructed THz 
field from the measurement of the induced phase retardance as [48]:

where L is the length of the electro-optic crystal and CznTe is the combination of the 
constants in Eq. 3.4. Therefore, in the absence of group-velocity dispersion, and for a 
probe pulsewidth significantly shorter than the THz pulsewidth, the measured signal is 
directly proportional to the THz field.

It is true that electro-optic detection in ZnTe, in general, will produce a more reliable 
recreation of the THz field [52] than the PCS, however, if the probe beam is not

. ,, . Lor&rn „  . . ,
A 4>(t ) = -----------E THz(T)dz

c
(3.4)
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modulated at a sufficiently high frequency, the signal-to-noise ratio is superior for the 
PCS [53]. Moreover, the use of a coupling lens for the PCS can further increase the SNR 
in the PCS method by an order of magnitude [52]. However, single-shot measurements 
of the terahertz electric-field have been demonstrated for electro-optic sampling by using 
a chirped optical probe beam [54] and non-collinear sampling [55].

The bandwidth is limited to about 3THz detection for the PCS, whereas, minimizing 
the length of the electro-optic crystal, at the expense of signal-to-noise, can achieve 
bandwidths over 30THz [56]. In fact, it was demonstrated that a bandwidth of detection 
from 100 GHz to 70 THz could be achieved with electro-optic detection [57].

Therefore, it is a trade-off in terms of signal-to-noise and bandwidth. For the inves­
tigations that are carried out in this thesis, only 0.1-2THz is of primary importance, and 
therefore either of the above methods of detection is suitable.

The choice of implementing FS-EOS was motivated primarily by ease of implemen­
tation. No fabrication of antennas or substrates is required for FS-EOS, and it is easier 
to align the electro-optic detector, as the probe beam does not need to be focused on 
a small ~  5 /zm spot of the antenna.

The choice of ZnTe as the electro-optic material was motivated by the work of 
Wu [58], where a comprehensive evaluation of materials for electro-optic sampling was 
investigated. The conclusion was that for optical probe sources around 800 nm, ZnTe 
had the largest figure-of-merit.

A more detailed description of some limitations including group-velocity dispersion 
and sensitivity will be examined later in the thesis.

3.2 Calculation of electro-optic response in ZnTe

This section will examine the electro-optic response of a ZnTe crystal as FS-EOS element 
in the experimental configuration used in the thesis. Specifically, the electro-optic signal 
imparted to a probe beam by means of a polarization modulation, is analyzed in a 
balanced detection geometry. In this section, the effect of the balanced detection set-up 
will be investigated theoretically. This will be followed by a calculation of the electro­
optic effect in ZnTe. Combining these two calculations, it will be shown that the ZnTe 
FS-EOS can be used as a polarization analyzer in addition to simple detection of THz 
fields. This will be compared to experimental data, and shown to agree with previous 
calculations. Finally, in order that the measured electro-optic signals can be converted 
to real units of the measured THz field, the calibration of the ZnTe crystal was checked 
by means of comparison to another well-known linear electro-optic crystal.

3 .2.1  Balanced detection

We begin the calculation by examining the effect of the balanced detection geometry, 
where we first define the crystallographic coordinate system, and relevant angles involved
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in the calculations. The orientation of the ZnTe crystal with respect to the THz field 
polarization and the probe polarization is shown in Fig. 3.2. The application of a low 
frequency (THz), or DC field induces a birefringence in the ZnTe. The orientation of 
the induced birefringent axes are shown in Fig. 3.3.

110]

E,probe

Figure 3.2: Geometry for the calculation of the electro-optic response of ZnTe. The 
polarization of the probe beam makes an angle </> with the [001] axis of the ZnTe, 
whereas the polarization of the THz beam makes an angle 8 with the [001] axis of the 
ZnTe crystal.

The balanced detection is shown schematically in Fig. 3.4. The input probe beam is 
polarized linearly, and incident at an angle 4> w ith respect to the [0 0 1] axis of the ZnTe 
crystal. This induces a phase retardance due to the induced birefringent axes, which is 
at an angle tU with respect to the [0 0 1] axis o f the ZnTe crystal. The relationship 
between \E> and 8 will be found later (see Eq. 3.26). This induced phase retardance 
is analyzed using a quarter-wave plate and Wollaston prism. It is useful to use Jones
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[0011

ZnTe

[110]

/

Figure 3.3: The induced birefringence in the ZnTe crystal resulting from the application 
of a low-frequency electric field (E t h z ) results in two orthogonal birefringent axes, one 
of which, x '  makes an angle $  with the [0 0 1 ] crystal axis.
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vector analysis [59] to track the polarization state changes and ultimately calculate the 
differential signal as the difference in the two probe beam powers coming from the 
Wollaston prism in Fig. 3.4.

E pro be

ZnTe A W
E o u t y

PD1-PD2 
to LIA

PD2

Figure 3.4: Schematic diagram of the balanced detection using ZnTe. PD are photo­
diodes, W  is a Wollaston prism and E 0Ut,H and E outy  are the horizontally and vertically 
polarized components of the input pump field E probe respectively and LIA is a lock-in 
amplifier.

In order to determine the polarization state changes, we need to define the Jones 
matrices for rotation, M rot, and phase retardation, M r-  These are given by [59]:

/  cos{ot) —sin(a) \  
y sin(a) cos(a) J

(o A ) xe=r <3-6>
where T is the induced phase retardation ( |  for a quarter-wave plate), and the rotation 
matrix rotates a linear polarization by an angle a. It is also important to note that the 
phase retardance matrix is written for use with the vertical axis parallel to the fast axis 
of the material. That is, for an input field of:

x  corresponds to the horizontal and y corresponds to the vertical directions, respectively. 
The retardance matrix is defined with the fast axis parallel to y in the rotated coordinate 
frame.

Let us examine first the effect of the ZnTe crystal on a probe beam that is linearly 
polarized horizontally (as in Fig. 3.4). The application of a THz field will induce a 
birefringence, T, which will be calculated later, with the axes at an angle relative to 
the [001] crystal axis. Given that the probe beam makes an angle 4> with respect to the

M rot —

M r  =
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[0 0 1 ] axis, it makes an angle of 0  — vp w ith respect to the x '  induced birefringent axis. 
Therefore, to apply the Jones matrix for phase retardation given above, it is necessary to 
rotate the frame of reference of the probe beam by an angle 0  — \E' =  A, then apply the 
Jones matrix for the phase retardation, and finally rotate back to the original coordinate 
system by rotating by an angle -{<j> — \U). Therefore, the effect of propagation through 
the ZnTe crystal w ith a fixed birefringence of T is given by Eq. 3.8.

M Z n T e  _  (  C0S(A) s i n ( A )  \  v (  1  0 \  v (  C0S(A ) - s in ( A )  \  , .
tot y — s in (A) cos(A) J  [  0 etF J  y s in  (A ) cos(A ) J

Similarly, for the quarter-wave plate, we orient it such that, in the absence of a THz 
field (T =  0 in Eq. 3.8), the linearly horizontally polarized pump beam impinges at 45 
degrees to the fast axis of the wave plate. Therefore, we apply a 45 degree rotation to 
the probe beam prior to entering the quarter-wave plate and a -45 degree rotation at 
the exit. The effect of the quarter-wave plate in the balanced detection system can then 
be written as:

=  i j i  f  i * i ;  ;  ) x | s  r  i o .s )
V Ji -A /  V U ! /  Vv?  v W

Ignoring the phase factors in front of the matrices, as ultimately we will be interested 
in the absolute square of the electric fields (power measurements), we write the total 
polarization transfer matrix of the ZnTe and quarter-wave plate as:

/i/f   717-QW'P i i r  Z n T e
M t r a n s f e r  —  t o t  t o t

where,

h [ ( A - B ) + i ( A  +  B) ]  |  [ ( B - C ) + i ( B  +  C)\  . . .
l [ { B - A ) + i { A  +  B) \  |  [ (C — B)  +  i ( C  +  B) ]  >

A  =  cos2(A) T  s in2{A)e*r

B  =  sin(A)cos(A ) ( l  — e*r )

C =  s in2( A) +  cos2(A)e*r  (3-11)

Next, we compute the vertical and horizontal polarized components that result from 
the Wollaston prism. The Wollaston prism separates the vertically and horizontally 
polarized probe beam components as:
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m hWollaston   {  ̂ 0
0 0

M Wollaston =  ^  0 0 ^  ^  ^

Finally, for a horizontally polarized probe beam, the input is given by:

E in =  (  )  (3.13)

Combining equations 3.10 3.12 and 3.13 we obtain:

77i_____ __ * rWollaston j\ j  77out,H — transferrin

=  l- ( { A - B ) + i { A  +  B) )

77_____ __ 7\ rWollaston t\/f 17&outy  — 1*1transferrin

=  I ( ( B - A )  +  z(,4 +  B ))  (3.14)

where A and B are defined in Eq. 3.11, and E out,H and E ^ t y  are the horizontally and
vertically polarized probe beam components for differential detection, respectively.

The differential power monitored in the experimental set-up is given by:

remeasured — A.P   Pgut f-[ Pout.V
d if f  ~  P  P in

\EouttH\2 ~  \Eouty \ 2

\Em \2

( |(A  - B )  +  i (A  +  B ) \ 2 - \ (B -  A)  +  i ( A  +  B ) |2)

=  ^  (Re(A -  B ) 2 +  Im ( A  -  B ) 2 +  Re{A +  B ) 2)

+  ^ ( l m { A  +  B ) 2 - 2 I m [ ( A  +  B ) { A - B ) ] )  (3.15)

And with a bit of algebra and using the definitions for A,B and C in Eq. 3.11, we finally
obtain:

A  P
——  =  s in(2A)s in (T)  (3-16)

where A =  <fi — ^  as before, and T was the induced birefringence due to the THz field,
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which still needs to be calculated. In addition to  the calculation o f the birefringence, 
it is necessary to compute the angle \ I \  which results from the application of the THz 
field.

3 .2 .2  Induced birefringence

We must now calculate the magnitude of the field dependent indices of refraction along 
the induced birefringent axes, or the induced birefringence, T, of Eq. 3.16. The geometry 
of the ZnTe crystal and applied electric field (THz field) is shown in Fig. 3.5. The THz 
field, as referenced to the crystallographic coordinate system is described as:

E t h z  =  E TH z cos( 6 ) z  +
E THzsin(9)  „ ETHzSin(6)

(3.17)
V2 V2 y

where x  is parallel to [1 0 0 ], y is parallel to [0 1 0 ] and z is parallel to [0 0 1 ].
To find the effect of the applied field on the index of refraction of ZnTe, we compute 

the impermeability tensor tj i j  =  A  (4 j)  =  r i j E j  [60], where is the linear electro-optic 
tensor which is given by Eq. 3.18 for crystals with 43m symmetry such as ZnTe.

■ 0 0 0  ■

0 0 0

0 0 0
T i j  =

^  41 0 0

0 r a 0

0 0 r 41 .

(3.18)

Using the definition of the impermeability tensor given above, with the THz field 
given by Eq. 3.17, and the form of the electro-optic tensor in Eq. 3.18, we get the 
impermeability to be:

A (f? )s  
A ( f f  )4 
A (f? )s

0

0

0

2r^\Ej'^zsin{9)
V2

2r4i BTHzSin(O)
V2

2r4i E T HzCos{d)

(3.19)

as:
Using this, we can write the expression for the index ellipsoid w ith an applied field
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[ 0 0 ! ]

ZnTe

[110]

/
y

Figure 3.5: Geometry for the calculation of the electro-optic response of ZnTe. The 
THz field makes an angle 9 with respect to the [001] axis of the ZnTe and the induced 
birefringent axis x '  makes an angle \I/ with respect to the [001] axis of the ZnTe crystal.
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1 = . V2 z2 , 2 r 4 i E T HzSin(9)
+  —  +  —  H-------------- ^ --------- yz

110  "-o uo
2 r 4 i E T H z s i n ( 9 )  

v/ 2
xz  +  2r 41 E t h z Cos (6) xy

Which we can write as a matrix, Sij. In matrix form we have:

(3.20)

Sij =

r i
n 0 r  4i E t h z c o s ( 8 )

r4i£^^^zsm(0 ) " 
\ / 2 r d F - G  1

r4 iE THzcos{9)
r41 ETHzsin(d)

j _
n0r4\ETHzsin{e)

r4iETHzsin(8)
V2
1

— F
—G

D
G

G
D

L v/2 V2 n l  -1

where we have defined:
(3.21)

D

F

G

1

nl
r  41 E t h z Cos  (6 )

i’4iETHzSin(8)

V2
(3.22)

Now, the problem of finding the new principal axes due to the induced birefringence 
amounts to diagonalizing the matrix in Eq. 3.21, which in turn is simply the problem 
of finding the eigenvectors of Sij. Moreover, the indices of refraction corresponding to 
the principal axes will be given by the eigenvalues of Si j .  It is important to note that 
as the matrix Si j  is real and symmetric, the eigenvectors will exist, and be orthogonal 
(ie. S^  is diagonalizable). A straightforward calculation of the eigenvalues gives:

Ai =  D  +  F

A2 =  D - ^ F + ^ V F 2 +  8G2

A3 =  D - ^ F - ^ F 2 +  8G2 (3.23)

With corresponding eigenvectors:
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a\, = [110]

-  i n

■S. =  [ l i ( - F  +  ' ^ T ^ ) l  (3.24,

It can be verified that the eigenvectors are orthogonal as expected. The eigenvectors 
corresponding to the new principal axes in the (110) plane are shown in Fig. 3.6.

From Fig. 3.6, we can relate the angle ^  to the angle 6 of the THz field in Fig. 3.5
by:

2 ^ 2  G
tan(\H) =    =

—F  +  y /F 2 +  8  G 2

2‘ in{,>) (3.25)
—cos(8) +  4/  cos2(8) +  4 s in2(9)

Where we have used the definitions of F and G in Eq. 3.22. This gives the rela­
tionship between \I/ and 8 that is required to remove the angle from the calculations. 
After some trigonometry, Eq. 3.25 reduces to the relation (Eq. A.5 of appendix A .l) :

tan(  2\l/) =  —2 tan{8) (3-26)

Given that we now have the orientation of the induced birefringent axes, we can 
evaluate the magnitude of the index of refraction along the two principal axes in the 
(110) plane, such that the phase retardance, T, can be computed. Noting that the new 
index of refraction can be written as n \ i =  tiq +  A (n ), and that we have A ( ^ j )  =  Ai, 
we can write, in the lim it where A ( 4 j)  1 :

TV^
A (n )  ~  - — Xi (3.27)

So that the index of refraction along a \ i is given by:

n \ i  =  n 0 +  M n \, )  
n 3

=  n 0 -  — Xi (3.28)

Finally, we note that the total induced phase retardance, T, due to propagation along 
the two birefringent axes A2 and A3  is given by:
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“ A2 V 2  [0 0 1 ]

2 U

ZnTe

Figure 3.6: Geometry for the induced birefringence. The drop-lines indicate the magni­
tude of the index of refraction along the induced birefringent axis (a \ 3) projected along 
the [001] and [110] crystal axes. The values of D,F and G are given in Eq. 3.22.
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T =  ~  (n A3 -  n X2) (3.29)

And from Fig. 3.6 we have the relation:

ta n ^  ~  ~ \ F +  \ V ¥ 2 +  8 G 2 3̂ '30^

Using the relations in Eq. 3.30 in the equation for the eigenvalues in Eq. 3.23 gives:

x/2G 
=  D  +  ^ ) 

n \ 3 =  D  — V ^ G t a n ^ )  (3.31)

Substitution of Eq. 3.31 into Eq. 3.29 with G =  r^E TH zS in (9 ) /x /r2 from Eq. 3.22
gives the phase retardance:

^  — u> o ... / 1  +  tan2(^>) \  ____ .
r  =  — r i l E THzn srn(0) (  J (3-32)

Now that the phase retardance is known, the polarization dependence of the ZnTe 
electro-optic detection can be completely quantified.

3 .2 .3  Polarization dependence o f Z n T e  e lectro-optic  detection

The results of sections 3.2.1 and 3.2.2 can now be used to examine the polarization 
dependence of the electro-optic detection with ZnTe. Starting with Eq. 3.16 of section
3.2.1, we have:

A  P
- p -  =  s i n  (2 A) s i n  (T)

~  Tsm (2A) (3.33)

where the assumption of a small phase retardance, T C  1, has been made. Using the
expression for the total phase retardance in Eq. 3.32, with A =  we have:

r 4i E T H z n 3s i n ( 0 ) s in i2{4> ~  ^ ) )  (3-34)

From the appendix (See Eq. A.6 and Eq. A .10) we have the relation:
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/  1 t n r p  (  \&1 \
s in{8 ) ( — -— \ sin(2 (<fi — ^ ) )  =  — (cos(9)sin(2(p) +  2sin(8)cos(2(f)))

(3.35)
Combining Eq. 3.35 and Eq. 3.34 gives the pump and THz polarization dependence 

of balanced detection using ZnTe to be:

A P  LO o
 =  — ru L E T H z n  (cos(8)sin(2(j)) +  2sin(9)cos(2<f))) (3.36)
P  2c

which agrees with the calculation performed by Planken et. al. [49].

3 .2 .4  Z n T e  e lectro-optic  detection  as a polarization analyzer

In this section, we will demonstrate that with the appropriate orientation of the ZnTe 
crystal, and polarization of the probe beam, it is possible to use the ZnTe electro-optic 
detector as an analyzer.

We begin with a specific orientation of the [001] crystal axis of the ZnTe crystal in 
the lab reference frame, with fixed polarizations of the THz field and the probe beam. 
The crystal is then rotated about the surface normal (the [0 0 1] crystal axis is rotated), 
and the response is examined. We do this for two particular configurations of the probe 
and THz field polarizations shown in Fig. 3.7.

Using this configuration, we can write the equations for the electro-optic signal re­
sponse for a horizontally polarized probe and vertically polarized THz field {S Hprobey THz), 
as well as for a horizontally polarized probe beam and horizontally polarized THz field 
(SHprobe ,h THz) as follows:

SHprobe,HTHz =  c i (cos(a)sin(2a) +  2sin(a)cos(2a))  (3.37)

where c i is a constant. As well, we have:

SHprobe,vTHz =  Cl {—s in {a )s in {2a) +  2cos(a)cos(2a)) (3 .38)

where these equations were obtained by setting 4> =  a  and 9 =  a  in Eq. 3.36 for 
SHwobc,HTHz and <j> =  a  and 8 =  a, +  f  for SHprabe,vTHz■

In order for the ZnTe to behave as a polarization analyzer, we would like to find the 
angles where there is a maximum sensitivity to horizontally polarized THz fields, while 
simultaneously having zero response to a vertically polarized THz field and vice versa. 
In order to examine this question, we tabulate the zeros for the two functions in Table
3.1.

Similarly, the extrema for the electro-optic response are tabulated in Table 3.2. 
Obviously, this is not straight-forward given the complicated nature of the zeros and 

extrema in tables 3.1 and 3.2. To aid in visualizing this, we present analytical plots of the
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Figure 3.7: Configuration for electro-optic detection of THz radiation with a horizontally 
polarized probe beam. Detection of vertically (a) and horizontally (b) polarized THz 
fields as a function of the angle of crystal rotation a.
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Table 3.1: Zeros of the polarization response function of the ZnTe electro-optic detector 
(Equations 3.37 and 3.38).

Zero a{SHvrobe,HTHz) a (^Hm.obe,VTHz)
-jst 0 co s - l ( J \ )  =  35.26°
2  nd c o s - ^ i )  =  54.74°

► OoOII

"OCO c o s - ^ - i )  =  125.26° cos—1 (— \  j ~\) =  144.74°
4</i Oo001II i : +  cos~1{ ^ \ )  =  215.26°
5 th 7r +  co s -1^ )  =  234.74° =  270°

Table 3.2: Extrema of the polarization response function of the ZnTe electro-optic 
detector (Equations 3.37 and 3.38).

Extrema a ( ^ H vrob<, , H T H z ) a  ( ̂ H vrobe , V t h  z )
■^st cos_1( i r )  =  28.13° 0
2 nd f  = 9 0 ° cos_ 1 ( ^ )  =  61.87°
3rd cos- 1 ( - ^ )  =  151.87° cos~l {-^§)  =  118.13°
4 t h n +  cos-1^ )  =  208.13° 7T =  180°

5 th ^  =  270° Tr +  cos- 1 ^ )  =  241.87°

two functions SHprobe,HTHz and SHprobe,vTHz In Fig. 3.8. Experimental measurements 
have also been made and are plotted in Fig. 3.8 to verify that these results are correct. 
The experimental data was obtained using a semi-large aperture photoconductive THz 
emitter, oriented to produce either a horizontally or vertically polarized THz beam at the 
ZnTe crystal, while the probe beam is horizontally polarized. For a detailed description 
of the experimental set-up, the reader is referred to Chapter 7. The ZnTe crystal is 
rotated about the [110] crystal axis, and the angular dependence is monitored.

We first note that the angular dependence is described well by the analysis performed 
above. In particular, note that the zeros and extremum are as listed in the tables above. 
It is also clear from the plots and the tabulated zeros and extrema, that there are only 
four angles of orientation of the ZnTe crystal for which an extrema occurs for one THz 
polarization, while simultaneously having zero response for the other THz polarization. 
These angles are, a  =  0, f,7 r, In order for proper relative measurements of the 
polarizations, the magnitudes at each angle for each polarization of the THz beam 
must have the same sign. Therefore, there are two ways in which the ZnTe electro-optic 
response can be used as a polarization analyzer using a fixed horizontally polarized probe 
beam. These are: (i) ZnTe at a =  0 for sensitivity to vertically polarized THz emission
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Figure 3.8: Theoretical and experimental angular dependence of ZnTe orientation for a 
horizontally polarized probe beam, and vertically (top, circles) and horizontally (bottom, 
squares) polarized THz fields. The experimental data was taken with a semi-large 
aperture photoconductive switch oriented to produce either horizontally (squares) or 
vertically (circles) polarized THz emission at the ZnTe crystal.
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and ZnTe at a  ~  2 for sensitivity to horizontally polarized THz emission, and (ii) ZnTe 
at a — 7T for sensitivity to vertically polarized THz emission and ZnTe at «  =  ¥  for 
sensitivity to horizontally polarized THz emission.

This important result is used to study the polarization dependence of the emitted 
THz radiation in various configurations throughout the remainder of the thesis. That 
is, an external polarizer for the THz radiation is not required. By proper selection of 
the ZnTe orientation, sensitivity to orthogonal THz polarization components can be 
obtained.

3.3 Examination of the ZnTe electro-optic response

With the qualitative description presented in the previous analysis for the polarization 
dependence of the electro-optic response of ZnTe, we can analyze our detected fields in 
real units of provided that we know the index of refraction and the linear electro­
optic coefficient r 4 i.  In this section, we will examine the value of r 4 i  obtained in a 
calibration experiment, and compare it to literature values.

The ZnTe crystals used in reporting results here were obtained from eV products Inc. 
The samples were single crystal, 1mm thick, 1cm square samples. They had very low 
resistivity ( lk fi-cm ), which made the standard calibration of the electro-optic coefficient 
extremely d ifficult as large bias fields, required to induce birefringence, were impossible 
to generate without damaging the crystal.

W ithout a bolometer for absolute power calibration, and w ith pyroelectric detectors 
that are quite noisy, it was found that a cross-calibration with a high-resistivity crystal 
of Lithium Niobate was one way to check the calibration of the ZnTe crystal. Lithium 
Niobate is well-characterized, making it a suitable choice for cross-calibration, and it is 
relatively straight-forward to measure the electro-optic coefficient of Lithium Niobate 
with DC or low-frequency fields.

In this section, we will first examine the calibration of the DC electro-optic coefficient 
of the Lithium Niobate crystal, and then proceed to examine the cross-calibration of 
ZnTe, and finally compare the result to literature values.

3.3.1  Calibration o f th e  e lectro-optic  response o f lith ium  niobate

The lithium niobate crystals used for the calibration measurements were single-crystal 
x  cut crystals 0.5 mm thick. Electrodes were formed on the crystal face, parallel to the 
y axis using silver paint, such that the applied electric field was parallel to the z crystal 
axis. LiNbOz  has 3m symmetry, so that the linear electro-optic tensor is given by [60]:
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(3.39)

Application of an electric field, E,  leads to a modification of the indices of refraction, 
as described in section 3.2.3. For the calibration measurements, the applied field is 
parallel to  the 5 axis (ie. E  — Ez),  and leads to the index ellipsoid:

+  r 13E  ) x z +  I \  +  r 13E  I yz 4-
1

+  r 33E  z: (3.40)

where nx =  n y =  n 0 and n z =  n e. Note that the principal axes remain unchanged, 
however, the magnitude of the index is changed along each principal axis due to the 
application of an electric field along z.

For a beam propagating along x, and polarized in the zy-plane, the phase retardance, 
T is given by:

r = u L
(ny -  n z) (3.41)

where lu is the optical frequency, L is the length of the crystal and c is the speed of light in 
vacuum. From the index ellipsoid, we have: n z ~  n e~^n^,r33E  and n y ~  n 0 — \ n ^ r i 3E. 
Inserting this into Eq. 3.41 gives:

2k L  (  1 o 1 , „
r  =  - y -  I n a -  n e -  - n 0r 13 +  - n er 33E

=  rG + r£ 
r o =  —̂ - ( n 0 - n e)

ttL E  / 3 s \
(ner 33 -  n 0n 3)

I e
~  A r e ff

r e ff  =  («er 33 “  ^ 1 3 ) (3.42)

From Eq. 3.42 it is clear that a measurement of T(£ ') will give r ef j  by evaluating
the slope of the curve. The experimental configuration is shown in Fig. 3.9. For the
crossed-polarizer geometry of Fig. 3.9, the photodiode signal: P D 1 /P D 2  is given by:
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P o u t  _  P D 1  . 2 f n a \  ■ 2  f o  / i o ' i

- ^  =  ^ P D i =  ‘ m  (29)S" *  ( .2 )  (3 '43)

where a  is a correction factor taking into account the relative signal produced by the
beam splitter (BS) in Fig. 3.9. The value of a  is obtained by setting a P D 2  =  P D 1
when the input polarization is parallel to 2  (see Fig. 3.9).

The experiments are performed such that the angle 6 in Eq. 3.43 is 7r/4.

LiN bQ 3 P ol
BS

H eN e

Pol
P D 2

P D  1
P D 2

to  electronics

6 —  7-/ 4

Figure 3.9: Experimental set-up for determining the linear electro-optic coefficient of 
lithium niobate. F is a filter; L is a lens; Pol is a polarizer; PD are photodiodes; BS 
is a beam splitter (quartz window). The linearly polarized HeNe beam makes an angle 
9 =  j  with the y crystal axis. The applied field lies along z. The ratio of input to 
output powers in a crossed polarizer geometry is measured such that the electro-optic 
coefficient may be extracted.

Applying the bias field, and extracting the measured phase retardance, T ^  of Eq. 
3.42, we obtain the results in Fig. 3.10. From the slope of the curve, we obtain the
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Figure 3.10: Measured phase retardance of a 632.8 nm HeNe laser through a 0.5 mm 
thick LiNbOs  crystal as a function of the applied bias field. The bias field is applied 
parallel to the z crystal axis and the x  axis is parallel to the propagation direction of the 
laser.
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effective electro-optic coefficient, r ef f  =  166 ±  5p m V ~ l  in Eq. 3.42. An additional 
correction was required to calculate the exact electric field at the center o f the crystal for 
the layout of the electrodes used. Using FEMLAB 1, it was found that the electric field 
distribution within the L iNbO^  is expected to be approximately 13% smaller than the 
simple estimate of E  =  V /d gap. This results primarily from placing the electrodes on 
opposite sides of the crystal face to avoid breaking down the air between the electrodes 
upon applying high voltage. Correcting the effective linear electro-optic coefficient for 
the field distribution gives a value of r ef f  =  188 ±  6p m V " 1. The error is estimated 
from the experimental data, and does not include systematic errors that may result 
from deviations in crystal thickness, or variations in the exact electric field distribution 
obtained from modeling.

Since a DC field was employed; It should be noted at this point that the low frequency 
value of the linear electro-optic coefficient (unclamped) , f J - j ,  was measured. In fact, 
the linear electro-optic coefficient has acoustic resonances [61], and it is therefore the 
low frequency value with which we need to compare our result. Examining the reported 
value of the effective linear electro-optic coefficient for low frequencies at an optical 
wavelength of 632.8 nm, we find a reported value of =  190p m V -1 [62], in excellent 
agreement w ith our measured value of =  188 ±  ftpm V- 1 . Finally, we note that 
for high frequency measurements, the clamped value of the effective linear electro­
optic coefficient, f f j y .  should be used. Therefore, for using lithium niobate in TFIz 
experiments, the corresponding high frequency value =  224p m V ~ x should be used 
[62].

3 .3 .2  Comparison of Z n T e  and LiNbO?, e lectro-optic  responses

W ith this value for the effective linear electro-optic coefficient for L iNbOs,  it is possible 
to perform a cross-calibration of the ZnTe crystal using the terahertz field as a bias.

Preliminary measurements of radiated TFIz fields using L iN bO z  demonstrated ex­
ceptionally high noise levels. This was a result of not being able to properly balance the 
detection with a quarter-wave plate due to the intrinsic birefringence of the L iN b O 3 . 
To overcome this, measurements with the L iNbOs  were taken with an identical crystal 
of LiNbOs  in the probe beam path, but oriented orthogonal to the detection crystal, 
such that the intrinsic birefringence was canceled, allowing proper balancing of the probe 
beam for differential detection.

A plot of the measured TFIz field radiated from a large-aperture photoconductive 
switch, w ith both LiNbOs  and ZnTe oriented for maximal sensitivity, is shown in Fig. 
3.11. The experimental set-up for this measurement is given in detail in chapter 4.

Recall from section 3.2.2, the differential photo-diode signal for optimal detection, 
6 =  | ,  which is:

1F E M L A B  is a commercial fin ite  e lem ent numerical com putation package created by C O S M O L . See 

th e ir  web-site at ww w .fem lab.com  for more details.
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Figure 3.11: Detected THz field radiated from a large-aperture photoconductive switch 
as function of probe delay using a 1 mm thick ZnTe crystal (top) or a 0.5 mm thick 
LiNbOz  crystal (bottom). The signal measured from the ZnTe crystal is multiplied by 
a factor of 0.2 for clarity.
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A P  u  o
- p -  =  —rA iE rH z L n  (3-44)

Similarly, for L iN b O 3 , we expect for small retardance, the differential photodiode 
signal to be (Using Eq. 3.42 in Eq. 3.16):

A P  ttL E
~P~ “  ~ 2 \~ Teff
r e f f  =  («er 33 -  ^ 1 3 ) (3.45)

Taking the ratio of equations 3.44 and 3.45 we obtain the expected ratio of responses:

^ ZnTe =  =  1.65 (3.46)
\~P}L iNb03 L LiNb03r e ff

Solving for r±i, the linear electro-optic coefficient of ZnTe we obtain:

r/n -  {  ^ Z n T e  \  L LiNbQ3r e f f

41 “  1 ( ¥ ) ™ J  <3-47)
From Fig. 3.11, the measured ratio is 16 ±  2, which is significantly different than 

1.65 predicted in Eq. 3.46. This is almost entirely due to the difference in group-velocity 
mismatch of the THz beam and optical probe beam within the two crystals.

Group-velocity mismatch in L iN bO s  and ZnTe has previously been examined in 
detail in Refs. [63, 64], The effect of group-velocity mismatch, in the time domain, on 
the measured THz signals in Eq. 3.44 and Eq. 3.45 is obtained by setting:

E t h z -  £  ( e THz n  +  r) e - “ )  dz (3.48)

where z is the distance of the beam into the crystals, A n  is the index mismatch at 
optical and far-infrared frequencies, T  is the absolute time, and a  is the absorption 
coefficient of the crystals, which is assumed to be frequency independent. In addition, 
the THz field within the crystals will be different due to Fresnel reflection at the crystal 
input face. The notation CznTe ar|d CLiJVb03 be used for the Fresnel amplitude 
reflection coefficient. Taking these both into consideration, we rewrite the ratio of Eq. 
3.47 as:
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r 41 =
m Znr ,

P  )  L iN b O z  /

L L i N b 0 3 r e f  f C L i N b O z

Z L z n T e C z n T e

( f 0L (E T H z (± A n  +  T )  e~°«)dz)
'  L i N b 0 3

(foL (E THz (§.A n  +  T )  e~az) dz
Z n T e

(3.49)

The optical (800 nm) and far-infrared (1 THz) indices of refraction used for ZnTe 
as given by Ref. [65] were 2.85 and 3.17 respectively. The optical (800 nm) indices of 
refraction used for the ordinary and extraordinary indices of refraction for L iNbO s  as 
given by Ref. [66] were 2.26 and 2.17 respectively. The far-infrared (1 THz) indices 
of refraction used for the ordinary and extraordinary indices of refraction for L iNbO s  
as given by Ref. [67] were 6.7 and 5.15 respectively. This gave values for the index 
mismatch in ZnTe of A n  =  n f ir — n opt =  0.32. The index mismatch for the LiNbOs  
depends on the geometry; in this case, the THz field is parallel to the extraordinary 
(z) axis, and the probe beam is at 45° relative to the x and z-axes. Therefore the 
index mismatch for L iNbOs  is taken as A n  =  r i f i r  — nopt =  2.94. Finally, the values 
for the power absorption coefficients for the far-infrared radiation in the ZnTe and 
LiNbO ^  crystals are taken as frequency independent with values of 5 cm ~ l  and 10 
cm -1 , respectively [67], Numerical evaluation o f the correction factor in the square 
braces of Eq. 3.49, assuming an input Gaussian pulse shape with a pulse-width of 
0.5 ps (FW HM), yields 0.10 ±  0.01. This gives a measured value for r ^ i  in ZnTe of 
r — 3 .9 ± 0 .4 ^ ,  in excellent agreement with reported values for ZnTe between 3.9-4.0 
np? [63, 64, 68, 69, 70], Therefore, for the remainder of the thesis a value of r 4 i  =  3 .9 ^ r 
w ill be used.
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Chapter 4

Comparison of large-aperture 
photoconductive switch and InAs 
surface emission

InAs has previously been reported to be an efficient emitter of Terahertz radiation at 
low excitation fluences, using femtosecond laser pulses. In an effort to quantify the 
efficiency of the InAs surface emission, the scaling and saturation of THz emission from 
a (100) InAs surface as a function of excitation fluence is measured and quantitatively 
compared to the emission from a GaAs large-aperture photoconductive switch. In this 
chapter a brief description of the operation of a large-aperture photoconductive switch 
will be presented, followed by a brief discussion of the current understanding of the 
emission of THz radiation from InAs. Following this, the experimental results from an 
experiment where the two emitters were compared will be presented.

4.1 Description of the large-aperture photoconductive switch

The emission of THz radiation from a large-aperture photoconductive switch has been 
described in detail in Ref. [72], In this section, the main characteristics associated with 
the scaling of the emission will be reviewed.

A large-aperture photoconductive switch is what the name implies: a photocon­
ductive switch for which the dimensions are large compared to the wavelength of the 
emitted radiation. In this case, there exists a current distribution, as a consequence of 
illumination with an above band-gap wavelength optical pulse, that has a spatial extent 
larger than the characteristic wavelength of the emitted radiation. Darrow et. al [72] 
showed that in this case, the theoretical treatment was best approached by use of plane 
waves.

JThe results in this chapter have been published in Ref. [71]
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The boundary conditions on the radiated THz field can be used in conjunction with 
Ohm's law, to relate the optically injected current density to the radiated field. The 
result is that the relation between the time-varying surface conductivity, applied bias 
field and radiated THz field are given by:

E rad(t) =  - E b (4-1}T]0(Ts(t) +  1 +  v/e

where E rad(t) is the radiated electric field at the emitter, inside of the substrate, E b is 
the applied bias field on the switch, r)o is the impedance of free space, e is the dielectric 
constant and the time-dependent surface conductivity, crs(t), is given by:

as(t) =  J  d t ' n ( t - t ' ) I opt( t ')e~TT7 (4.2)

where e is the electronic charge, R is the reflectivity (at normal incidence for the above 
analysis), hu is the optical photon energy, / i is the time dependent mobility of the 
substrate, I opt is the intensity profile of the optical excitation pulse and T c a r  is the 
carrier recombination time.

The above model describes the experimentally observed scaling dependence on bias 
field and optical excitation fluence in a relatively simple way. In Eq. 4.1, the THz field 
grows as the conductivity increases, however, it eventually saturates. The value to which 
it saturates is the bias field. That is, the THz field cannot exceed the value of the bias 
field, and monotonically approaches the bias field (opposite in direction) as the device 
is pumped harder.

In order to demonstrate the dependence on the optical pump energy, we notice that 
Eq. 4.1 monotonically increases w ith increasing conductivity. Therefore, the maximum 
of the radiated field occurs when the conductivity reaches its respective maximum, and 
is given by:

rppk _  rp a  m a x  VO
ra d  -k*> „  , 1 , ( 4 - 3 )

&maxV0 +  1 +  V e

where amax is the maximum of the surface conductivity in time. Further, we assume 
Drude conductivity such that a(t)  =  [ i ( t )n ( t )e , which assumes that the carrier recom­
bination time is significantly larger than the optical excitation pulse width in Eq. 4.2. 
Finally, if we assume that the mobility is time-independent and given by the DC mo­
bility, then the conductivity would simply be a(t) =  nen(t). This assumes that the 
injected photon energy is only slightly above the band-gap, which is the case for our
experiments with the photon energy of 1.55eV in comparison to the band-gap of 1.5 eV
for semi-insulating GaAs.

The time-dependent carrier density, n(t), is given by:

n[t) = f  p° ^ dt’ <4-4)
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where Popt ( t ) is the incident optical power as a function of time. Using the assumption 
that the carrier recombination time is much larger than the optical excitation pulse 
width, the carriers w ill all be injected before they begin to recombine. Therefore we 
have tha t crmax =  /xenmax, with n max =  Fopt ( l  — R )/h v ,  which gives the peak radiated 
field in Eq. 4.3 to be:

e ( l - R ) f i p c F o Pt ‘rio 
rp p k      hu____________

rad  b e ( l - R )p p c F o p tp a  _ |_  ^

= —Eb ^ SL  (4.5)
F o p t  +  F s a t

where F sat is the saturation flux, defined by:

M i  +  V ? ) ( 4 f i)
sat e( i - R ) n Dcm [ }

which is equivalent to the saturation flux expression given in Ref. [68]. From equations
4.5 and 4.6 it is evident that the radiated THz field will scale linearly w ith the applied 
bias field and saturate with optical excitation fluence, the saturation fluence given by 
Eq. 4.6. These scaling behaviours will be discussed in the next section.

4.2 Direct comparison

In this section the efficiency of InAs as a high-power THz emitter under high excitation 
fluence is examined. The GaAs large-aperture photoconductive switch (LAPCS) has 
been used in the past to generate the highest reported conversion efficiency from optical 
to pulsed THz radiation [73], and has been used as a benchmark for efficiency of THz 
emitters [74], In this section, such a GaAs LAPCS has been used for comparison to gauge 
the overall conversion efficiency of InAs. Scaling of emission with excitation fluence and 
saturation of emission is presented, and a quantitative comparison to a GaAs LAPCS is 
reported.

The experimental set-up is similar to that of section 2.1 and is shown in Fig. 4.1. 
A regeneratively amplified Ti:Sapphire laser system (Spectra Physics Hurricane) is used 
as a source, operating at a center wavelength of 800 nm, at 1 kHz repetition rate, with 
a maximum pulse energy of 750 /xJ and a pulsewidth of 130 fs (Gaussian FWHM). 
The beam is split into pump (92%) and probe (4%) beams using a wedged window. 
The probe time is varied with respect to the pump using an optical delay line, allowing 
time-resolved mapping of the THz field. A variable attenuator (A/2 plate and polarizer) 
is used in the pump beam to vary the fluence. The THz radiation from the emitter 
is collected and imaged onto the detector using 4 F/2 parabolic mirrors in an f-2f-f 
geometry to minimize frequency dependent focusing effects [75, 76, 77], and allow a
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direct comparison of emitted THz fields between the two emitters. The four parabolic 
mirrors are employed to attain an intermediate focal plane for testing samples, which 
is used later in the thesis to study samples of wood. To detect the THz radiation, the 
probe is co-linearly propagated through a 1mm thick, (110) ZnTe electro-optic crystal, 
together with the THz pulse. This induces a polarization modulation, which is ana­
lyzed using a polarization bridge (A /4  plate and Wollaston prism), with the differential 
photodiode signal detected using a lock-in amplifier at the optical chopping frequency 
of approximately 330Hz. The orientation of the ZnTe crystal is chosen to maximize 
the electro-optic signal as in section 3.2.4. The GaAs emitter used is constructed on a 
high-resistivity GaAs substrate (the carrier concentration and Hall mobility specified by 
the manufacturer are n c =  1.5 x 107cm -3 and /j,h  =  3890cm2Vr_1s_1, respectively). 
Silver paint was used to define electrodes with a gap spacing of 0.19 cm and biased 
at 300 V (1.6 kV/cm). The GaAs emitter is illuminated at normal incidence and the 
transmitted THz beam was collected.

The InAs emitter is a (100) oriented, undoped, n-type InAs sample (n c =  1.9 x 
1016cm “ 3, h h  =  2.5 x 104cm2V -1 s-1 ) which is illuminated at 45 degrees angle of 
incidence. The pump beam is telescoped to a 1 /e2 intensity beam diameter of 2.85±0.05 
mm for both emitters using a pair of lenses as shown in Fig. 4.1.

The orientation of the crystal is such that the projection of the p-polarized pump 
beam on the (100) plane of the InAs crystal is at 45° relative to both the [010] and [001] 
crystallographic axes, and the p-polarized THz beam is collected. Initial measurements 
of the saturation of the signals from InAs were carried out in the absence of magnetic 
fields.

In order to determine the efficiency and saturation of the two emitters, the scaling of 
the THz emission with optical excitation fluence was measured. The fluence is calculated 
as the full energy of the pump beam before striking the surface of the emitter, divided 
by the 1/e2 (intensity) beam area of 0.064 ±  0.003cm2. The GaAs-LAPCS is oriented 
in a transmission geometry, such that the pump beam illuminates the switch at normal 
incidence, while the InAs sample is unbiased, with the bare (100) surface oriented at 45° 
to the pump beam as shown in Fig. 4.1. The resultant peak measured emitted field as 
a function of the incident fluence is presented in Fig. 4.2. The peak radiated terahertz 
field is taken as the maximum of the absolute value of the time-domain waveform. The 
inset of Fig. 4.3 shows waveforms radiated from the LAPCS and InAs sources. The THz 
signal from both emitters is observed to saturate as the fluence is increased. The radiated 
field is well described by the simple saturation formula, E j?Hz =  B F / ( F  ±  F sat), where 
B is a scaling constant, F is the excitation fluence and F sat is the saturation fluence. 
The solid curves in Fig. 4.2 are the fits of this equation to the data, and the values for 
B are 300 ± 3 0  and 220 ± 2 2  V/cm and F sat are 29 ±  4 and 10 ± 1 .3  /xJ/cm? for InAs 
and GaAs respectively. The value for the saturation flux of the GaAs obtained is within 
30% of the more recently reported results for the saturation flux from GaAs LAPCS 
[74, 68, 78]. In our case, the GaAs aperture is overfilled, whereas in most reports on 
saturation behavior of the GaAs LAPCS, the pump beam diameter is comparable to the
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aperture dimension.
From Fig. 4.2 it is clear tha t the peak radiated field from the (100) InAs emitter is 

larger in the saturated regime, and reaches a saturated field approximately 30% higher 
than that for the GaAs LAPCS. In addition, the saturation fluence for InAs is almost 3x 
larger than that for the GaAs LAPCS.

W ith quantification o f the scaling of both emitters with excitation fluence, the ques­
tion of which emitter most efficiently converts optical to far-infrared energy can be 
examined. We can estimate the total energy in the THz pulses, and compute an es­
timate for the overall conversion efficiency. The method is outlined as follows. The 
conversion efficiency, ij, is defined by:

( WTHz\  (A7,
71 \ w inp)  ( ■ }

where the estimated THz pulse energy is:

t A

W t H z  ~  -----

F p k
T H z

(48)
where W represents energy, r  is the 1/e (electric field) THz pulse width, A is the area 
of the THz beam at the detector, E ^ Hz is the peak radiated THz field and t/q is the 
impedance of free space. The definition of the 1/e electric-field THz pulse width is 
shown in Fig. 4.3. The 1/e pulse-width is taken as the time-span between when the 
absolute value of the field first reaches a value of 1/e of the maximum, and then when 
it falls to 1/e of the maximum.

Detected fields are corrected for Fresnel reflection at the emitter and detector, T r , 
and system transmission losses, Ts as:

IE PT H z \  «  E T H z  T rT s  (4.9)

We compute the input optical energy by integrating over the emission aperture:

7p k

J J  F ^ ite (x ,y )d xd y  (4.10)

a p e r tu r e

The experimental values used are given in Table 4.1. The THz beam waist at the 
detector for the two emitters was measured by scanning the THz beam laterally across 
the optical probe beam, which is less than 100/um in diameter, and measuring the 1/e 
THz electric field diameter. The system loss factor was calculated from the transmission 
spectrum of the optically opaque beam block used to block the laser radiation from 
hitting the detector, and had a fla t frequency response over the bandwidth of both 
emitters.

Using the values in Table 4.1, and computing the conversion efficiency as outlined
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Table 4.1: Parameters used in estimation of optical to far-infrared conversion efficiency

Property GaAs InAs Description
System Loss 1.44 1.44 E-field attenuation factor of beam-block
Fresnel Loss 1.42 1.31 E-field Fresnel reflection losses (em itter and detector)

r(ps) 1.54 0.79 Average measured 1/e pulse widths
THz spot (cm) 0.342 0.245 Measured 1/e THz field diameters

B (V /cm ) 223 294 Measured saturation amplitude
Fsat(n J /c m 2) 9.6 29.3 Measured saturation fluence

E M FA 0.82FA Integral of F(A) over the excitation area
A(cm 2) 0.064 0.064 1/e2 Intensity beam area of excitation beam

above, we get the results presented in Fig. 4.4 below.
Note that the conversion efficiency for the GaAs is much larger than for InAs due to 

a larger THz beam waist at the detector and a longer pulsewidth. The larger THz beam 
waist at the detector is likely a result o f diffraction from the emitting aperture due to 
the longer emission wavelengths, and the reduced emitting aperture for GaAs compared 
to the InAs. For our GaAs LAPCS, the maximum conversion efficiency, at a bias field of 
1.6 kV/cm was about 1.9 x  10-5 , while for InAs it was 2.1 x 10- 6 . The best reported 
conversion efficiency for a GaAs LAPCS was 1.6 x 10-3 at a bias field o f 10.6 kV/cm 
[73]. Given that the THz pulse energy scales quadratically w ith the bias field [72], then 
the maximum conversion efficiency expected from our LAPCS at 10.6 kV/cm would be 
0.8 x 10- 3 , which is a factor of 2 less than reported by You et. al [73]. This discrepancy 
is possibly a result of not including group-velocity mismatch in the ZnTe electro-optic 
detector (thermal detection was used by You et. al [73]) and diffraction losses due to 
the limited collection angle in our system. The measured frequency spectrum from the 
two emitters, at an excitation fluence of 1 m J /c m 2 is presented in Fig. 4.5. From Fig.
4.5 it is also clear that the InAs emitter is better suited to producing higher frequency 
THz radiation (more efficient above 0.75 THz). Most of the dips in the spectra are 
due to water absorption lines in air.

Given that the emission aperture for the LAPCS is 0.19 cm in the horizontal di­
rection, and the collection aperture is F/2, the matching frequency is 0.32THz for a 
diffraction-limited beam diffracting from the aperture and exactly filling the F/2 collec­
tion optics (1 e-folding of the peak electric field distribution at the collection aperture), 
below which we expect the signal will be attenuated. The peak of the measured THz 
spectra occurs at 0.33 THz (see Fig. 4.5), which also is in agreement with an angu­
larly truncated beam cutting off the lower frequency components. Focusing the THz 
field from an LAPCS with minimal collection angle losses results in a spectrum with a 
peak at approximately O.lTHz or less [68]. W ith larger aperture GaAs-LAPCS emitters 
measured in our laboratory, we have also observed a peak emission frequency close to
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O.lTHz. An approximate estimate of the truncation of the spectrum leading to the 
0.3THz peak emission frequency observed here indicates tha t approximately half of the 
emitted radiation is lost due to diffraction losses of the lower frequencies on the collec­
tion optics. Thus our observed peak efficiency is consistent w ith the peak value reported 
by You et. al [73]. It is clear that in this regime the large conversion efficiency for GaAs 
is a result of extracting energy from the electric bias field and not from the energy in 
the laser pulse itself.

While the conversion efficiency for the GaAs LAPCS in Fig. 4.4 can be scaled to 
higher bias voltages, the unbiased emission from (100) InAs cannot be scaled further, 
making it much less efficient at converting optical to far-infrared energy than the GaAs 
LAPCS. However, the application of a magnetic field at low excitation fluences has 
been shown to increase the THz emission significantly. In fact, the THz emission power 
was shown to scale quadratically with the applied magnetic field [34], saturating above 
approximately 3T [79, 80, 81]. The enhancement in the emission has been ascribed to 
the deflection of the photo-carrier diffusion current, creating a larger component parallel 
to the surface which radiates more efficiently and hence increases output radiation [35, 
36]. For the case where the THz signal is predominantly a result of surface optical 
rectification, an applied magnetic field would not have the same dramatic effect. We 
have measured the effect of a 0.7T magnetic field, which results in no more than a 20% 
change in the peak radiated field when exciting the InAs at a fluence of approximately 
lm J /cm 2. Assuming quadratic power scaling with magnetic field, that portion of the 
THz field that is increasing as the square of the magnetic field is estimated to produce 
at most a 1.7x increase in THz field strength ( 3x in power) in the present polarization 
configuration, for a field of 3T at a fluence o f lm J /c m 2. Since the optimal conversion 
efficiency is obtained for operation at F sat (see below), the effect of the magnetic 
field around the saturation fluence is the important parameter. Recent results indicate 
that above about 0.2/uJ/cm2, the effect of the magnetic field is not as dramatic as 
at lower fluences [82], In that work, an applied magnetic field of +1.6T resulted in 
a constant increase in radiated THz power from InAs surfaces of approximately 2x 
compared to the case of no magnetic field, above excitation fluences of approximately 
0.2 /xJ/cm2. Scaling our result observed above, the expected increase at 1.6T, based 
on our observation of approximately 20% increase in signal at 0.7T, would be 1.45x 
increase in electric field, or 2x increase in power, consistent with these reports. Thus, 
the large enhancement for InAs due to the application of a magnetic field only occurs for 
very weak excitation fluences, well below the saturation fluence. The conclusion is that 
while the power radiated from the GaAs LAPCS can further be increased by applying 
higher bias fields, the InAs is not expected to be enhanced by more than a factor of 3, 
with the application of large magnetic fields.

One can show that the high efficiency reported for the LAPCS is close to the theo­
retical lim it expected for this system. An upper bound on the radiated FIR energy from 
a LAPCS can be estimated, assuming that the maximum radiated field is given by the 
bias field. Using the results of Darrow et. al. [72] as summarized above in section 4.1,
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we have that in the near-field the peak-radiated THz field is given by (Eq. 4.5):

rp n e a r—f ie ld
t 1 rr-v

m e a r—j ie ia    27 (

'rad’THz ~  b \ F  +  Fsat
(4.11)

where F sat is the saturation flux. Using Eq. 4.7, w ith Winp =  A x  F ,  with A being the 
area of the emitter which is the same as the size of the emitted THz beam we get:

And noting that the maximum conversion efficiency occurs at Fsat, using r  ~  1 ps 
and Fsat =  9.6 /xJ/cm2 gives an upper bound on the conversion efficiency at Eb=  10 
kV/cm of:

It can be shown that this estimate is consistent with what is calculated using the 
peak electric-field in Eq. 28 of Ref. [83], if the r ej j  in that equation is chosen to 
be the inverse of the radial frequency. The above estimated value is about 2x larger 
than reported by You et. al. [73], and 4x larger than the experimental value reported 
here. Again, possible reasons for observing a lower conversion efficiency in our case are 
not including the effects of group velocity mismatch in the detection crystal and losing 
a significant portion of the THz signal outside of the collection angle of the imaging 
system. It is clear, nonetheless, that the generated THz energies are in the range of the 
theoretical lim it which could be achievable.

In conclusion, the magnitude of the emission from an InAs and a GaAs LAPCS 
emitter was measured as a function of irradiation fluence. Both emitters saturated 
and could be fit using a simple saturation equation, with observed saturation fluences 
in terms of incident laser fluences of 29.3 and 9.6 /xJ/ c m 2 for the InAs and GaAs 
emitters respectively. Correcting the detected peak radiated THz fields for Fresnel losses 
and system losses, the peak conversion efficiencies were estimated to be 2.1 x 10-6 
and 1.9 x 10” 5 for InAs and GaAs (1.6kV/cm bias) respectively. Using the expected 
quadratic scaling with the bias field up to the breakdown voltage of GaAs of lOkV/cm, 
the efficiency of the GaAs LAPCS can be considerably enhanced relative to that of 
unbiased InAs and approaches the theoretically expected lim it based on the bias field 
and saturation flux.

(4.12)

(4.13)
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Figure 4.1: Schematic diagram of the THz system used in the experiments. FM is a flip 
mirror, pol is a polarizer, BS is a wedged beam splitter, PM are parabolic mirrors, QWP 
and HWP are quarter and half-wave plates respectively, WP is a Wollaston prism, LI 
and L2 are +50 and -15cm focal length lenses, and LPF is a visibly opaque low pass 
filter that blocks the fundamental. The emitter used is either an externally biased GaAs 
photoconductive switch or a (100) oriented InAs surface. (1) and (2) represent beam 
paths to InAs and GaAs emitters respectively.
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Figure 4.2: Detected peak THz field as a function of excitation fluence for the two 
emitters used. Open triangles represent signals from GaAs LAPCS biased at 1.6kV/cm, 
and filled squares represent signals from (100) InAs. The solid lines are least-squares 
fits of saturation curves to the data.
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Figure 4.3: Terahertz time-domain signal radiated from the InAs emitter as a function 
of the time-delay (solid) and the absolute value (long-dashed) of the electric-field pulse 
with a l / e  pulsewidth of 0.79 ps. This pulse-width is what is used in calculations (see 
text for details). The inset shows the waveform radiated from the LAPCS (top) and the 
InAs (bottom), normalized to their peak values.

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GaAs

InAs

eo
U

1 10 100 1000
Excitation fluence (jiJ/cm^)

Figure 4.4: Estimated conversion efficiencies based on Equations 1-4 with parameter 
values as given in table 4.1. Dashed curve is for GaAs LAPCS at 1.6 k V c m ~ l  bias, and 
solid curve is for (100) InAs.
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Figure 4.5: Frequency spectrum of TFIz fields at detector from the GaAs LAPCS biased 
at 1.6 kV/cm (dashed) and the (100) InAs (solid) at an excitation fluence of 1 m J /c rn 2.
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Chapter 5

Terahertz radiation from InAs 
surfaces at high excitation fluences
1

As found in chapter 4, the weak dependence of the terahertz emission on an applied 
magnetic field as the excitation fluence is scaled to higher values suggests that there is 
a different mechanism contributing to the terahertz emission at high fluences than at 
low fluences. In this chapter, a detailed analysis of the emission mechanism from InAs 
at high excitation fluences will be presented.

This chapter is organized as follows. The emission mechanism from InAs (100) 
surfaces will be introduced, where it is found that emission characteristics are comprised 
of at least three main mechanisms. The dominant contribution in the end is found to be 
an effective surface nonlinearity at high fluences, which can arise in at least two distinct 
forms.

Following this, the bulk dipole response of zinc-blende crystals will be calculated in 
detail. In order to understand the nonlinear properties better, comparisons are made 
to second harmonic generation measurements showing that the emission of second- 
harmonic radiation from the InAs surfaces predominantly results from bulk second- 
harmonic generation.

The calculation of the effective second order nonlinear response resulting from 
surface-electric field induced nonlinearities will be presented next, and shown to match 
the observed dependencies of terahertz radiation from InAs surfaces. Comparing the 
second-harmonic and terahertz emission measurements, the large contribution from sur­
face electric-field induced optical rectification is then attributed to a large third-order 
susceptibility.

1 Parts of this chapter have been published in Refs. [84] and [85], and accepted for publication 
in Physical Review B (Apr., 2005)
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5.1 Emission mechanism of terahertz radiation from InAs 
(100)

Traditionally, THz emission from InAs is reported to be a result of photo-excited carrier 
diffusion (photo-Dember effect) [40, 86], For other wide band-gap materials such as 
InP and GaAs [87, 41], there is evidence that optical rectification (OR) can contribute 
significantly to the generation of THz radiation, which has also been reported for narrow 
band-gap materials such as InSb [88] and (111) InAs [89]. Recently it has been reported 
that there is a negligible contribution from OR in (100) InAs at low and moderate 
excitation fluences [90, 79, 82]. The reduced dependence of the THz emission on 
magnetic field at higher excitation fluences as discussed in chapter 4, strongly suggests 
the existence of a mechanism different than photo-carrier effects. In this section, the 
dependence of the THz radiation on crystallographic orientation and pump-polarization 
will be examined in order to determine the emission mechanism from InAs.

The setup for investigating the emission of terahertz radiation from the InAs (100) 
surface is the same as the reflection mode emission presented in Fig. 4.1 of section 4.2. 
A regeneratively amplified Ti:Sapphire laser system generates 800 nm, 1 kHz, 750/zJ, 
130 fs pulses. The variable attenuator (A /2  plate and polarizer shown in Fig. 4.1) is 
used in the pump beam to vary the fluence. The polarizer can be removed to allow 
the linear polarization angle of the pump to be modified. The THz radiation from the 
emitter oriented in a reflection geometry is collected and imaged onto the detector using 
4 F/2 parabolic mirrors. The probe is co-linearly propagated through a 1mm thick, (110) 
ZnTe electro-optic crystal, w ith the THz field. This induces a polarization modulation 
which is analyzed using a polarization bridge (A /4  plate and Wollaston prism), with the 
differential photodiode signal detected using a lock-in amplifier at the optical chopping 
frequency of approximately 330 Hz. The orientation of the (001) axis of the ZnTe crystal 
is varied to measure the electro-optic signal from either p- or s-polarized THz field as 
discussed in section 3.2.4. The InAs emitter is a (100) oriented, undoped, n-type InAs 
crystal illuminated at an incidence angle of 45° (conduction band carrier density and 
DC mobility are 1.9 x 1016cm -3 and 2.5 x 10i cm2V ~ 1s~1, respectively). The pump 
beam is telescoped to a l / e 2 intensity beam diameter of 2.85 ±  0.05 mm using a pair 
of lenses and the emitted radiation is collected at an angle of 45° to the surface normal 
in the specular direction.

The crystallographic orientation of the InAs sample was rotated about the surface 
normal [100], while irradiating the sample with a linearly p-polarized pump beam at an 
excitation fluence of approximately 2 mJ /  cm2. As seen in Fig. 5.1, the p-polarized out­
put consists of large constant component plus a small component with 2-fold rotational 
symmetry. The angularly independent component could be attributed to emission from 
the photo-Dember effect, which should lead to constant p-polarized output, indepen­
dent of crystal rotation. It could also be attributed to a transient current resulting from 
the acceleration of photo-generated carriers in the surface electric field. However, this
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contribution is small compared to the photo-Dember effect in InAs at low fluence [90]. 
For the remainder of the thesis, these two processes will be referred to as photo-carrier 
related effects. It is therefore tempting to attribute the emission to photo-carrier related 
effects, however, the pump polarization dependence of the terahertz emission will show 
this to not be the case.

In order to test the idea that the emission results from photo-carrier related effects, 
the angle of the linearly polarized pump was also varied, while maintaining the InAs 
crystal fixed with the [O il] axis perpendicular to the plane of incidence. Both the s- 
and p-polarized terahertz emission was measured as the linear polarization angle of the 
pump beam was rotated, incident at a fluence of 1.7 mJ /  cm 2. The result is shown in 
Fig. 5.2. There is a strong 2-fold rotational symmetry, both in the s- and p-polarized 
THz signals. A small part of the angular variation in the p-polarized THz signal can be 
due to variations in Fresnel reflectivity w ith input polarization since there is a difference 
in the transmission for p- and s-polarized radiation into the InAs (Tp =  0.81 and Ts 
=  0.57 for n =  3.5 at 800nm and 45° incidence angle). Recall that the p-polarized 
THz emission from the InAs (100) crystal face saturates at a fluence of 29.3ytJ/cm2 as 
was found in chapter 4, and explicitly shown in Fig. 4.2. It should also be noted that 
the crystal orientation was identical in obtaining the results in Fig. 4.2 and Fig. 5.2. 
Since the angular dependence shown in Fig. 5.2 was measured at an incident fluence of 
1.7m J/cm 2, very little  reduction in output would be expected for even a factor of two 
reduction of pump fluence and thus only a very small part of the rotational anisotropy 
shown in Fig. 5.2 can be related to Fresnel reflection effects.

Since there can be no s-polarized emission from a dipole radiating normal to a dielec­
tric discontinuity [45], as is the case for the photo-carrier related emission mechanisms, 
the s-polarized THz signal in Fig. 5.2 indicates that there is a significant nonlinear 
optical response. Another feature of the results shown in Fig. 5.2 is that the radiated 
s-polarized THz field is 45° phase shifted from the p-polarized THz signal and exhibits 
phase reversal under polarization rotation.

The main features that must be explained by any mechanism responsible for the 
radiated THz field are: (i) large p-polarized isotropic signal under crystal rotation, (ii) 
large polarization dependence of s- and p-polarized THz signals under pump polarization 
rotation, (iii) 45° relative phase between the data sets of p- and s-polarized THz signals 
in Fig. 5.2, and (iv) the change of polarity in the s-polarized THz signal under pump 
polarization rotation. As will be discussed later, these can be described satisfactorily by 
the emission mechanism being surface optical rectification.

Both terahertz emission from optical rectification and second harmonic generation 
are similar second-order nonlinear phenomena described by the same second-order sus­
ceptibility terms with different responses given by the frequency dependence of these 
susceptibilities. However, the angular dependencies which are dependent on crystal 
symmetries will be the same for both processes. For the similar phenomenon of sur­
face second-harmonic generation from (100) facets of crystals with 43m symmetry, the 
s-polarized emitted field is proportional to E pumpEpUmp, while the p-polarized emitted
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Figure 5.1: Measured p- (triangles) and s-polarized (squares) terahertz emission as a 
function of the crystallographic orientation for a p-polarized pump beam at a fluence 
of 2 m J /cm 2 incident on (100) n-lnAs surface. The orientation angle on the figure is 
defined as the angle that the p-polarized pump beam at the (100) face makes with the 
[011] crystal direction. The solid curves are fits to the angularly dependent contributions 
expected from bulk optical rectification.
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Figure 5.2: Measured p- (triangles) and s-polarized (open squares) THz fields as a 
function of the angle of the linear pump polarization at an incident fluence of 1.7 mJ /  
cm2 incident on a (100) n-lnAs surface. On the figure, 0° corresponds to a p-polarized 
pump beam while 90° corresponds to an s-polarized pump beam. The InAs crystal 
axes are such that the [011] axis is perpendicular to the plane of incidence. The solid 
curves are fits to the data based on the expected polarization dependencies (see text for 
details).

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



field is proportional to a linear combination of (E pump)2 and (EpUmp)2 [equation 30 and 
Table IV of Ref. [91]]. The constants of proportionality depend on the linear optical 
properties and the surface nonlinear tensor elements of the InAs, but not the crystallo­
graphic orientation. The emission depends only on pump polarization, consistent with 
observations (i) and (ii) above. The fact that there is a small non-zero s-polarized 
THz signal in Fig. 5.1 will be discussed later. The large s-polarized THz signal with a 
change in polarity and 2-fold rotational symmetry 45° out o f phase with the data set 
for p-polarized THz radiation is simply described by E ™ z ~  E pumpEpUmp, and E ™ z 
having a large (E p )2 and small (E s)2 contribution [equation 30 and table IV of Ref. 
[91]], consistent with (iii) and (iv) above.

At this point it is worth noting that there are other possible mechanisms that cannot 
be ruled out w ithout discussion. These are electric-field induced OR [41] (similar to 
electric-field induced SHG [47]), bulk OR, and the quadrupolar nonlinear response of 
InAs.

Calculating the bulk contribution for our configuration, which is done in the following 
section, we find that there is no angularly independent term for either crystal or pump 
polarization angle rotation (see Tab. 5.3 of section 5.2.1). However, the small signal 
modulating the large offset o f the p-polarized THz signal of Fig. 5.1 would be consistent 
with a small contribution from bulk OR.

Electric-field induced second-harmonic generation or optical rectification is a result 
of the near-surface field mixing with the third-order susceptibility resulting in an effective 
second order response of the material [41, 47]. It is shown later in this chapter that 
the symmetry class and (100) orientation of the InAs dictate that the tensor elements 
describing the process of electric-field induced effective second order nonlinearity are 
exactly in the same form as described in Ref. [91] for a pure surface response. The 
description in [91] is phenomenological in nature, and therefore encompasses the related 
process of the effective second order response due to the surface field. It is therefore 
impossible to distinguish between surface electric-field induced optical rectification and a 
pure surface nonlinear optical response with crystallographic orientation and polarization 
studies alone. We will refer to these two processes as the effective second order surface 
response of InAs.

Finally, the quadrupolar response of the InAs could lead to a large isotropic contri­
bution under crystal rotation as was observed in Fig. 5.1. We rule out this possibility 
by noting that there is no 4-fold symmetric contribution observable, and the isotropic 
and crystallographic angular-dependent contributions from the quadrupolar nonlinearity 
are expected to be within a factor of 4 of each other in magnitude. This can be shown 
by calculating the contributions using the index of refraction of InAs and an angle of 
incidence of 45° [equation 17 and table II of Ref. [91]].

Therefore, the conclusion is that the dominant emission mechanism at these high 
fluences is the effective nonlinear surface response of InAs. This may also explain some 
recent results that report a reduced dependence of THz signal strength on magnetic 
field as the excitation fluence is increased [82], as we have also observed in the results
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presented in chapter 4, since it is expected that the magnetic field predominantly affects 
the directionality of moving charges in the photo-carrier related mechanisms but has 
little  effect on the nonlinear surface mechanisms.

The residual offset in the s-polarized THz signal seen in Figures 5.1 and 5.2 cannot 
easily be explained by the above mechanisms, however, it is a small contribution as the 
s-polarized signal ( ~  30V/cm  ) is only 1/10 o f the p-polarized signal ( ~  300V/cm 
), which amounts to a 1 % relative power contribution. The residual effects in the 
p-polarized signals can also be explained from other generation mechanisms. The 2-fold 
rotational signal apparent under crystallographic rotation is likely due to bulk optical 
rectification, as will be shown later in this chapter. The relative contribution is estimated 
to be approximately 13% of the total signal. The offset observed for p-polarized THz 
signal in Fig. 5.2 is likely due to photo-carrier related effects. Assuming negligible Fresnel 
coupling effects (i.e. the emission is saturated), this contribution is approximately 20%. 
That the emission is reported to be a result of the photo-Dember effect at low excitation 
fluences [90, 79] may indicate that the saturation fluences for the photo-carrier related 
effects are substantially less than that for OR at the surface.

5.2 Bulk electric-dipole radiation

In this section, the bulk electric dipole contribution to the radiated field will be calcu­
lated. The results will be shown to be consistent w ith that observed for optical second- 
harmonic generation in a reflection geometry from InAs surfaces. The second-harmonic 
radiation is consistent with the expectation that bulk nonlinear optics dominates the 
radiation process in materials that lack inversion symmetry.

5 .2 .1  Calculation o f bulk electric-d ipole radiation

Crystalline InAs has a zinc-blende structure, possessing 43m symmetry. The second-
order susceptibility tensor therefore has only six non-vanishing tensor elements, all of

(o\ (o) (2) (2) (o') (2}
which are equal: X x y z  =  X x z y  =  X y z x  =  X y x z  =  X z x y  =  X z y x  =  d u  [60]. In order to
determine the far-infrared polarization at frequency XI of the InAs lattice that results
from an optical field at frequency uj, we compute:

p(2)(Q) =  x (2)Mk(n ; _ W)U;) . E opt ( —w )E opt(w) (5.1)

It should be noted that the calculation that follows is also sufficient to describe the 
process of second-harmonic generation, as the only difference is that the polarization 
of the lattice occurs at the sum frequency (ui +  oj =  2ui), whereas the far-infrared 
generation occurs at the difference frequency (w — uj =  O ~  0). In addition, the 
calculation is performed only for the bulk electric dipole contribution, and higher-order 
multipoles are not included.
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As the second-order polarization depends on the orientation of E opt((j) with respect 
to the crystal axes, it is useful to transform the coordinate system to the beam coordinate 
system [91]. Defining the (s, fc, z) coordinate system, such that the s axis is in the surface 
of the crystal and parallel to an input s-polarized pump beam, I  is normal to the crystal 
surface and k =  z x s (see. Fig. 5.3), we can define a rotation matrix, R xtal, from 
crystallographic coordinates to the beam coordinate system for each of the crystal faces: 
(111), (110) and (100) studied in the present report. For each of the crystal faces, the 
crystallographic coordinate system is rotated such that the i  axis is parallel to the [111],
[110] and [100] crystallographic axis, respectively. The rotation matrices used for each 
of the three crystal faces is given in Tab. 5.1.

Pump

•r a d

R a d
q m rn p

InAs

Figure 5.3: Geometry for polarizations and surface orientation of InAs wafers used in the 
calculations. The pump beam is linearly polarized and the s- and p-polarized radiated 
fields are examined.

For the bulk contribution to the radiated field, we are interested in the dependence 
of the TFIz field amplitude under crystal rotation about the surface normal. We define 
another rotation matrix, R rot((j)), that defines the angle of rotation of the crystal about 
its surface normal, as well as the total transformation, R tot as follows:
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Table 5.1: Rotation matrices to bring crystal coordinates to beam coordinate system

Rotation matrices

(100) crystal face where the [O il] axis is parallel to

R ( 100)
r o t

T , .o JL - L
V s/2 s/2
1 0 0

(110) crystal face where the [110] axis is parallel to s

J_ X  o \sF>. ,P>. u 
1 
0

R (110)
r o t

s/2 s/2
0 0 1
1 1

s/2 s/2  u  /

(111) crystal face where the [211] axis is parallel to s

{

R ( in )
r o t

2 _ _ L  _ J _  \
^  s/6 s/6

0 —  — —
U s/2 s/21 1 1

s/3  s/3 s/3

( s in (4>) —cos(<p) 0 \
cos((j>) sin((f>) 0 (5.2)

0 0 1 J
R t o t  =  R T0 t R x t a l

For the (111) crystal face, (p is defined as the angle between the k axis and the 
crystal [211] axis. For the (110) face, cp is defined as the angle between the k axis and 
the crystal [110] axis. For the (100) crystal face, <p is defined as the angle between k and 
the crystal [011] axis. The positive direction of rotation is taken as counter-clockwise 
when looking outside from the surface along the direction of the z axis. From this, we 
can compute the susceptibility tensor in the beam coordinate system as a function of <p 
by applying the tensor transformation properties of a third rank tensor, and using the 
total transformation R tot in Eq. 5.3:
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= E (RTRfrLRltx̂ n) (5-4)
Im n

Recall that the susceptibility tensor, in contracted notation, is given by [60]:

^  I  X x x x  X x y y  X x z z  X x y z  =  X x z y  X x x z  = X x z x  X x x y  = X x y x  \
X i j k  = I X y x x  X y y y  X yzz  Xyyz  =  X y z y  X y x z  = X y z x  X y x y  = X y y x  (5.5)

\  X z x x  X z y y  Xzzz  X zyz = X z zy  X z x z = X z z x  X z x y  = X z y x  /

and that the second order susceptibility tensor for the 43m symmetry group before 
transformation is given by:

/  0 0 0 du  0 0 \
x g I  =  o 0 0 0 di4 0 (5.6)

V 0 0 0 0 0 d14 J

For each element of the contracted susceptibility given in Eq. 5.5, the transformation 
of Eq. 5.6 is computed based on Eq. 5.4. For example, after simplification, the element 
X x x x  is given by:

X x X X  ( X )   T-jtot Tytot T j t o t  f  r  —j  \j ^ ^ x x ^ X x y ^ x z  I'5-'J
« 1 4

The list of all tensor elements under transformation is given in the appendix A.2, 
Eq. A .11.For each of the crystal faces, each of the 18 elements in Eq. 5.5 is computed 
using Eq. 5.4, and the transformed tensors are given in Table 5.2.

Now that the proper transformations have been derived, the lattice polarization 
can be obtained. That is, Eq. 5.1 can be evaluated with the expressions for the 
susceptibilities in Table. 5.2 for each of the three crystal faces. Flowever, before the 
calculation can proceed, the optical fields within the medium must be known. Referring 
to Fig. 5.4, the pump fields are given by:

-'s ,pum p

E]k ,pum p

E:z ,pum p

j. ■p o u t  — + TE
l S'L js ,pum p  ~  i s-c 's

tp fcEppump =  tp fcE p
j. f  r p o u t  
LpJ s&p^pump tpfsEp (5.8)

where,
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Table 5.2: Electric dipole susceptibility tensor, x^2H4>)< in the transformed coordinate 
systems

Transformed susceptibilities

(100) crystal face

0 0 0 —2d u s in (2(f>) ducos(2(j))
0 0 0 — ducos{2(f>) —2d i4s in (2(j))

ducos(2<f>) —ducos{2(f>) 0 0 0

(110) crystal face

3di4Cos(4>)sin((f))2 
—d i4(sin((j>) — 3sin(3<p))

0
0 0
0 0

d \4sin((j)) —d\4sin((j))

^f-(cos(4>) +  3cos(3<p)) —d \4COs{<f>)
—3d i4Cos2(<f))sin{<j)) 

0
d i4sin{<j>)

0
— ̂ f-(sin(<j>) — 3sin(3(f>)) 
-¥-(cos{(f)) +  3cos(30))

(111) crystal face

/  — <J^dusin(3(f>) \J^d\4sin{34>)

— y /|d i4cos(30) ^ |d i4 c o s (3 0 )
du du 

y/3
o du
Z V3

0

du
V3
0

d-u
V3

— \J\ducos{3<j>) \  

yj~^di4sin(3<f>)

f  _  s in ($ )
Is — n

f c =  v/1 -  f !
2 cos(<t>) 

n cos($ ) +  f c
2cos($ )

cos (<E>) +  n / c ( ’

where t s and tp are the Fresnel transmission coefficients and f s and f c would be the 
sine and cosine of the angle inside of the medium ( $ ' of Fig. 5.4) if n were real. Using 
these definitions, we may therefore write the total polarization of the medium due to
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Figure 5.4: Geometry for the calculation involving the transmitted pump fields into and 
the radiated fields out of the nonlinear medium. The angle $  is the angle of incidence 
with respect to the surface normal, n, and the angle 0  is the generated radiation 
propagation direction taken to be the specular direction.
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the incident optical field as:

2p2

x (2)W  :

2 £2 jp2
' ' p J  c  p

t 2 f  2E 2l p J  s p

K lfs f c E l
(5.10)

2 t stpf sE sE p 
\  ^ t s t p f c E p E s  J

Using table 5.2 combined w ith equation 5.10, we obtain explicit expressions for each 
independent component of the lattice polarization in the beam coordinate system, i.e. 
Ps,Pk and Pz, for each of the three crystallographic faces. This requires some algebra, 
resulting in relatively long expressions. These are given in appendix A.2, in Eq. A .12.

With the expressions for the three independent lattice polarizations, for each of 
the crystal faces, we may now derive expressions for the radiated field, either second- 
harmonic or far-infrared emission. To do this, we introduce the notation from Hiibner 
[92] and write:

b u l k

and:

E s,rad(tt) =  A sQ,Lef fP [

Ep,rad(Q) =  A pf lL ef f ( F sPz -  FcPk)

(5.11)

(5.12)

where we have written the expressions for far-infrared radiation, f I, however, they hold 
equally well for second-harmonic generation at frequency 2oj. In this case F s and Fc 
would be the sine and cosine of the angle of the generated radiation within the medium 
( 0 ' of Fig. 5.4), and A p and A s are as defined in Hiibners paper [92], which are all 
given by:

F s =  

Fc =  

A s  =

Ap 

1 =

Ts =

s in (0 )

N

\ / l  -  F 2 
27tT s 

cos(0 ) 
2nTr,

cos(0 )

2 co s (0 )

TV cos (0 )  +  Fc 
2 co s (0 )

(5.13)
cos(0 ) +  N F C

where N is the index of refraction for the generated radiation within the nonlinear
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medium.
Taking the appropriate expressions for each crystal face from Table 5.2, and using Eq. 

5.1 together with equations 5.12 and 5.11 we may obtain the results for the different 
polarization combinations. For example, substituting in E s =  0 in the polarization 
expressions and computing Eq. 5.12 yields the results for the p-in p-out polarization 
geometry, whereas substituting E s =  0 in Eq. 5.11 yields the p-in s-out geometry 
and so on. The results are tabulated in table 5.3, where f t  is either the far-infrared or 
second-harmonic frequency, depending on the situation of interest.

Table 5.3: THz or SH field strengths for different polarization combinations. Combina­
tions are listed as

Bulk dipole nonlinear response

(111) crystal face

El ? Z =  71 A pL e f fn d u t 2pE 2p x

[(2F sf 2 -  F sf 2 +  2Fcf afc) -  (V 2F J 2) cos(3<j>)]

E I T  =  y J iA sL e f fn d u t2pf? E 2psm(34>)

(100) crystal face

E . =  A pLef f£ ld u t2E p [2F cf sf c -  F J 2} cos(2cf>)

EPtg Z =  —2A sL ef fQ d i4tp E p fsf cs in (2(f>)

(110) crystal face

E ™ z =  ApLef fH d u t2Ep x

[(2-Fs/s/c -  Fcf 2 -  f F J 2) sin((j>) +  | F C/ C2sm(3<)))]

E p,sZ =  A sL ef f£ ld i4t2E 2 { ( \ f 2 -  f 2) cos(0) +  | / c  cos(3(/>)]

5 .2 .2  M easurem ents o f optical second-harm onic generation from  InAs

Optical second-harmonic generation (SHG) from the InAs samples was investigated as 
a function of crystallographic orientation and for three crystal faces: (100), (110) and
(111). The optical pump source used was identical to the experiments involving THz 
radiation (Spectra-physics Hurricane), and the set-up is shown schematically in Fig. 5.5. 
The Ti:Sapphire pump laser beam was passed through a polarizer to select p-polarized
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pump and was incident at 45° on the InAs samples. The pump fluence was adjusted to 
approximately lm J /c m ,2 incident on the sample surfaces. A low-pass filte r was used to 
block the second harmonic leakage from the laser system prior to striking the sample 
surfaces. The reflected SH radiation at 400 nm wavelength was collected using a 7.5 cm 
focal length lens and passed through a high-pass filter to block the fundamental beam. 
A UV-polarizer was used to pass only the p-polarized or s-polarized second harmonic 
radiation at 400 nm to a Hamamatsu R7518 photo-multiplier tube, which was in turn 
blocked by a 400 nm interference filter to remove any further leakage of the 800 nm 
fundamental beam.

P M T

] I F  F ilte r

P o l

] H P  F i lte r

>  Lens

P u m p
I n A s

AP ol Lens L P  F ilte r

Figure 5.5: Experimental set-up for SHG measurements. Pol are polarizers; LP Filter is 
a low-pass filter; HP Filter is a high-pass filter; IF Filter is an interference filter; PMT 
is a photo-multiplier; ^  is a half-wave plate. The InAs samples are rotated about their 
surface normal (n ) by an azimuthal angle <f>.

The samples are rotated about their surface normal, and the SH intensities are 
measured as a function of the azimuthal angle </>. The results are shown in Fig. 5.6.

Note that the SH intensity as a function of the azimuthal angle 0 is described 
very well by the solid curves in Fig. 5.6, which are fits to the data based on the
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(100)2.5

1.5

0.5

0.0<

(110)

(111 )

60 90 120 150 1800 30 210 240 270 300 330 360

A zim u tha l angle cp (deg)

Figure 5.6: Azimuthal dependencies of SHG from (100), (110) and (111) faces of n-lnAs 
crystals at approximately lm J /cm ?  excitation fluence for p-polarized pump radiation. 
The solid curves represents fits to the data expected for the bulk electric-dipole contri­
bution using the results in Table 5.3. Filled circles represent p-polarized SH intensity, 
and open circles represent s-polarized SH intensity. The azimuthal angle is defined as 
the angle that the projection of the pump beam in the surface plane of the crystal ( k 
in Fig. 5.3) makes with the [011], [110] and [211] crystal axes for the (100), (110) and 
(111) crystal faces respectively. The plots are shown in the same scale.
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appropriate azimuthal dependencies listed in Table 5.3, expected for a bulk electric 
dipole contribution to the SH radiation. In general, for crystals that lack inversion 
symmetry, it is expected that the bulk electric dipole contribution to the SH radiation 
dominates any contribution from the surface terms [93, 94, 95, 96].

We can verify that the azimuthal dependencies are as expected from Table 5.3, 
by least squares fittin g  the derived angular functions to the data. For the (111) 
and (110) crystal faces these are (with the notation I  input,output)'- Tpp*’111 =  (a i +  
bicos(3(j)))2, I p ^ ’1U =  (a2s in (34>))2, I ^ 1’1W =  (a3sin((f>)+b3sin(3(j)))2, and Ip f1,110 =  
(ct4Cos((j)) +  b^cos{3(j)))2■ The coefficients that were obtained by fitting  were: a \ =  
1.5 ±  0.1, h  =  8.8 ±  0.2, a2 =  7.6 ±  0.2, a3 =  8.0 ±  0.2, b3 =  7.7 ±  0.2, a4 =  2.0 ±  0.1, 
and b4 =  6 .9±0.2 . The error in the measured values is taken as the 3 a  fitting  error ob­
tained by fitting  the data using SigmaPlot2. Tabulating some of the coefficient ratios in 
Table 5.4 together with the expected theoretical values, we find good agreement between 
experiment and theory. The values for the index of refraction used in the calculations 
for the optical pump and second-harmonic wavelengths were: n opt =  3.108 +  i l .957 and 
n 2uj =  3.714 +  i0.432, respectively [97].

Table 5.4: Measured and calculated values for ratios of the coefficients in the fitting  
functions. The ratios are obtained by using the fitting  functions and the functional 
dependence of the radiation on the angle (j> from Table. 5.3. Error bars on the measured 
values are 3 a  errors in this case.______________________________________

Expected Calculated Measured
03 _  Tp 2Fsfcfs—Fcfs — jF cfc 4.1 4.1D ±  0.2
O 4 T * \ f 2 - f 2
h .
6 4

TpFc
~ t T 1.20 1.12 ± 0.04

0 3

&3

2Fs/ c/ s- F c / s2 - § F c / 2

f ^ c / 2
0.97 1.04 ± 0.04

C14
6 4

_  i / I - / ?
3 j-2
4  J c

0.29 0.29 ± 0.02

6 1

b4
[2 4TPFC 

V  3 3TS 1.32 1.28 ± 0.05

0 2

bs
[~2 4 T,

V  3 3TPFC 0.90 0.99 ± 0.04

bi_
a \

[ 2TP F c / 2  

V  3 Ts 1 /4 /1 - / | 4.6 4 .:3 ±  0.2

0 2

03
_  [2 Ts / 2

V  3 Tp 2Fs/s /c —Fc/ | —3/4F c / 2
0.92 0.95 ± 0.03

The quantities Ts and Tp in Table 5.4 are as defined in Eq. 5.13 of section 5.2.1 
and are simply the SH Fresnel transmission coefficients from the InAs into air for the s- 
and p-polarized SH respectively. Similar results are obtained for the (100) crystal face, 
however a larger deviation from the calculated values was found ( 20%). This deviation

2Sigm aPlot is a com mercial data-analysis software package
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was a result of changing the photo-multiplier bias voltage to increase the measured 
SH signals for the InAs (100) leading to some variations in the photomultiplier gain 
coefficient.

The conclusion here is that, as expected for crystals that lack inversion symmetry, 
the optical second-harmonic radiation is a result of the bulk nonlinear optical response 
of the InAs.

5.3 Electric-field induced nonlinearity

In this section, the effective second-order nonlinearity of InAs that results from a DC 
electric-field through the third-order nonlinear susceptibility is examined in detail. The 
results are calculated in the context of surface electric-field induced optical rectification. 
The calculations demonstrate that surface-electric field induced optical rectification have 
exactly the same dependence on pump polarization and crystallographic orientation as 
a pure surface response in cubic materials. The emission of terahertz radiation from 
various crystal faces of InAs is shown to  be consistent w ith surface electric-field induced 
optical rectification at high optical excitation fluences.

5 .3 .1  Calculation o f surface e lectric-fie ld  induced optical rectification

The third order susceptibility tensor for zinc-blende crystals with 43m symmetry, x g y . 

has only 21 nonzero elements, 4 of which are unique: X iij j,X i% , X i%  and X u l [98].

This can lead to an effective second order nonlinearity, X i f k ^  • if a DC field is involved. 
In the present case, we consider a surface field in the z direction normal to the surface, 
resulting from the space-charge layer at the InAs /  air interface. Following Germer et al. 

[47], the effective nonlinear susceptibility, 'n the electric dipole approximation,

can be expanded in terms of the surface electric field, E szur^ , as:

x g e // =  x g ( f i ; - ^ )  +  3Xg L ( ^ ; - ^ o  ) ( s r f )

+ 6 x $ L (f i; - ^ , 0,0) ( £ r r / )2 + 0((Erf )3) (5.14)
Considering only the term of first-order in the surface field (i.e. the second term on 

the LHS of Eq. 5.14), we can write the effective surface electric field (SEF) induced 

second-order response of the system, X ^ jk EF as:

= 3xgL(n;-">">° )Eturf (5.15)

To properly examine the effective second-order surface response, we transform the 
susceptibility tensor to beam coordinates (as done in sec. 5.2.1), so that the surface
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field lies along the z axis (see Fig. 5.3). The rotation matrices for the three crystal
faces considered here are listed in section 5.2.1 in Tab. 5.1.

Using the transformation properties of a fourth rank tensor:

xra% s = £  (5-16)
Im n o

contracted with the surface field, we expect the form of the effective SEF induced 
second-order tensor to be:

x S f F = 3E ? rf £  (5-17)
Im n o

Applying the appropriate rotation matrix, from Tab. 5.1, and evaluating each in­
dependent tensor element of Eq. 5.5 (18 in tota l), the transformed susceptibilities can 

be found. For example, the X x lx EF component of the electric field induced nonlinear 
tensor is given by:

Xxxx =  A u j 'j (R jx Rxz Rzy Rzy T  RxxRxxRxzRzz “F RxyRxyRxxRzx)

T  X n j j  ( R x y  R x y R x z R z z  T  R x z R x z R x x R z x  “F R ; i : z R ’X Z R x y  R z y  )

“F X i j i j { R x x R x y R x x R z y  ~F R z x R x z R . r x R z z  ~F R x y R x x R x y R z x )

"F Xjji-j ( R ' x y R x z R ' X y R z z  "F R x z R ' x x R x z R z x  I R x z R x y R x z R z y )

“F X i j j i  ( R > : x  R x y  R - x y  R z x  “F R - x x  R x z R - x z  R z x  “F R x y R x x  R x x  R z y  )

“F X i 'j 'j i ( R x y  R x z R x z  R z y  “F R x z  R x x R - x x  R z z  “F R j : z  R - x y  R x y  R z z  )

“F X i H % \ R x x R x x R x x R z x  ~F R x y R x y R x y R z y  “F R x z R x z R x z R z z )  (^ - ^ )

All 18 elements of the susceptibility tensor are found in the same way, for each of the 
crystallographic faces studied here. The results are listed in appendix A.3 in equations 
A .13 to A .30.

Looking at each of the crystallographic faces separately, the transformed effective 
second order susceptibilities are found. The tensor for the (111) crystal face is given by:

, - 3 n  0 0 a15
\X {x ^ EF)   =  ( 0 0 o <915 0 -  (5.19)

031 <933 0 0Am)
where we have:
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Tpsurf ,
d n  =  f - v ^ . - v ^ . - v ^ .  +  v ^ l11 ^  A-h j j  A-IJIJ s ^ ll l l  J

diK =  E SUrf ( 2 y ^  — V ®  -  Y ®  +  Y ^10 2  \ A - i i j j  A y y  ^ i j j i  A - i i i i  J

doi =  £ sur/ f - Y - 3-■ -  Y-3- +  2y-3) +  Y-3̂•j1 2 \ A~ii33 ^ i j i j  / ^'i33‘i  A - im  J

d33 =  E szu rf (2 x i§ j +  2 x^1  +  2x1%  +  X k l)  (5-20)

It should be noted that, in general, the only symmetry conditions that can be ap­
plied in the present case, due to above-band-gap excitation, and w ithout knowing all 
the system resonances, is that of intrinsic permutation symmetry [60]. Given that we 
have optical frequency ui, far-infrared frequency f i,  and the SEF at zero frequencyto\

w, —w ,0)), the intrinsic permutation symmetry allows interchanging the sec­
ond and third indices, which will reduce the independent susceptibility elements to 3: 

XuL X § lj{=  Xujj) and x ff j i-  If the far-infrared frequency, f t  ~  0, is approximated 
as a DC field, and overall permutation symmetry holds, the number of independent 

susceptibility elements will be 2: Xuii  and X i% (=  Xi% =  X§]i)-
Similarly, applying the appropriate transformation matrices to the (110) and (100) 

crystal faces, we obtain the effective SEF induced second order susceptibility as:

/  0 0 0 0 d is 0 \
=  0 0 0 924 0 0 ( 5.21)

( } \  Qsi d32 933 0 0 0 J

where we have:

o rnsurf
d is  =  z ( V 3! . i - 3 j . v :3 : 1

10 2  \ /^ i 'l 33 A ‘i 3 i>3 A~i33 'i ^ i i i i  J

q    q  j p s u r f  ~ , { 3 )
024 ~  4&Z JXiiH\nj3

3E SzUrf (  (3) (3) , (3) , (3)
S31 =  — { - Xuj j  ~ X y y  +  Xijji + XXiii

d32 =  3 E r f X$]1331

d33 =  — ^—  ( x u j j  +  X i%  +  X if ji +  X§?) (5-22)

And finally for the (100) crystal face:

s u r f
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/  0 0 0 0 <9is 0 \
( x $ f EFV nn =  0 0 0 015 0 0 (5.23)

(100) \  d31 d31 C>33 0 0 0 /

where we have:

0X5 =  Z E T r f X %

d3l -  w r ' x Z

d33 =  3 E iUTfx ^ i  (5.24)

At this point we note that the tensors in Eq.’s 5.19,5.21 and 5.23 are identical in form 
to the tensors representing a pure surface nonlinear optical response for cubic materials 
[91]. In addition, it should be noted that the tensor elements are not the same for 
different crystal faces; that is, dgj00̂  ^  for example. The expected dependence
of SH or THz radiation on azimuthal angle is thus found to be functionally identical to 
that listed in the paper by Sipe et al. [91]. Following the above derivation for the bulk 
fields, the effective susceptibility is used to evaluate the nonlinear polarization. With 
this, the radiated fields are found in exactly the same way as for the bulk. The results 
are listed in Table 5.5.

The coefficients f s, f c, t s, tp, A s, A p, Fs, and Fc in Table 5.5 are as defined previously 
in section 5.2.1 in equations 5.13 and 5.9, and L ej f  is the effective depth of the medium 
from which the medium polarization contributes to harmonic radiation. Note that d ij 
of the different crystal orientations are not equivalent and are given by equations 5.20, 
5.22 or 5.24 according to the crystal orientation. The angle <j) is defined in the same 
way as in section 5.2.

One finds that the form of the susceptibility tensor for the SEF induced effective 
second-order nonlinear response is identical to that of an intrinsic surface response [91], 
but clearly differs from the bulk optical nonlinear response given in Table 5.3. Therefore, 
in general, crystal rotation measurements alone will not be able to distinguish between 
these two responses.

5 .3 .2  Terahertz  emission from  InAs

The experimental set-up for investigating the THz emission from the InAs samples is 
shown in Fig. 5.7. A regeneratively amplified Ti:Sapphire laser system (Spectra Physics 
Hurricane) is used as a pump source, operating at a center wavelength of 800 nm, at 
1 kHz repetition rate, with a maximum pulse energy of 750 /iJ and a pulse width of 
120 fs (Gaussian full width at half maximum). The variable attenuator (A /2  plate and 
polarizer) is used in the pump beam to vary the fluence. The THz radiation from the 
surface of the sample oriented at 45° angle of incidence is collected in the specular
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Table 5.5: THz field strengths for different polarization combinations. Combinations 
are listed as E iri}0Ut.

Surface electric field induced nonlinear response

(111) crystal face

=  A pL eff£ lE p tp  [F s fid a i  +  F sf 2d33 -  2F cf sf cd15] -  

A p E e f f ^ E p t p  [ F c / s2<9h ] cos{2> 4 > )

E lH z  =  A aL ef fQ ,Eptpfldnsin(34>)

(100) crystal face

E ™ *  =  ApLef f Q,Eptp [ - 2 d15F cf sf c +  Fsf 2d31 +  Fsf 2d33]

(110) crystal face

E ™ *  =  ApL ef f D,Eptp [Fsf 2d33 +  F J 2d32 -  2FS/ C/ S524] +

A PL efft tE p tp  [ i F sf 2 (d31 -  0 32) -  Fsf sfc (d l5 -  d u ) \  +

ApLeff£ lE p tp  [ \ F sf 2 (d3i  -  d32) -  F sf cf s (d15 -  d 24) \  cos(2(j))

E ™ z =  A sL eff£ lE p tp fsf c (d i5 -  d24) s in {2(t>)________________

direction and imaged onto the ZnTe detector using four F/2 parabolic mirrors. A 1 
mm thick ZnTe (110) electro-optic crystal is used as detector/analyzer, which can be 
oriented either for sensitivity to p-polarized THz emission, or to the s-polarized THz 
emission as described in section 3.2.4.

The InAs samples were mechanically polished, nominally undoped, n-type single crys­
tals of 0.5 mm thickness. The InAs (111), (110) and (100) samples had intrinsic carrier 
concentrations of approximately 3 x 1016cm ~3, 1.9 x 1016cm-3 and 2.8 x 1016cm~3, 
respectively. The carrier mobilities for the InAs (111), (110) and (100) samples were 
approximately 20 000 cm2/V s , 22 000 cm2/V s  and 19 000 cm2/V s, respectively. All 
values are those specified by the manufacturer.

The InAs samples were rotated about their surface normals, and the measured THz 
signals recorded as a function of the azimuthal orientation. The results are presented in 
Fig. 5.8.

The emission characteristics from each of the crystallographic faces will be discussed 
individually. First, the emission from the InAs (100) crystal face is re-plotted from

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A
P O L ? BS

TiiSapphire Laser

ODL

PL

Chopper

ZnTe 4  W P PD

LIA

In A s
LPF

PMPM] N
T F

Figure 5.7: Experimental set-up for THz experiments. M are mirrors; BS is a beam 
splitter; ^  is a half-wave plate; PL are positive lenses; NL is a negative lens; PM are 
parabolic mirrors; \  is a quarter-wave plate; LPF is a low-pass filter; PD are photodiodes; 
LIA is a lock-in-amplifier; WP is a Wollaston prism; ODL is an optical delay line. The 
arrows represent the beam propagation directions.
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Figure 5.8: Azimuthal dependencies of THz generation from (100), (110) and (111) 
faces of n-lnAs crystals at approximately 1 m J /cm 2 excitation fluence for p-polarized 
pump radiation. Filled circles represent detected p-polarized THz fields, and open circles 
represent s-polarized THz fields. The azimuthal angle is defined as the angle that the 
projection o f the pump beam in the surface plane of the crystal ( k in Fig. 5.3) makes 
with the [011], [110] and [211] crystal axes for the (100), (110) and (111) crystal faces 
respectively. The solid curves are fits to the data for p-polarized THz emission, while 
dashed curves are the fits to the data for s-polarized THz emission expected for surface- 
field induced optical rectification as listed in Tab. 5.5.
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section 5.1 for comparison to the other crystal faces. In section 5.1, it was concluded 
that, while the emission characteristics may indicate that photo-carrier related effects 
dominate the emission, polarization dependencies (ie. Fig. 5.2) discount this possibility, 
and demonstrate that the dominant emission mechanism o f THz radiation from the 
(100) crystal face is consistent w ith surface electric-field induced optical rectification.

Next we discuss the case of the (110) crystal face. Possibly the most clear evidence 
for the dominant contribution to THz radiation from surface optical rectification from 
InAs is the crystallographic dependence of the THz radiation from the (110) crystal face 
in Fig. 5.8. There are three observations that can be made from the results presented 
in Fig. 5.8 for the (110) crystal face. First, the existence of a significant angularly 
independent contribution to the radiated terahertz field exists. Second, the angular 
dependence is not what should be expected for bulk optical rectification as outlined in 
table 5.3. Finally, the angular dependence matches that expected for surface electric- 
field induced optical rectification as outlined in table 5.5 shown as solid and dashed 
curves for the p- and s-polarized THz emission in Fig. 5.8, respectively. However, a 
clear systematic deviation from the theoretical curve is obvious in the measured data 
for the (110) crystal face of Fig. 5.8. Each o f these points will be examined next 
individually.

The angularly independent contribution to the radiated terahertz field may result 
from photo-carrier contributions to the radiated terahertz field as discussed previously 
in section 5.1. Given that the magnitudes of the radiated terahertz field from the (110) 
and (100) crystal faces are similar, and that the contribution from photo-carrier related 
effects radiated from the (100) crystal face was estimated to be only approximately 20% 
as revealed by pump polarization studies in section 5.1, the majority of the angularly 
independent contribution to the terahertz field for the (110) crystal face is attributed 
to the angularly independent contribution from surface electric-field induced optical 
rectification. From table 5.5, the p-polarized radiated terahertz field is expected to be 
of the form: E ™ z oc c\ +  C2Cos(2(f>). Therefore an angularly independent contribution 
is expected for the p-polarized terahertz emission from the (110) crystal face due to 
surface electric-field induced optical rectification. A small contribution to this angularly 
independent contribution from photo-carrier effects may be present as was observed for 
the (100) crystal face in section 5.1.

The bulk optical rectification contribution to the radiated terahertz field is predicted 
to be of the form: E p Hz oc Cisin((j>)+C2s in (34>) from table 5.3. Clearly, this dependence 
on orientation is qualitatively not observed. In fact, the solid curve for the (110) crystal
face in Fig. 5.8 is a least squares fit to the data based on a dependence of the form:
e t h z oc ci +  c2cos{2(j)) expected for surface electric-field induced optical rectification 
from table 5.5. What can be concluded here is that the functional form expected for 
bulk optical rectification is not present at a significant level, and therefore, the dominant 
emission mechanism is consistent with surface electric-field induced optical rectification. 
These arguments also hold for the s-polarized terahertz emission.

Finally, the systematic deviation from the data of the theoretical angular dependence
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predicted in table 5.5, shown as solid and dashed curves for the p- and s-polarized tera­
hertz emission from the (110) crystal face in Fig. 5.8 can be explained by a contribution 
to the radiated terahertz field from bulk optical rectification on the order of 10%.

To demonstrate explicitly that the deviation of the data from the expected curves 
for the (110) crystal face presented in Fig. 5.8 may result from a smaller contribution 
due to bulk optical rectification, consider Fig. 5.9 for the s-polarized THz data from the
(110) crystal face. The solid curve is what might be expected from a 20% contribution 
from bulk optical rectification: E j dê ected =  cicos(0) +  C2Cos(3<f>), whereas the dotted 
curve represents what might be expected for surface optical rectification: E j dê ected =  
cisin(2<f). If we take the sum of the solid curve and the dotted curve, we obtain the 
long dashed curve in Fig. 5.9. From this, it is evident that a contribution from bulk 
optical rectification may lead to the distortion in the data from the expected behavior 
for surface optical rectification. Similar results are obtained for the p-polarized THz 
emission, and shown in Fig. 5.10. The observation that there is a contribution to the 
radiated field from bulk optical rectification is consistent with the small contribution 
from bulk optical rectification observed as the angular modulation for the (100) crystal 
face in Fig. 5.8.

To summarize, there is clear evidence that the dominant terahertz emission mecha­
nism from the (110) InAs face is surface optical rectification, w ith a contribution from 
bulk optical rectification and possible small contributions from photo-carrier related ef­
fects. The possible contribution from photo-carrier related effects would appear in the 
angularly independent contribution to the p-polarized terahertz field from the (110) 
crystal face. The existence of a partial contribution from bulk optical rectification is 
observed as a systematic deviation of the measured data from the expected theoretical 
behaviour for surface optical rectification shown as solid and dashed curves for the p- 
and s-polarized terahertz fields from the (110) crystal face of Fig. 5.8, respectively.

Next, we discuss the terahertz radiation from the (111) InAs crystal face. From 
Fig. 5.8, it is clear that a large contribution to the radiated THz field with 3-fold 
rotationally symmetry exists. This would be consistent with bulk optical rectification; 
however, the three-fold rotational symmetry is also consistent with surface electric-field 
induced optical rectification as is discussed next. The solid and dashed curves in Fig. 
5.8 for the (111) crystal face are fits to the data of the form: E ™ ^  =  c i+ C 2Cos((j>) and 
E^pkz =  c\sin{4>) for the p- and s-polarized THz emission respectively, obtained from 
table 5.3, which are also expected for surface electric-field induced optical rectification 
from table 5.5. Therefore, the Terahertz emission from n-lnAs is consistent w ith emission 
resulting from bulk optical rectification as reported elsewhere for n-lnAs and InSb at high 
excitation fluence [90, 88] in which only (111) crystal faces were studied. However, it 
is also consistent with surface electric-field induced optical rectification. Therefore, the 
experiments done here cannot distinguish between surface and bulk optical rectification 
for the (111) InAs face. However, since the emission from the (100) and (110) InAs 
crystal faces is dominated by surface electric-field induced optical rectification, and the
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Figure 5.9: Peak detected s-polarized THz field radiated from n-lnAs (110) as a function 
of the azimuthal angle <fi, defined as the angle the projection of the linearly p-polarized 
pump beam in the (110) plane makes with the [110] crystal axis. The data is taken 
at an incident fluence of approximately 1 m J /cm 2. The dotted line is a best-fit to 
the data based on the expected functional form for surface electric-field induced optical 
rectification. The solid curve is what might be expected for a 20% contribution from 
bulk optical rectification. The dashed curve is the sum of the the solid and dotted 
curves. The THz field scale is in units of V/cm
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Figure 5.10: Peak detected p-polarized THz field radiated from n-lnAs (110) as a func­
tion of the azimuthal angle <f>, defined as the angle the projection of the linearly p- 
polarized pump beam in the (110) plane makes with the [110] crystal axis. The data is 
taken at an incident fluence of approximately 1 m J /cm 2. The dotted line is a best-fit to 
the data based on the expected functional form for surface electric-field induced optical 
rectification. The solid curve is what might be expected for a 20% contribution from 
bulk optical rectification. The dashed curve is the sum of the the solid and dotted 
curves.
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peak radiated fields are comparable from all three crystal faces, it seems likely that the 
emission from the (111) InAs crystal face is also a result of surface optical rectification.

The conclusion is that the terahertz emission from InAs surfaces at high excitation 
fluence is consistent w ith a pure surface nonlinear mechanism such as surface electric- 
field induced optical rectification. Any emission mechanism responsible for the terahertz 
emission from InAs at high excitation fluences must be consistent w ith the following 
observations (see figures 5.8 and 5.2):

(i) Large p-polarized angularly independent terahertz signal under crystal rotation for
the (100) crystal face.

(ii) Large polarization dependence of s- and p-polarized radiated terahertz fields under
pump polarization rotation for the (100) crystal face.

(iii) 45° relative phase between data sets for s- and p-polarized terahertz fields under
pump polarization rotation for the (100) crystal face.

(iv) Change in polarity of the s-polarized terahertz fields from all crystal faces.

(v) Two-fold rotational symmetry in the s- and p-polarized terahertz emission from the
(110) crystal face.

(vi) Three-fold rotational symmetry in the s- and p-polarized terahertz fields for the
(111) crystal face.

Photo-carrier related terahertz emission would be consistent with (i) above, however, 
inconsistent w ith (ii)-(v i) above. Bulk optical rectification would be consistent with 
(vi) above, however inconsistent w ith (i) and (v) above. A pure surface nonlinearity 
or surface electric-field induced optical rectification, however, is consistent with all of 
the observations (i)-(v i) above. Small contributions from bulk optical rectification and 
photo-carrier related contributions were shown to be present, but are not the dominant 
emission mechanisms.

5.4 Comparison of second-harmonic generation and tera­
hertz emission from InAs

The measured azimuthal dependencies of the radiated THz field are compared to the 
respective SH measurements next. In Fig. 5.11, the THz emission measurements from 
InAs presented in section 5.3.2 are plotted with the SH measurements of Sec. 5.2. Note 
that as the detection for the terahertz radiation is coherent, the electric field is plotted 
directly (containing amplitude and phase information), whereas only the intensity of SH 
is plotted for the SHG data.
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Figure 5.11: Comparison of terahertz to SH emission for p-p and p-s polarization com­
binations, respectively. Filled circles represent THz emission (scale on right axis), and 
open circles represent SH intensity (scale on left axis). The solid curves are fits to the 
THz data based on the expectation of surface electric field induced optical rectification 
(Table 5.5), and the dotted curves are fits to the SH intensity based on the expectation 
of bulk dipole second order response (Table 5.3). In both measurements, the data is 
taken at a fluence of ~  1 m J /c m 2. The azimuthal angle is defined as the angle that the 
projection of the pump beam in the surface plane of the crystal (fc in Fig. 5.3) makes 
with the [011], [110] and [211] crystal axes for the (100), (110) and (111) crystal faces, 
respectively.
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It was found that for the case of terahertz emission from the InAs samples, the domi­
nant emission mechanism is consistent w ith pure surface or surface electric-field induced 
optical rectification, whereas the optical second-harmonic generation is dominated by 
bulk optical rectification, as found in sections 5.2.1 and 5.3.2. This is most evident on 
the plots shown in Fig. 5.11.

Since optical rectification and second-harmonic generation are complementary pro­
cesses, it may seem strange that they are not governed by the same process. Based on 
recent work [99], where varying the doping concentration in (111) InAs supported their 
conclusion that surface electric-field induced optical rectification is the dominant emis­
sion mechanism, it seems likely that the THz emission results from surface-field induced 
optical rectification rather than a pure surface response. This seems likely as a pure 
surface response with the symmetry demonstrated in the present report, would result 
from at most a few monolayers near the surface [91]. In the present case the surface 
is covered with a native oxide layer, and the samples are single-crystal wafers that were 
mechanically polished, such that a high quality surface is likely not present. Thus it is 
expected that the effective second-order nonlinear effect due to the surface electric-field 
could be the dominant contributing mechanism. Nonetheless, the azimuthal dependence 
of the radiation in the far-infrared due to optical rectification agrees with an effective 
surface response due to either or a combination of these mechanisms.

There are two important points tha t should be discussed. First, the fact that the 
second-harmonic emission from the InAs surfaces is dominated by bulk optical rectifica­
tion, whereas the terahertz emission results primarily from surface electric-field induced 
optical rectification. Secondly, it has been reported in the literature that the terahertz 
emission from other semiconductor surfaces, such as InP, shows a strong contribution 
from bulk optical rectification to the radiated terahertz fields at high excitation fluences
[43]. This raises the question as to why the dominant emission mechanism appears to 
differ for InAs in comparison to InP.

We begin by noting that it is expected that there is a surface-field at the mechanically 
polished, oxidized n-lnAs surfaces used in the present study as found by Raman scattering 
in Ref [100], where surface-electric field induced Raman scattering was used to identify 
the polarity of the surface field in various orientations of InAs with varying doping 
concentrations. Given the narrow band-gap of InAs, it seems unlikely that there is a 
several order of magnitude larger surface electric field within InAs as compared to InP, 
which would be required to explain such a dominant contribution from surface electric 
field induced optical rectification observed here.

The difference in surface fields that would be required to explain the results can be 
estimated as follows. We assume that the susceptibilities for InAs and InP are the same 

(XjnAs ~  Xjnp)- ta ^e Pea^ radiated THz field to be approximately 200 V /  
cm from InAs (see Fig. 5.8), and the peak radiated field from InP to be 2 V /  cm (see 
Fig. 6.7 of chapter 6 ) from the (100) crystal faces respectively. Taking the angularly 
independent contribution to the radiated THz field from the (100) face of InP in Fig. 6.7
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as completely due to surface-electric field induced optical rectification, then at most, the 
surface electric field induced optical rectification component from (100) InP is 50% of 
the bulk optical rectification contribution. Further, we assume a maximum contribution 
to the terahertz emission from (100) InAs due to surface electric-field induced optical 
rectification of 80%. Noting that the radiated terahertz fields from surface electric-field 
induced optical rectification are proportional to: E t Hz X ^ E surf ,  we can write:

E t u ? =  (5.25)

£ £ &  =  c2x (3)«

where c\ and c2  are constants of proportionality that depend on the linear optical prop­
erties of the material which are similar. Here, we assume that c\ ~  c2. Using the above 
factors, we would estimate the ratio of the required electric field to be:

E lsurAf  _  C2 E ^ s

E lnJ f c i  Ep£
^  ^  0.8 x 200V7cto

0.5 x 2V/cm  
=  160 (5.26)

which seems rather unlikely. Therefore, the strong emission due to surface electric
field induced optical rectification is more likely a result of a much stronger third-order
susceptibility coefficient. However, if there exists a strong third-order susceptibility, there 
must also exist a strong frequency dependence in it as well since electric-field induced 
second harmonic generation is not observed to be dominant from InAs.

A strong third-order susceptibility in the narrow band-gap lll-V  semiconductors (InAs 
and InSb) is expected relative to the larger band-gap semiconductors (InP, GaAs etc), 
based on the theoretical calculations by Ching and Huang [101]. Third-order suscepti­
bilities in the narrow band-gap lll-V  semiconductors are predicted to be several orders 
of magnitude larger than in the larger band-gap semiconductors [101]. Moreover, free- 
carrier contributions to dominate in InAs, whereas the valence-electron contribution 
tends to dominate in GaAs, for example [102]. Jha and Bloembergen [103] showed that 
the free carrier-contribution is expected to scale as :

X(3)(w 4 ;^ i,^ 2,w 3) oc------  ------- (5.27)
L0lL02(̂ 'S (̂ 4:

where uj4  is the generated radiation frequency.
Since 0J4 is much smaller for THz generation than for second harmonic generation, 

this is sufficient to explain the results obtained here. That is, the far-infrared response
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of the third-order susceptibility is significantly larger than the response at the second- 
harmonic frequency. Therefore, one would expect a much weaker surface electric field 
induced SH intensity in comparison to the electric-field induced optical rectification 
signals due to the large increase in the free-carrier contribution to the susceptibility for 
lower frequencies. Moreover, the third-order susceptibility in InAs is expected to exhibit 
resonances in the far-infrared due to longitudinal optical phonon scattering at room 
temperatures [104].

Assuming the THz emission is mostly a result of surface electric-field induced optical 
rectification, we have sufficient information w ith the fitting  functions and the results in 
Table 5.5, that we can calculate the ratio of the tensor elements: for the ( 1 1 0 )
and (111) crystal faces. This cannot be done for the (100) crystal face as there is only 1 
equation in three unknowns (surface-field, two independent tensor elements). An exact 
determination of the tensor elements, while possible, is complicated by lack of knowledge 
of the magnitude of the surface field and the fact that the emission is saturated at these 
high fluences. It should also be noted that the ratio ifi- is the measured ratio inw tj Lj '
saturation. Using the fitting  functions to the data for the (110) and (111) crystal faces: 
E p p Z’n l  =  a\ +  &icos(3c/>), EpSHz’n l  =  b2s in (3<f>), Epp 2 ,1 1 0  =  0 3  +  bzcos(2(j>) and 
EpJIz,no =  bisin(2(f>). The measured values were: a\ =  —95±7 , 6 1  =  —130±11, 6 2  =  
137 ±  8 , <23 =  —160 ±  14, 6 3  =  —73 ±  18 and 6 4  =  —63 ±  13 in V /  cm. Given the 
calculated values for the coefficients a j and 6  ̂ listed in Table 5.5, the extracted ratio 
X i j i j /X i i i i  is found to be 0.30 ±  0.03 for the (111) crystal face and 0.26 ±  0.06 for the 
(110) crystal face. Note that the ratio 6 1 / 6 2  is independent of the surface-field and the 
magnitude of the susceptibility tensor elements. It is calculated to be -1.0 in comparison 
to the measured value of —1.0 ±  0.1, which agrees very well. The indices o f refraction 
used for this calculation are n opt =  3.714 +  i0.432 and u f i r  =  3.868 +  i0 .0039 at 1.5eV 
and 0.01 eV respectively [97],

(3 ) /o\
The value of X i j i j / X m  0.3 is in the correct range for lll-V  semiconductors, but 

about a factor of three larger than calculated by Ching [101]. This is possibly due to 
the fact that the data is taken in a saturated regime.

In conclusion, while it is possible that the terahertz emission from InAs surfaces is 
a result of pure surface optical rectification, there is much evidence that supports the 
emission mechanism being surface electric-field induced optical rectification. However, 
it certainly has not yet been proven that surface optical rectification does not play a role 
in the present measurements.
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Chapter 6

Terahertz emission from porous 
and unstructured InP 1

In chapter 5, it was found that the terahertz emission from InAs surfaces at high fluences 
was primarily a result of surface electric-field induced optical rectification. Moreover, in 
chapter 4, it was found that the conversion efficiency from optical to far-infrared en­
ergy from the InAs surface emission was considerably less than from the large-aperture 
photoconductive switch. In this chapter, the possibility of increasing the conversion effi­
ciency from optical to far-infrared energy radiated by means of enhancing the nonlinear 
optical processes is examined on porous surfaces. High quality porous surfaces could be 
obtained for InP samples from I. M. Tiginyanu and L. Sirbu at the Technical University 
of Moldova and thus the emission from these samples was studied and compared to 
emission from solid surfaces. Terahertz emission from InP (111) surfaces is examined 
first, where a large enhancement in the radiated energy from a porous, relative to a 
bulk sample is observed. The enhancement factor in this case exists primarily at lower 
excitation fluences, where the exact source of the radiation can be due to a number of 
mechanisms. By using a comparison of optical second-harmonic generation and tera­
hertz emission by optical rectification from InP (100) at high excitation fluences, it is 
found that a significant enhancement of both second-harmonic and terahertz emission 
is observed from the InP (100) surfaces. The results indicate that the enhancement 
is primarily on that component of the radiated THz field that results from bulk opti­
cal rectification. The mechanism leading to the enhancement is believed to be local 
electric-field enhancement within the porous network.

Portions of this chapter have been published in references [105],[106] and [107]
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6.1 InP (111)

Bulk n-lnP wafers and porous membranes w ith (111) crystallographic orientation were 
irradiated w ith 120 fs pulses o f 800 nm radiation from a Ti:Sapphire amplified laser 
system. The terahertz emission from samples was measured as a function of excitation 
fluence in the reflection geometry. It was established that the terahertz emission from 
both bulk and porous InP (111) saturates at high excitation fluence, emitting comparable 
levels of far-infrared radiation. Below saturation, however, the emission from the porous 
InP (111) membrane was found to be approximately an order o f magnitude greater in 
radiated electric field or approximately two orders of magnitude in power relative to the 
bulk sample. The observed increase in efficiency from the porous, relative to the bulk 
samples, can be attributed to either the local field enhancement in the porous network 
for the nonlinear contribution to the radiated THz fields, or to modifications of the 
transient currents resulting in enhanced THz radiation.

6 .1.1  Experim ental

As already discussed, emission from semiconductor surfaces arises from transient pho­
tocurrents radiating terahertz fields [31], as well as from nonlinear optical rectification 
[41, 87, 42]. For InP, at high excitation fluence, there is a strong contribution to the 
radiated THz field from optical rectification in the surface region within the optical 
penetration depth of the pump beam [87]. The conversion efficiency from optical to 
far-infrared energy radiated by optical pumping is lower for InP as compared to InAs. 
However, the emission of terahertz radiation from both InP and InAs at high excitation 
fluence appear to have large contributions from their nonlinear optical responses. As 
such, it is worth investigating methods for increasing the efficiency of these nonlinear 
optical interactions, in order to determine if the emission from InAs could be improved 
and made competitive in relation to the large-aperture photoconductive switch. Unfor­
tunately, good quality porous InAs samples are not available to date for such studies.

It has been recently reported that electrochemical etching of GaP can introduce a 
large birefringence into the semiconductor, allowing phase matching for optical second- 
harmonic generation [108]. In addition to directly modifying nonlinear optical processes, 
changes in the sample surface architecture can alter the transient currents generated in 
semiconductors that may also modify the terahertz emission.

The porous samples were provided by I. M. Tiginyanu and L. Sirbu at the Technical 
Institute of Moldova, ( lll) -o rie n te d  substrates of n-lnP single crystals with 500 f im 
thickness and free electron concentration of 1.3 x 1018cto~ 3 were used. The electro­
chemical etching was carried out in 5 % HCI aqueous solution in potentiostatic regime 
[109], the area of the samples exposed to the electrolyte was 1 cm - 2 . A scanning 
electron microscope (Tescan SEM) equipped with an energy dispersive X-ray (Oxford 
Instruments INCA EDX) system was used to analyze the morphology and chemical com­
position of the porous samples. Fig. 6.1 shows an SEM image taken from a porous
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InP membrane in cross-section. Note that the pores stretch perpendicular to the initial 
surface (±5° tolerance), leaving InP walls w ith an average thickness of about 50 nm 
(see insert in Fig. 6.1), and extend 65 f im into the sample, which is deeper than the 
optical penetration depth of the pump beam used in the experiments (~  300 nm for 
InP at A =  800 nm). The EDX microanalysis confirmed the stoichiometric composition 
of the InP skeleton.

20 [jm

Figure 6.1: SEM micrograph o f the porous InP (111) membrane. The inset shows the 
top view of the membrane

The experimental set-up for investigating the terahertz emission from bulk and 
porous InP (111) is identical to that used to study InAs in chapter 5, and is shown 
in Fig. 6.2. The regeneratively amplified Ti:Sapphire laser system (Spectra Physics 
Hurricane) is used as a source, operating at a center wavelength of 800 nm, at 1 kHz 
repetition rate, with a maximum pulse energy of 750 /xJ and a pulsewidth of 120 fs 
(Gaussian FWHM). The probe pulse is delayed with respect to the pump using an op­
tical delay line. A variable attenuator (A /2 plate and polarizer) is used in the pump

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



beam to vary the fluence. The THz radiation from the surface of the sample oriented at 
45° angle of incidence is collected in the specular direction and imaged onto the ZnTe 
detector using four F /2 parabolic mirrors. The 1 mm thick ZnTe (110) electro-optic 
crystal is used as detector, oriented for sensitivity to p-polarized Terahertz emission as 
discussed in section 3.2.4 of chapter 3.

POL H W P BS

Ti:Sapphire
Laser

LI ODL

Chopper

QW P PD  

W P PD

PM
LIA

ZnTeIn P
LPF

PMPM
I T i r

Figure 6.2: Experimental set-up for investigating THz emission from InP. The InP sam­
ples are oriented at an angle of incidence of 45 degrees. BS is a beam splitter, HWP is 
a half-wave plate, P is a polarizer, M are mirrors, ODL is an optical delay line, L I and 
L2 are lenses, LPF is a filter used to remove the fundamental, PM are parabolic mirrors, 
QWP is a quarter wave plate, WP is a Wollaston prism, PD are photodiodes and LIA is 
a lock-in amplifier.

As previously discussed, the terahertz generation mechanism from semiconductor 
surfaces can be classified into two distinct categories: (i) nonlinear-optical response of 
the material (optical rectification), and (ii) transient photo-carrier related effects as dis­
cussed in chapter 5. Nonlinear contributions may come from bulk [87] or surface second
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order nonlinearity of the semiconductor [41], or through higher order nonlinear effects 
[42]. Photo-carrier related effects arise as a consequence of transient photocurrents, 
resulting from either acceleration of carriers in the surface field [31] or from diffusion of 
carriers into the sample away from the surface [40] (photo-Dember effect). A t high ex­
citation fluence, there is typically a large contribution in InP from the nonlinear response 
of the material [87].

A typical waveform and spectrum from bulk and porous InP (111) is presented in 
Fig. 6.3. As can be seen, the waveforms are similar in both frequency and time, with 
the bulk semiconductor exhibiting slightly higher field amplitudes at frequencies above 
1.75 THz than the porous membrane. The THz signals reported here are not corrected 
for Fresnel reflection at the detector, and suffer attenuation in the opaque beam block 
used to remove the fundamental beam. The beam block has a flat frequency response 
over the bandwidth of the detected THz signals.

0.5 1.0 1.5 2.0 2.5  3.0
Frequency (T H z)

0 -1 5
0 2 4 6 8 10 12 14

Time delay (ps)

0.5 .0 1.5 2.0

Frequency (THz)
2.5 3.0

0 -1 5
0 2 4 6 8 10 12 14

Time delay (ps)

Figure 6.3: Measured terahertz waveforms in the time domain from bulk (a) and porous 
(b) InP (111) samples. Insets show the frequency spectrum, taken as the Fourier trans­
form of the time-domain signals.
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In order to determine if there is a measurable difference between the radiated THz 
fields from the bulk and porous InP (111) samples, the fluence was varied using a 
variable attenuator. Fig. 6.4 shows the peak detected THz field as a function of pump 
fluence for both bulk and porous InP samples. The measurements were made with the 
p-polarized pump beam parallel to the [112] crystal axis in the (111) plane for both 
samples,as there is a 3-fold rotational symmetry in the measured terahertz waveforms 
from both porous and bulk InP (111) at high excitation fluence as shown in Fig. 6.5. 
The angular dependence of the terahertz field on crystallographic orientation is measured 
at an excitation fluence of approximately 1 m J /c m 2 and demonstrates a contribution 
to the radiated terahertz field from optical rectification. In turn, the optical rectification 
component reflects the high crystallinity of the porous sample.

The peak THz field is seen to saturate for both bulk and porous InP (see Fig. 6.4). 
A t lower excitation fluences, however, the peak radiated field from the porous sample 
proves to be substantially larger than tha t o f the to bulk InP. At the excitation fluence 
of 2 jiJ /cm ? , the peak radiated THz field from the porous membrane is approximately 
10 times as large as tha t from the bulk InP. The increased radiated field amounts to 
a relative power increase of approximately two orders of magnitude. Note that for an 
index of refraction of 3.46 at 800 nm the transmission of the pump beam into the bulk 
InP is Tp =0.82 (45° incident angle, p-polarized pump and THz). The reduced Fresnel 
reflectivity of the porous InP due to the reduced effective refractive index could lead 
to enhancements of emission from porous InP on the order of 10 % relative to bulk, 
far smaller than the differences observed here. It is difficult to determine the origin 
of the increase in conversion efficiency from optical to far-infrared between porous and 
bulk InP (111) without knowing the exact contributions from the various processes to 
the radiated THz field. If one assumes that the nonlinear response is the dominant 
THz emission mechanism for the range of excitation fluences considered here, then the 
increase in conversion efficiency could result from the local field enhancement in the 
porous network of the membrane, as was proposed for the increase in second harmonic 
generation from nanostructured GaP reported in Ref. [108].

In contrast to this, if the emission were predominantly a result of photo-carrier related 
effects, then the observed increase of the THz radiation from porous membrane relative 
to the bulk can be explained by the fact that due to high density of pores most of the 
volume of the porous InP skeleton is subjected to the surface surface field which may 
contribute to the acceleration of carriers and, as a consequence, to the intensification 
of transient photocurrent. However, for the surface field within the walls, the lateral 
photo-currents from both sides of the side wall would be expected to be equal and 
opposite under uniform illumination, and therefore, cancel. However, asymmetry may 
arise as a consequence of the angled illumination of the pores from a single direction. 
The resultant net lateral photocurrent in the surface plane of the substrate could radiate 
more efficiently than the transient current generated normal to the surface for the bulk 
sample. One could estimate the magnitude of this effect for a given geometry, however it 
is expected to be small for the following reasons. The pump radiation has an absorption
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Figure 6.4: Peak detected THz field as a function of fluence for porous (filled circles) 
and bulk (filled squares) InP (111) samples.

depth of approximately 300 nm in the bulk material, and the wall thickness is only 
50 nm. Therefore in the presence of an isotropic surface field, the optical beam will 
generate surge currents at both sides of the wall. The magnitudes of the radiation 
near each side wall, and therefore injected carrier densities, will only be slightly different 
as the the absorption depth is longer than the wall thickness. In this way, one would 
expect only a very minimal asymmetry in the net lateral photocurrents due to injected 
carries within the lateral surface fields. In addition, the portion of the transient current 
resulting from the diffusion o f photo-generated carriers will predominantly flow down the 
pore walls. In this case, because the side-walls are open to free-space the dipole would 
couple efficiently out through the membrane walls. Similar arguments for enhanced 
emission by redirection of photo-carrier generated currents along the surface plane have 
been used to explain enhanced emission when an external magnetic field is applied to
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Figure 6.5: Rotational dependencies of the peak THz field radiated from bulk (top) and 
porous (bottom) InP (111) in the p-p polarization geometry used in the experiment. 
The solid curves are fits to E =  A +  Bcos(3^).

the system [35, 36, 86].
At very low excitation fluences (1-100 n J /c m 2) [39], the emission from InP is due to 

transient photocurrents, either diffusion of carriers at low temperatures or acceleration 
of carriers in the surface surface field at room temperature [39]. At higher fluences 
(~  10 - 100 i i J / c m 2), optical rectification contributes significantly to the emission 
[41, 87, 42]. For fluences of 1 — 1000/xJ/cm2 as studied here, it is expected that there 
is a transition in the dominant emission mechanism. The clarification of the detailed 
balance of emission mechanisms in this fluence range will require further study.
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6.2 InP (100)

The study of InP was extended to that of a second crystal orientation, (100), where an 
enhancement in the terahertz emission was observed even at high driving fields, where 
the nonlinear optical component is expected to dominate. By comparing the emission 
of THz radiation and optical second-harmonic generation from the same samples, the 
enhancement of both processes can be attributed to  local field enhancement within the 
porous network. Such porous lll-V  semiconductors have exhibited a strongly enhanced 
nonlinear optical response in previous studies [108, 110, 111]. It was demonstrated 
experimentally that a 100-fold increase of the second-harmonic power could be achieved 
in porous, relative to bulk lll-V  semiconductors [108, 110], The observed enhancement 
factor is currently the subject of investigation, and has been attributed to such processes 
as local field enhancement within the porous network [108], and an increased interaction 
of the radiation within the porous network due to  scattering [110, 111].

In order to explore the effect o f local field enhancement, we carried out investigations 
of the second-harmonic generation (SHG) and optical rectification (OR) from bulk and 
porous InP (100) in a reflection geometry, using pump radiation w ith photon energies 
greater than the band-gap.

It is expected that the enhancement would also exist for the related phenomenon 
of optical rectification (OR) which would, in turn, lead to enhanced emission of pulsed 
terahertz radiation from InP surfaces. However, the comparison of SHG and OR has 
to be done carefully as there are multiple mechanisms leading to the emission of THz 
radiation, the relative magnitudes of which are strongly dependent upon pump fluence
[44], To address this point, high excitation fluences are used ( 1 m J /c m 2), where optical 
rectification is expected to dominate the THz emission. This is confirmed by measuring 
the polarization characteristics o f the THz radiation.

Crystalline (lOO)-oriented substrates of n-lnP with 500 fim thickness and free elec­
tron concentration of 1.3 x 1018cm -3  were used. The electrochemical etching was 
carried out as described in the previous section. Fig. 6.6 shows a SEM image taken 
from a porous InP membrane. Note that pores with an average diameter of about 100 
nm stretch perpendicular to the initial surface (± 5 °  tolerance), leaving InP walls with 
an average thickness of about 50 nm, which extend up to 100 /xm into the sample, 
deeper than the optical penetration depth of the pump beam used in the experiments 
( 300 nm for InP at A =  800 nm). The EDX microanalysis confirmed the stoichiometric 
composition of the InP skeleton.

The experimental set-up for investigating the THz emission from bulk and porous 
InP is identical to that shown in Fig. 6.2. The InP (100) samples were rotated about 
the surface normal, and the detected THz fields were measured as a function of the 
azimuthal angle (j), defined as the angle that the linearly p-polarized pump beam makes 
with the [011] crystal axis in the (100) crystal plane. The samples were irradiated w ith an 
incident flux of approximately 1 m J/cm ?  in a p-pol-in p-pol-out polarization geometry. 
The azimuthal dependencies of the THz field are shown in Fig. 6.7. Qualitative fits to the
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Figure 6.6: SEM image of porous InP(lOO) membrane.

data of the form, E t h z  =  acos(20) +  6, are plotted together with the measured electric 
field. A change in polarity in the emitted electric field is observed from both samples 
as a function of the azimuthal angle. The observed angularly independent contribution 
to the radiated THz field may result from, e.g., photo-carrier effects [41, 42]; however, 
it is inconsistent w ith bulk OR [47], This issue will be discussed below. What is most 
apparent in Fig. 6.7 is that the peak magnitude of the detected field from the bulk 
sample is approximately 1.6 ±  0.25V/cm,  while the peak magnitude of detected field 
from the porous InP (100) membrane is in excess of 7.0 ±  0.25V/cm.  Taking into 
account that the total emitted THz power scales as the square of the radiated field, this 
amounts to a relative power enhancement of 20 ±  4.

For InP, at low excitation fluence it has been shown that photo-carrier acceleration 
in the surface surface field dominates (at room temperature) [39], whereas bulk OR and 
photo-carrier diffusion dominate at higher fluences, with the crossover in mechanisms 
occurring at fluences between 0.1 — 10/xJ/cm2 [44].

To address the question of which process is being enhanced here, the s-polarized
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Figure 6.7: Azimuthal dependence of the p-polarized THz field amplitude in reflec­
tion from the porous (squares) and bulk (circles) InP (100) samples under p-polarized 
excitation. Solid lines are qualitative fits to the data reflecting azimuthal dependence.

THz emission from the porous sample was also examined as a function of the azimuthal 
angle. For emission from bulk samples resulting from photo-carrier effects, the generated 
transient current is oriented perpendicular to the surface, and cannot radiate an s- 
polarized wave [45], and will therefore not contribute to the THz radiation for a p-s 
geometry. In the porous sample, where there is the possibility of lateral photo-currents 
due to the more complex surface geometry, s-polarized THz radiation may be generated. 
Though for a perfectly symmetric system there can be no s-polarized radiation since 
there is no preference in which direction the s-polarized radiated field should point. 
Also, the emission would be expected to be angularly independent. The result for the 
porous sample is plotted, along with the data for the p-polarized THz emission from Fig. 
6.7, in Fig. 6.8. Clearly, the s-polarized THz field is non-zero, and has the expected 
two-fold rotational symmetry associated with a second-order nonlinear response from 
(lOO)-oriented InP. Moreover, the angularly-independent contribution to the s-polarized 
THz field is less than 10 %, indicating the s-polarized THz emission is primarily due to 
optical rectification.
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Measurements of the s-polarized emission from the bulk InP (100) show a peak 
detected field of approximately 0.6 ±  0.25V /c m  (maximum of the signal as a function 
of angle), however, the signals were close to the noise floor of our detection system. 
The measured data is shown in Fig. 6.9. Taking the ratio of the square of the peak 
detected s-polarized THz signals from porous relative to bulk InP gives a power ratio of 
100 ±  40. The power enhancement factor is therefore attributed to the portion of the 
THz wave radiated by the process of optical rectification.

Optical second-harmonic generation (SHG) from bulk and porous InP (100) was 
also investigated. The same optical pump source was used. The Ti:Sapphire pump 
laser beam was passed through a polarizer to select p-polarized pump and incident at 
45° on the InP samples. The pump fluence was adjusted to approximately 1 m J /c m 2 
incident on the sample surfaces. A low pass filter was used to block the second harmonic 
leakage from the laser cavity prior to striking the sample surfaces. The reflected SH 
radiation at 400 nm wavelength was collected using a 7.5 cm focal length lens and 
passed through a short-pass filte r to block the fundamental beam. A UV-polarizer 
was used to pass only the p-polarized second harmonic to a Hamamatsu R7518 photo­
multiplier tube, which was in turn blocked by a 400 nm interference filter to remove 
any further leakage of the 800 nm fundamental beam. The InP samples were rotated 
about their surface normal. The measured azimuthal dependence of the SH intensity 
is shown in Fig. 6.10. The solid curve is a fit  to the function: I s h  =  acos2(2(f)), 
which is expected for (lOO)-oriented InP. It is seen from Fig. 6.10 that the SH intensity 
measured from the porous sample is approximately three times smaller than measured 
from the bulk InP sample. Given the fact that the skeleton feature size in the porous 
network is comparable with the generated SH wavelength, significant scattering of the 
SH radiation in the porous network is expected. It is therefore expected that only a 
fraction of the total SH radiation generated in the specular direction from the porous 
sample, is detected by the photomultiplier detector system.

To test this assertion, in a separate experiment using 400 nm radiation the reflection 
from the porous membrane was compared to tha t from the bulk. For the porous sample 
it was determined that only 10 % of the reflected portion of the radiation was specularly 
reflected within a cone angle of 5.9 x 10-3  sr, whereas 90 % of the reflected radiation 
was diffusely reflected. If we assume that the diffusely reflected 400 nm radiation from 
the porous InP surface acts as a Lambertian surface and that generated SH radiation 
will be completely scattered into 2 ir sr in the reflection (backward) direction, we may 
correct for the limited collection angle of the SH detection system. In our case, the 
effective solid angle for collecting diffusely reflected SH radiation is 0.038 sr due to 
the lim iting aperture of the UV-polarizer in the beam path. Taking this into account, 
it was estimated that approximately 0.86 % o f the total reflected SH radiation has 
been collected and detected in the present experiment. Correcting the measurement for 
this scattering fraction gives a measured power ratio of SH radiation from the porous 
membrane relative to the bulk sample of 33 ±  7.

Measurements were also made on the s-polarized SH emission and presented in Fig.
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Figure 6.10: Azimuthal dependence of the p-polarized second-harmonic intensity mea­
sured in reflection from bulk (squares) and porous (triangles) InP (100) under p-polarized 
excitation. Solid lines are qualitative fits to the data reflecting azimuthal dependence.

6.11. In this case, the solid lines are least-squares fits of the data to the function: 
I SH =  as in2(2(f)), expected for the s-polarized SH emission. The ratio of the detected 
power in the SH beam from porous, relative to bulk was measured to be 0.48 ±  0.08. 
Again, correcting for the scattering losses, an estimated enhancement factor for the p-s 
geometry of 5 6±9  was deduced. This qualitatively agrees with the observation from the 
terahertz emission that a higher conversion efficiency results from the porous network 
in the p-s as compared to the p-p geometry.

This enhancement is believed to be a result of local field enhancement within the 
porous network. It is well known that fields near sharp edges can be very large. The 
power in the SH or THz radiation scales as the input pump intensity squared, such that 
the output scales as the input electric field strength to the fourth power. Therefore a 
volumetric averaged field strength in the porous network would only have to be approxi­
mately 301/ 4 =  2.3 times larger than in the bulk in order to explain the results presented 
here.

At this point it is worth noting that an increased effective interaction length of the
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fundamental and SH or THz radiation may exist due to scattering, which has also been 
proposed to explain the enhancement [110, 111]. We expect this effect to be minor in 
comparison to local field enhancement for the following reasons. First, the absorption 
in InP of the second harmonic beam is strong enough that the escape depth of the SH 
radiation limits the probed volume to a small depth. This implies that even if there were 
substantial scattering of the pump beam, the effective interaction length with the SH 
radiation is limited by the escape depth of the 400 nm light, which is much less than the 
optical absorption depth of the fundamental beam. For the case of THz emission, there 
is virtually no scattering of the THz radiation as the wavelength in this case is much 
larger than the characteristic sizes of the porous membrane entities. Given that the 
enhancement factors are qualitatively similar for THz and SHG, it seems likely that the 
same process governs both emissions. However, more work is required to demonstrate 
the exact contributions from scattering and local field enhancement to enhanced second 
harmonic and terahertz radiation from these porous samples.

In conclusion, it was found that a porous InP (100) membrane radiates approxi-
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mately 20 times more power to the far-infrared by optical rectification of a femtosecond 
Ti:Sapphire laser in comparison to bulk InP(lOO), at an excitation fluence of 1 m J /c m 2. 
Measurements made in a p-s geometry indicate that the primary enhancement comes 
from the optical rectification component to the radiated THz field. Measurements of 
the related process of second harmonic generation were made on the same samples and 
at the same excitation fluence. As a result, approximately 30 times more power was ra­
diated in the second harmonic beam from the porous samples. The enhancement factor 
is tentatively attributed to enhancements of the local field within the porous network.
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Chapter 7

Semi-large aperture 
photoconductive switch

In this chapter, the photoconductive switch will be examined further as an emitter of 
terahertz radiation in a semi-large aperture configuration. This is developed into an 
operational source which is based on a lower energy oscillator source of femtosecond 
radiation which can be used in application studies. The construction and electronics 
required to use this device are outlined, followed by the performance characteristics.

7.1 Description of the SLAPCS

In section 4.1 the operation of a large-aperture photoconductive switch was outlined. 
The idea of a semi-large aperture photoconductive switch comes from the idea of scaling 
the aperture down in size to accommodate a more reasonable source of optical energy 
in, for example, a femtosecond oscillator beam.

The use of photoconductive switches to efficiently generate far-infrared radiation 
from femtosecond switching using an optical beam [2] has been used for a long time, 
and described in detail by van Exter and Grischkowsky [3]. The use of a photoconductive 
switch to generate free-space terahertz radiation typically uses a co-planar transmission 
line with a small gap (~  5 j im), which is illuminated by femtosecond optical pulses [48],

The fundamental difference in operation between the large-aperture photoconduc­
tive switch and the small-gap photoconductive switch is the limitation on the radiated 
field. That is, for the large-aperture photoconductive switch, the lim itation on the ra­
diated field is the terahertz field screening of the bias field within the switch [72], as 
described in section 4.1. In contrast to this, the limitation on the radiated field in a small 
photoconductive switch is the space-charge field screening of the bias field limiting the 
transient current. As the optical excitation pulse energy grows, the number of injected 
carriers grows. As the injected carrier density becomes sufficient to screen out the bias 
field, on the time scale of the terahertz pulse, there is a subsequent deceleration of the
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carriers, leading to a bipolar waveform [112, 78].
An important note to make is that the time it takes light to propagate across the 

5/xm gap in GaAs (with a far-infrared index of refraction of 3.6 [25] ) is approximately 
60 fs, which is significantly smaller than the pulsewidth of the terahertz radiation. This 
implies that any space-charge accumulation in the plane of the emitter can screen out 
the applied bias field on the time-scale of the radiated terahertz pulse. Therefore, in 
addition to terahertz field screening [72], such devices suffer limitations due to space- 
charge screening. In fact, the space charge screening is significant, as observed directly 
by Uhd Jepsen et al. [112]. The question of where the cross-over from space-charge 
screening to terahertz-field screening occurs is difficult to answer exactly, however, one 
can estimate it to be roughly at the size scale where the speed of light in the substrate 
gives a propagation time across the gap less than the radiated THz pulse width ( 1 ps).
In such a configuration, even if there were a substantial build-up of charge carriers in the 
emitter surface on the time-scale of the terahertz pulse, the terahertz radiation would 
not respond to a screened bias field. This amounts to a gap spacing of approximately 85 
p m in GaAs. For gap sizes significantly larger than this, the space-charge field will not 
be able to screen the internal fields on the time-scale of the terahertz radiation, and will 
therefore not affect the transient currents that lead to the radiation. For this case, one 
might expect that terahertz-field screening will lim it the radiation. This would appear 
to be the case in the modeling calculations by Rodriguez and Taylor [78].

Having said this, it seems reasonable to want to keep the dimensions of the switch 
in the range where terahertz-field screening limits the radiated power, as this is the 
geometry that has led to the maximum reported conversion efficiency from optical to 
pulsed terahertz radiation [73].

The femtosecond oscillator source available in the laboratory is an 82 MHz source, 
operating at 800 nm, with a pulse width of approximately 80 fs, with an average power 
of up to 1W. Assuming the average power of 1 W can be used at the emitter (for gener­
ating terahertz radiation), then the optical pulse energy o f the source is approximately 
12.5 nJ. Recalling from section 4.2 that the saturation flux for GaAs photoconductive 
switches is approximately 12 p J /c m 2, this amounts to focusing the beam to a diameter 
of approximately 0.36 mm. Based on the simple estimate above, this is well within the 
terahertz field screening regime (ie. 0.36 mm 0.085 mm), such that optimal con­
version efficiency might be expected. However, as the small dimension o f the aperture 
will violate the conditions of validity (A <C aperture dimension for all A) in the theo­
retical analysis of the large-aperture photoconductive switch [72], differences might be 
expected.

This is the idea of the semi-large aperture photoconductive switch. That is, by 
scaling down the aperture size of the large-aperture photoconductive switch, so that 
optimal conversion efficiency might be expected from an oscillator source of much lower 
pulse energy, however not scaling down to the point where the device is limited by space- 
charge screening, we obtain a semi-large aperture photoconductive switch . Indeed, such 
a device has been quantified in the literature, and found to be an exceptionally efficient
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source of terahertz radiation from an oscillator optical source [4, 113].

7.2 Construction of the SLAPCS

Part o f the motivation for using a semi-large aperture photoconductive switch for the 
generation of pulsed terahertz radiation is the simplicity of construction. Specifically, 
as outlined above, there is no need for micro fabrication techniques or special substrate 
preparation. The GaAs used is a high-resistivity GaAs substrate (the carrier concen­
tration and Hall mobility specified by the manufacturer are n c =  1.5 x 107cm~3 and 
Hh =  3890cm2VA-1s- 1 , respectively). Silver paint was used on the GaAs to create two 
elliptically shaped electrodes with a minimum separation distance of 470±12/z?n. Sheet 
copper was used to contact the silver paint, w ith approximate dimensions of 5 cm x 8 
cm. The copper served two purposes, as an electrical contact to the electrodes, allowing 
connection to external bias circuitry, as well as to help keep the switch cool [4, 113]. 
A schematic diagram of the semi-large aperture photoconductive switch used for this 
chapter is shown in Fig. 7.1 (a).

In order to modulate the signal, an alternating voltage bias supply was employed ca­
pable of operation at different modulation frequencies. Bias fields up to approximately 
400 V peak (800 V peak-to-peak) were required for optimal performance. Under illumi­
nation with the optical laser source, the resistivity drops dramatically, and several watts 
of power are dissipated in the switch. Given that the lock-in-amplifier works up to  250 
kHz, it was also of interest to produce the bias fields at frequencies up to 250 kHz. 
Therefore the general design characteristics for the bias field driver were to operate at 
frequencies from DC to 250 kHz, achieve voltages as high as 800 V peak-to-peak and 
deliver 5W of electrical power to the semi-large aperture photoconductive switch . In 
addition, as the lock-in-amplifier measures the first Fourier coefficient of the signal at 
the reference frequency, a sine wave is desired for the driving signal. In order to achieve 
this, it was found that a simple (yet hard to find) operational power amplifier is available 
1, capable of delivering up to 30 W  of electrical power at voltages up to 900 V under 
the constraints listed above. This is made possible by the exceptional slew-rate o f the 
op-amp (500 V/f is ) .  The driver construction is relatively simple with the op-amp, and 
shown schematically in Fig. 7.1 (b).

7.3 Performance of the SLAPCS

In this section, the performance characteristics of the semi-large aperture photoconduc­
tive switch are described. The main characteristics of interest in the present report are 
the scaling of the emission with the applied bias field, the scaling with optical pump

'T h e  operation am plifier was model P A 94 obtained from A P E X  Microtechnologies  

(w w w .apexm icrotech.com ).
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Figure 7.1: Schematic representation of semi-large aperture photoconductive switch (a) 
and high-voltage, high-power, high-frequency bias driver schematic diagram (b).

energy, and the scaling of the signal-to-noise with frequency of operation. Each of these 
will be examined individually.

7.3.1  T erah ertz  emission scaling w ith  applied bias field

The experimental set-up for investigating the properties of terahertz radiation from the 
SLAPCS is similar to that used for the majority of the experimental work in the thesis, 
and is shown in Fig. 7.2.

The peak radiated terahertz field is monitored as the bias field is changed. The result 
is plotted in Fig. 7.3. The terahertz radiation is seen to scale nonlinearly at low bias 
fields, and linearly with the applied bias field at higher applied bias fields. It is expected 
that an emitter that behaves as a large-aperture photoconductive switch, will radiated 
a terahertz field that depends linearly on the applied bias field as seen in section 4.1. 
This appears to be the case for high applied bias fields, however, the deviation from 
the linear dependence at low bias fields is likely a result of the fabrication method for 
the switch. In this case, silver paint was applied to a semi-insulating wafer of GaAs, 
forming a metal-semiconductor contact. The contact may be non-ohmic, resulting in 
the observed dependence of the terahertz radiation on applied voltage [114],

Therefore, operation at the highest possible bias field is desired. In our case this is 
approximately 5.5kV/cm,  limited by the current lim it in the operational-amplifier. To 
get higher bias fields, a higher driving current (delivering more than 5 W  of power) is 
required. A current lim it is set for the operational-amplifier, such that the operation 
is kept in the safe operating range, and therefore in the present configuration, the 
operational-amplifier cannot deliver its maximum 30W power.
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Figure 7.2: Schematic diagram of the set-up used in testing the semi-large aperture 
photoconductive switch . BS is a beam splitter; A/2 is a half-wave plate; POL is a 
polarizer; M is a mirror; ODL is an optical delay line; PL is a positive lens, PM is 
a parabolic mirror; LPF is a low-pass filter blocking the optical leakage and passing 
the far-infrared radiation; A/4 is a quarter-wave plate; WP is Wollaston prism; PD are 
photo-diodes; LIA is a lock-in-amplifier.

7 .3 .2  Terah ertz  emission scaling w ith  optical pum p energy

The set-up used for investigating the terahertz emission characteristics as the optical 
pump energy is varied is identical to that shown in Fig. 7.2. The polarizer and half-wave 
plate combination is used as a variable attenuator in the pump beam path to vary the 
optical excitation fluence at the emitter.

Knife edge scans of the optical beam indicate that the 1 /e2 optical beam power 
diameter is 272 ±  30 /im. A photodiode is placed directly behind the last mirror 
before the semi-large aperture photoconductive switch to calibrate the optical energy. 
Calibration of the photodiode and knowledge of the optical beam spot size on the semi- 
large aperture photoconductive switch allows the extraction of the optical flux falling 
on the switch as shown in Fig. 7.4. The peak of the radiated terahertz waveform is 
monitored as the optical fluence is varied, and the result is shown in Fig. 7.4. The
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inset shows the result on a log-log scale, demonstrating the power-law dependence of 
the emission.

It is interesting to note that the radiated THz field is not linear in the optical 
excitation energy. Also, we were not able to apply optical pump energies as large as 
those in Ref. [114], where thermal runaway was observed at higher driving energies.

A power law fit  to the data gave an exponent of 0.72. This power law is likely 
a result of the start of optical saturation together with a contribution from the high 
temperatures in the crystal. Liquid cooled heat-sinks were used to reduce the heat in 
the crystal in Refs. [4, 113].

In this case, we simply operate at the highest possible optical flux, to give the largest 
signal possible, for the largest signal-to-noise ratio.

7 .3 .3  Noise scaling w ith  operation frequency

Again, the set-up of section 7.3.1 shown in Fig. 7.2 is used to examine the noise 
characteristics of the of the semi-large aperture photoconductive switch. Terahertz 
waveforms are acquired at various modulation frequencies, while operating the semi- 
large aperture photoconductive switch at the highest possible bias field (5.5 kV /  cm) 
and highest possible optical driving flux (8 j i J /  cm 2). The noise is taken to be 1 
standard deviation of the measured signal prior to the main terahertz signal as shown 
in Fig. 7.5. Note that this is acquired with the system in full operation.

Scans are taken over the modulation frequency range of 10 - 100 000 Hz. The 1 stan­
dard deviation noise is then converted to the standard measurement unit of V H z _1/ 2 
by using the equivalent noise bandwidth of the lock-in-amplifier. The scans were taken 
with a lock-in amplifier time constant of 50 msec, using an output filter of 24 dB /  
octave, and therefore having an equivalent noise bandwidth of 2.395 Hz. Taking this 
bandwidth into account, the measured noise was converted, and the result plotted in 
Fig. 7.6 as a function of the semi-large aperture photoconductive switch frequency of 
operation.

The solid horizontal line in Fig. 7.6 is the calculated quantum shot-noise lim it of 
the differential photo-diode detection system. This is calculated as follows.

The rms shot-noise current fluctuations in the current from each photo-diode is given 
by [4]:

I ™  =  y fW o  (7.1)

where q is the charge of an electron and I Q is the average current flowing from each 
diode. This gives an rms noise in units of A H z ~ 1/ 2, that is, for a detection bandwidth 
of 1 Hz. In our detectors, the current flowing from each diode crosses a 12 k f l  resistor to 
ground to lim it the current from the photo-diode so as not to damage it, and also forms 
a 12 k f l  termination for the voltage signal. Therefore the voltage noise generated by 
the shot-noise across the 12 k f l  termination is 12k f l  x  I ^ s, which gives a value of
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=  0.19 \xV H z~x!2, where the value of I a is approximately 0.775 mA, corresponding to 
an average power on the photodiodes of approximately 1.58 mW. This is the noise per 
photo-diode. The differential signal from two photo-diodes is the actual signal that is 
measured, so that the noise in the differential signal is y/2  times larger than this as the 
noise adds in quadrature. So the total shot-noise expected for this set-up is:

VrSZ  =  0 .2 7 - ^ L  (7.2)

The detected noise is larger than the shot-noise lim it (by 2x or so) as seen in Fig. 
7.6. This is possibly due to the rather small photo-diode currents used here of 0.775 
mA, in comparison to the 2 mA used in Ref. [4], Since the signal scales linearly with the 
driving current, and the noise scales as the root of the driving current, it is possible that 
photo-diode currents on the order of 2 mA are required to reach the shot-noise limit. 
In addition, if the noise source is independent of driving current, which may arise, for 
example, in Johnson noise (or thermal noise in the 12 k f l  resistor) as it is independent 
of the driving current, I a, further increasing the driving current would allow one to 
reach the shot-noise lim it. However, an estimate of the thermal noise, at 300 K, in a 1 
Hz bandwidth (B) is approximately \ /4 k T R sB  =  0 .014-^= , or 1 order of magnitude 
lower than the shot noise. This is shown as the dashed line in Fig. 7.6. Therefore it 
is not expected that thermal noise dominates this detector. Higher photo-diode driving 
currents are not used so as to stay in the linear current range o f the photo-diodes, which 
is 1mA. Higher performance photo-diodes could be used in the future to improve the 
noise performance.

What is important here is the minimum detectable THz field. In our case, the 
minimum detectable field is calculated from the noise floor of the detection system. 
From Fig. 7.6, the noise floor is V™ sse =  0.6 f iV H z -1 / 2. Using the calculation of Ref.
[4], we define the noise-equivalent differential power, A P n e p d < that can be measured 
to be:

A - P n E P D  _  ,m e a s
j r m s

r -  -  r ~  ( 7 ' 3 )(PprobeV B )  (210y/B)

where B is the bandwidth of the measurement, Pprobe's the sum of the probe powers on 
the two photo-diodes, and where Irms£ — KmsSe/12fcf2 is used instead of the shot-noise 
lim it used in Ref. [4], The values I 0 =  1.58mA, Pprobe — 210 R  =  3.2mA, with R =  
0.5 A /  W, and V 2 I^ m eas/ V B  =  5 x 10-11A i7 z -1 /2 are used to obtain:

A  PNEPD = 1 6 x 1 0 -8 1 (74 )

( P p r o b e ' / B )  V P *

Finally, the calculations of section 3.2.3 (ie. Eq. 3.36 with 9 =  7r/2 and <f> =  0) can 
be used to convert the value of Eq. 7.4 to a noise equivalent terahertz electric field 
(NETEF), which gives:
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A P n e p d  O  3
=  — T i l  L  E n E T E F ™

( P p r o b e  V ^ B )  c

E n e t e f  =  ~ r n L n 3 (7.5)
(PprobeVB) to

using the values of r n  =  3.9p m / V , L  =  1 mm, n =  2.85, c =  3 x 108m /s , to =  2nc/X  
and A =  800nm  we obtain:

E n e t e f  =  220— ^ _ (7.6)
cm y/H z

Finally, we note that even though the present system is not shot-noise limited, it 
is only approximately a factor of 2 less sensitive than that reported in Refs. [4, 113] 
(130 p,Vcm ~1H z ~ 1̂ 2), which comes exactly from the factor of 2 difference between 
our noise floor and the shot-noise lim it. In future designs of such a system, photodiodes 
should be obtained that are capable of being driven at several mA in the linear range of 
operation.

7 .3 .4  Estim ate  o f source efficiency

In this section, an estimate of the conversion efficiency from the semi-large aperture 
photoconductive switch will be presented and compared to that reported in Ref. [4].

The results from section 7.3.1 can be used to estimate the conversion efficiency from 
optical to far-infrared energy that is obtained with the semi-large aperture photocon­
ductive switch . The time-domain waveform for an applied bias field of approximately 
5 kV /cm  (from Fig. 7.3 ) is converted to real units of V /  cm.

The lock-in amplifier signal is divided by the sum of the two photo-diode voltages 
(8 V each in this case) to generate the signal modulation A  P /P .  This modulation 
is then converted directly to a measured THz field using Eq. 3.36, with L  =  1 mm, 
r 4 i  =  3 .9pm /V  from chapter 3, and n =  2.85 from Ref. [70].

As can be seen in Fig. 7.7, the peak detected field from the semi-large aperture 
photoconductive switch is approximately 5 V /  cm. The pulse energy in the terahertz 
beam can then be estimated using:

T-A\Fpk I2
W t h z  =  l0 THzl (7.7)

z'QO

where W th z  's the terahertz pulse energy, r  is the terahertz pulsewidth, A is the
terahertz beam area at the detector, E j ?H z is the peak terahertz field and po  is the
impedance of free-space. From Fig. 7.7, the 1/e terahertz pulsewidth is approximately 
t  =  1 ps. The 1/e terahertz electric-field diameter was measured to be 1.4 mm at the
ZnTe crystal, giving a terahertz beam area of A  =  1.54 x 10~6m 2 at the detector.
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Using a value o f 530 V /  m for the peak radiated terahertz field in Eq. 7.7 yields an 
estimated pulse energy of 0.57 fJ. An optical excitation power of 250 mW was used 
on the semi-large aperture photoconductive switch , giving an optical excitation pulse 
energy of approximately 3 nJ. The conversion efficiency in this case is estimated to be:

W t H z  n  1n- 7  o\T] =  -TTr—  *  2 X 10 (7.8)
Wopt

where Wopt is the optical excitation pulse energy. This is significantly lower than reported 
in Ref. [4], where using a 450 mW optical beam, a measured power of 40 fi W  was 
observed, for an approximate conversion efficiency of 10-4 . This higher conversion 
efficiency is consistent with their reported peak detected terahertz field of 95 V /  cm, 
in comparison to our 5 V  /  cm.

Even though the conversion efficiency of our semi-large aperture photoconductive 
switch is relatively poor, it is more than sufficient for the spectroscopy applications of 
interest in the present thesis, due to a large signal-to-noise ratio. The peak signal relative
to the rms noise floor before the main pulse is over 6000 in Fig. 7.7 obtained in a time
of less than 10 seconds.

Nonetheless, this raises the question as to what is the cause of the significantly lower 
conversion efficiency reported here. There are three main contributions which lead to 
this result.

First, a hemispherical silicon lens is used in Ref. [4] to collimate the initially strongly 
divergent radiation that emerges from the semi-large aperture photoconductive switch 
as a consequence of the physical size of the switch. The peak of the terahertz spectrum 
for the time-domain signal shown above is below 1 THz (300 fim wavelength), which 
indicates that most of the radiation generated will be scattered in the forward direction 
as a consequence of the electrodes, w ith a spacing of 470fim. The parabolic mirrors 
used to collect and re-focus the terahertz radiation are F/2, which subtend a solid angle 
of 0.2 srad with respect to the source. If it is assumed that most of the radiation is 
diffracted into 2 7T srad, then only 1 / 3 0  of the total terahertz power is being collected 
with the parabolic mirrors.

Second, a bias field of 10 kV /  cm was used in Ref. [4], while only 5 kV /  cm was 
applied here (due to the limitation in current of the power supply). In this case, we 
expect a factor of 4 more power in scaling to the results of Ref. [4]. Combining these 
last two effects, at least two orders of magnitude improvement could, in principle, be 
achieved.

Finally, it was noted in Ref. [4] that the semi-large aperture photoconductive switch 
radiated significantly less radiation when the switch was hot, as opposed to at room 
temperature. To overcome this, liquid water cooling was added to the semi-large aper­
ture photoconductive switch in Ref. [4], where no such consideration was given for the 
semi-large aperture photoconductive switch in this thesis.

Combining all of these factors, it is possible that the large difference in observed
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conversion efficiency can be explained by collection angle losses, higher applied bias 
fields and not cooling the semi-large aperture photoconductive switch .

In future designs of such a device, these points should be considered for improved 
efficiency. However, as will be seen in the next chapter, the current set-up works 
sufficiently well for the purposes of this thesis.
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Figure 7.3: Peak measured terahertz signal as a function of the peak applied bias field 
from the GaAs SLAPCS. The peak applied bias field is obtained by dividing the applied 
voltage by the minimum gap separation of the semi-large aperture photoconductive 
switch (470 ±  12 fim). The error bars are 1 standard deviation of random triplicate 
data measurements, reflecting the likely error in the measurements.
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Figure 7.4: Peak radiated terahertz field as a function of the average optical excitation 
fluence from the GaAs SLAPCS. The error bars reflect 1 standard deviation of measure­
ments made in random triplicate, and reflect the error associated with the measurement. 
The inset shows the data on a log-log scale, reflecting the power-law dependence of the 
peak terahertz field on the optical excitation fluence. The measured exponent from the 
f it  was 0.72.
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Figure 7.5: Typical time-domain terahertz waveform from the semi-large aperture pho­
toconductive switch for a modulation frequency of 40 kHz and a scan rate of 2.3 ps 
/  second. The peak detected field is plotted against the gating time delay. The inset 
shows an expanded scale of the noise floor in the time-region prior to the main terahertz 
pulse. The noise in the measurement is taken as 1 standard deviation o f the data in the 
inset. The vertical scale is in units of mV, measured at the lock-in-amplifier.
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Figure 7.6: Frequency resolved noise measurements. The 1 standard deviation of noise 
in the time-domain data prior to the main pulse is plotted as the frequency is varied. 
The solid curve represents the quantum (or shot-noise) lim it in the electrical system, 
and the dashed curve shows the thermal lim it for the electrical system.
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Figure 7.7: Terahertz time-domain scan from the semi-large aperture switch biased at 
215V peak, modulated at 32kHz with a lock-in time constant of 20 msec and a total 
scan time of 10 seconds. The detected field is plotted in V /  cm, and the result is not 
corrected for Fresnel loss at the GaAs or ZnTe crystals, or the loss due to the opaque 
low pass filter used to block the 800 nm radiation.
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Chapter 8

Applications

In this chapter the semi-large aperture photoconductive switch outlined in chapter 7 is 
used to examine a potential industrial application for pulsed terahertz radiation which 
involves the birefringence of wood and wood products in the far-infrared. The far- 
infrared properties of wood, including birefringence and diattenuation, are outlined first. 
This is followed by an example that exploits the birefringence of wood, and demonstrates 
quarter and half-wave plates constructed from wood in the far-infrared . The system 
sensitivity is demonstrated next, by examining the birefringence of a single piece of lens 
paper. Finally, the difference in transmission through wood is exploited to generate a 
two dimensional map of a piece of wood in a transmission geometry in the far-infrared.

8.1 Birefringence of wood

Surprisingly little  work has been done with pulsed terahertz radiation in terms of appli­
cations w ith wood and wood products. In fact, the only studies related to wood, aside 
from moisture content in leaves [115], is using the far infrared radiation to image the 
density of wood [116, 117].

The reason that this is so surprising is that there essentially is a window of about 
0-2 THz over which wood is transparent (below x-ray frequencies). Therefore, pulsed 
terahertz radiation is capable of transmission through wood, but more importantly, with 
frequencies spanning the upper range of the transparent frequency range of wood (below 
x-ray frequencies) in a single pulse! In addition, terahertz frequencies are non-ionizing 
and much safer than x-rays [118].

What is found in this unique frequency window is that wood exhibits both birefrin­
gence and diattenuation. To demonstrate this explicitly, we consider first an example of 
the birefringence of wood in the far-infrared.

We begin with a discussion of the birefringence of oak. A standard piece of oak was 
obtained from a hardware store, where a small piece was cut with smooth surfaces to 
a thickness of 3.27 mm in the machine shop. The set-up used was identical to that in
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Fig. 7.2 and the sample was placed at the intermediate focus between the second and 
third parabolic mirrors. The transmission spectrum through the sample was obtained 
at various orientations of the applied THz field with respect to the visible grain of the 
wood. The applied THz field is oriented horizontally and the ZnTe analyzer is oriented 
for maximum sensitivity to horizontal polarization. Terahertz waveforms are collected as 
the wood is rotated about the surface normal, w ith the terahertz field incident normally 
on the wood surface. Waveforms obtained w ith terahertz polarizations parallel and 
perpendicular to the grain, along w ith the reference scan, are shown in Fig. 8.1.
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Figure 8.1: Time domain scans (a) of terahertz fields propagating through 3.27 mm oak 
with terahertz field parallel (top) to the grain, perpendicular (bottom) to the grain and 
the reference (center). The absolute time delay of the minima in the waveforms (b), as 
the angle is rotated 360 degrees. The angle is defined as the angle that the polarization 
of the terahertz field makes with the perpendicular to the grain in the plane of the wood.

From Fig. 8.1, the birefringence of the wood shows up as a time delay between 
the arrival of the terahertz fields at the detector, as measured with the terahertz field 
polarized perpendicular and parallel to the grain structure of the wood. This is shown 
explicitly in the figure 8.1 (b), which shows the absolute time delay of the minima of 
the terahertz field as measured at various orientations of the wood. Clearly, there exist
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a fast and slow axis. The birefringence can be estimated from the time-domain data of 
Fig. 8.1 as follows. The absolute time delay between fast and slow axes can be written 
as:

a , ^ s lo w ^ w o o d  ^ f a s t ^ w o o d  A L w o o d  / a  i \A  t max = ------------------------  =  A n   (8.1)
c c c

where A n  =  n siow — 7 ifast, L wood is the thickness of the wood sample and c is the speed
of light in vacuum. Solving Eq. 8.1 for A n , we obtain for the birefringence:

A n  =  A  t max— (8-2)
^ w o o d

Using L wooli  =  3.27m m ,  c =  3 x 108m /s  and using A t max =  0.66ps from Fig. 8.1, 
we obtain as an estimate of the frequency averaged birefringence, A n  =  0.061. One 
would likely expect this estimate to be relatively accurate for the center frequency of 
the terahertz pulse, and represent the average birefringence over the entire frequency 
spectrum o f the transmitted terahertz pulse.

As the terahertz radiation is pulsed, and composed of a broad frequency spectrum, 
the proper way to  analyze the birefringence of the oak is to examine the index of refrac­
tion, which can be obtained from the transmission spectrum of the oak. In fact, as the 
detection is coherent, we can extract the frequency-resolved complex index of refraction 
directly from the measured data. To do this, we use the thick sample approximation of 
Ref. [119], truncating the time-domain spectrum before multiple reflections occur, and 
write the ratio of the measured transmission spectrum to the reference spectrum as:

=  i AWi WAe - ^ ^ ~ ^  (8.3)
E ref ( V )

Where E woo<i and E ref  are the measured terahertz fields in the frequency domain with 
3.27 mm of oak and nothing in the beam paths respectively, u is the frequency, c is the 
speed of light in vacuum, L is the length of the wood sample, and tw A  and t Aw  are the 
complex Fresnel transmission coefficients of wood-to-air and air-to-wood respectively. 
The Fresnel transmission coefficients are given by:

Uj =  (8-4)
rii +  r ij

for normal incidence [120]. W riting the ratio of Eq. 8.3 in Euler form: Rel6, we may 
make use of the measured data to extract the complex index n w -  We take hA — 1, 
and:

n w  =  n w  — ik w  (8-5)

with the approximation in the Fresnel coefficients that fc <C n, to obtain:
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Reie _  Eyjoodiv) _  4nw c-2n±kwc-mj£ii(n7IJ- p  ,g ^
E ref (v ) (nw +  1)

Solving for n w  and kw  in Eq. 8.6, and using the relation a w  =  k n v k w /c  we obtain:

" W =  2m^L ( 8 ' 7 )

2 , ^ ( n w  +  1)2^
^  =  ~ l l n ( R  4nw  )  (8.8)

where a w  is the absorption coefficient. Using the results measured and shown in Fig. 
8.1 for 3.27 mm of oak, in combination w ith Eq. 8.7, the index of refraction and 
absorption coefficient for the fast and slow axes (0° and 90° in the right-hand plot of 
Fig. 8.1 respectively) is shown in Fig. 8.2.

Two very interesting characteristics of wood in general are highlighted by the data 
for oak shown in Fig. 8.2. First, the fact tha t the absorption coefficient depends on 
the orientation of the wood with respect to the grain orientation demonstrates that the 
wood exhibits diattenuation. This has been used to, for example, identify the orientation 
of wood for industrial applications [121]. In addition, there is a large difference in the
index of refraction when the terahertz radiation is polarized parallel and perpendicular
to the grain structure of the wood, demonstrating that the wood exhibits birefringence. 
From the data in Fig. 8.2, the average difference in the index of refraction between the 
fast and slow axes is approximately 0.06, w ith a standard deviation of approximately 
0.008 in the frequency range 0.2-1.2 THz. This is quite large, given that the index of 
refraction is in the range 1.3-1.4. This is not a unique property of oak, but rather a 
property of wood in general, as will be discussed next.

Before proceeding to examine other types of wood, it is important to note how well 
the time-domain method is able to extract the value for the birefringence. This is, in 
part, due to the fact that there is very little  dispersion in the birefringence over the 
bandwidth o f the transmitted terahertz pulse, as observed in Fig. 8.2. For some of the 
wood samples used, the thickness is very large, and hence the time-domain signals are 
very noisy. Therefore, some of the birefringence measurements are taken directly from 
the time-domain data.

Birefringence is a very interesting phenomenon in general, however, it is additionally 
interesting when viewed directly on a short time-scale with pulsed radiation in the time 
domain. If the birefringent material can be made sufficiently long, and the pulse-width 
of the electromagnetic radiation sufficiently short, then the effect of the birefringence 
will be more than the introduction of a phase relation between orthogonal polarization 
components. Specifically, if the phase difference corresponds to a time-scale longer than 
the pulsewidth of the radiation, two orthogonally polarized pulses of electromagnetic 
radiation will result, the magnitude of which will depend on the orientation of the input
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polarization and the birefringent axes.
In fact, this was observed for the terahertz transmission through spruce, one of the 

more strongly birefringent woods that was investigated. Using 8.5 mm thick spruce, the 
transmission of the terahertz radiation was as shown in Fig. 8.3. The birefringence is 
estimated to be A n  =  0.07 ±  0.015 which is significant enough to separate the main 
transmitted THz pulse in time between the fast and slow axes o f the poplar.

To demonstrate explicitly that the birefringence is enough to generate two orthog­
onally polarized pulses in the time domain, the time-domain waveforms of transmitted 
terahertz radiation are examined as a function of the orientation o f the grain with respect 
to the terahertz polarization. The angular dependence of the transmitted THz field is 
shown in Fig. 8.4 with the detection set to detect horizontally polarized transmitted 
terahertz radiation.

When the angle between the input terahertz polarization and the visible grain is 
approximately 22°, as seen in Fig. 8.4, the output radiation is comprised of two pulses, 
roughly equal in amplitude, and separated by approximately 2 ps in time with orthogonal 
polarizations. From the measurement shown in Fig. 8.4 we can estimate A t  =  2.23ps, 
which gives a measure of the frequency averaged birefringence of 0.08 ±  0.01.

This value is in reasonable agreement w ith the value calculated using the frequency 
dependent indices of refraction, calculating in the same way as for oak above. This 
method gives a value of A n  =  0.07 ±  0.015.

The other types of wood that were investigated were poplar and maple. The values 
for the fast and slow indices of refraction, and birefringence are given in Table 8.1, where 
the slow axis is parallel to the grain for all measured samples.

Wood T l f a s t rrs lo w A n la e r ro r freq range (THz)
P op la r^1) 1.33 1.46 0.13 0.02 0.1 - 0.6
Poplar* (2) 1.22 1.33 0.11 0.03 0.1 - 0.25

Maple* 1.32 1.44 0.12 0.03 0.1 - 0.25
Spruce 1.25 1.33 0.07 0.015 0.1 - 1

Oak 1.18 1.24 0.06 0.008 0.1 - 1.2

Table 8.1: Table of birefringence measurements. Those listed with a (*) superscript 
reflect data that was taken only in the time domain due to poor signal-to-noise ratios.

8.2 Waveplates constructed from solid wood

The large birefringence of wood allows the possibility of fabricating birefringent optical 
elements from wood for terahertz applications. In this section we consider the use of 
wood for constructing waveplates for the far-infrared. As discussed in section 8.1, wood 
demonstrates both birefringence and diattenuation. Those results were presented only
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in the time-domain. The frequency resolved measurements are shown in Fig. 8.5 for 
spruce wood which will be used to fabricate birefringent waveplates.

We will demonstrate the operation of a 3.025 mm thick piece of spruce as both 
a quarter- and half-waveplate for specific frequencies, however, we must first compute 
what is expected for such a device when diattenuation is present. To do this, we calculate 
the angular dependence of the vertically and horizontally polarized terahertz fields after 
propagation through a 3.025 mm thick piece o f spruce. Consider the geometry shown 
in Fig. 8.6.

The field at the output of the wood, parallel (-By) and perpendicular to the grain 
( E l )  structure is given by:

=  E in cos(e)ei r ± e~^a±d 

E°\ut =  E in sin(0)ei r lle- 5Qlld (8.9)

where E in is the incident electric field amplitude, 6 is as defined in Fig. 8.6, Ty and 
Tj_ are the incurred phase retardances along the grain and perpendicular to the grain, 
respectively, d is the thickness of the wood sample, and ay and are the power 
absorption coefficients parallel and perpendicular to the grain, respectively.

Again considering Fig. 8.6, the output fields along the two grain axes will recombine 
to form horizontally and vertically polarized THz fields at the output, to which our 
analyzer is sensitive. The vertical and horizontal components are given by:

E f t c o s ( d ) - E (Ju t&m ^)

E 7 *  cos(0) +  E f *  sin(0) (8.10)

Using Eq. 8.9 in Eq. 8.10 we obtain the angular dependence of the horizontal and 
vertical components of the output field along the analyzer axes:

IK e 't l =  | ^ | e - 5 “ Hd|s m (0 )c o s (0 ) || l-e lA re“ A“ rf|

\E Z l  J  =  |JEm !e -^ H d|cos2(0 )e -A“ V A r +  sin2(0)| (8.11)

where A a  =  5  (aj_ ~  a ||) ar|d A T  =  Tj_ — Ty are the differences in absorption and 
induced phase for propagation perpendicular to the grain and along to the grain, respec­
tively.

Finally, taking Eq. 8.11 with A T  =  |  and A T  =  it, the expressions for the terahertz 
field as a function of the angular orientation of the wood for quarter- and half-waveplate 
behaviour are obtained:

129

rp o u t
v e r t

■pout
h o r i z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



£ i„ e  2 Qlld|sin($) cos(0 )|\ / l  +  e 2Aa 

Eine - ^ d\sm(6) cos(<9)| ( l  +  e~Aad ĵ

Eine~ *a d̂\J  s in4(0) +  cosi (0)e~2Aad 

Eine - \ aWd\ J (s in2(6>) (1 +  e~Aad) -  e~Aadf  (8.12)

Note that only specific frequencies will meet the criteria for A r  =  |  and A r  =  7r. 
We can use Eq. 3.41 to relate the matching wavelength to the desired phase retardance 
and birefringence (A n ) as:

2irL
^ m a tc h  y y p  A 71 (8.13)

where A m a tc h  is the matching wavelength, A n  is the birefringence and A r  is the desired 
phase retardance. From Fig. 8.5, we have an approximately frequency independent 
birefringence of A n  =  0.07, which gives a matching wavelength of 847 / im  (or 0.35 
THz) and 424 f im  (or 0.71 THz) for quarter-wave (A T  =  7t/2) and half-wave ( A r  =  7r) 
phase retardance, respectively, for a 3.025 mm thick piece of spruce.

Taking terahertz time-domain scans as a function of the angle 8 in Fig. 8.6, and 
Fourier transforming to the frequency domain, a set of frequency spectra is obtained. 
The amplitudes in specific frequency bins are computed to form an angularly resolved 
measurement for each frequency bin. Both horizontally polarized and vertically polarized 
transmitted terahertz fields are measured in this way. The result is plotted for frequency 
bins at 0.32, 0.36, and 0.39 THz in figures 8.7, 8.8 and 8.9. The solid lines are the 
expectation for perfect birefringent operation as given by Eq. 8.12. Clearly, the data 
matches quarter-wave plate behavior most closely at 0.36THz which is very close to the 
calculated value of 0.35 THz. Given that each of these plots is taken at one frequency bin 
spacing, the limitation here is the frequency bin resolution. Nonetheless, it appears that 
the 3.025 mm thick piece of spruce wood behaves as a quarter-waveplate at 0.36THz.

A similar result is obtained for the half-wave plate. In this case, the best f it to the 
data is for the 0.71 THz frequency bin, as expected based on the matching wavelength 
calculated above. The angularly resolved s- and p-polarized transmitted fields at 0.71 
THz are plotted in Fig. 8.10.

These results clearly demonstrate the ability of spruce to be used as a waveplate 
for frequencies in the far infrared. While likely not a practical device due to significant 
attenuation within the wood, the possibility for constructing birefringent elements from 
wood is clearly demonstrated.
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8.3 Birefringence of lens paper

Paper products are a derivative of wood, and therefore contain wood fiber. The fiber 
of the wood is what leads to the birefringence that was demonstrated in section 8.1. 
Therefore, depending on whether or not there exists a preferential orientation o f the 
fibers within a paper product, one might expect paper to also exhibit birefringence. For 
the case of lens paper that one might find in any standard laboratory containing optical 
components, it is easily verified tha t lens paper has a preferential fiber orientation. This 
is most easily observed by tearing the paper. One will find that the paper preferentially 
tears along one fixed direction, while it is d ifficult to tear the paper in any other direction.

The observation of the existence of a preferential tearing direction in the lens paper 
was used to predict that lens paper is birefringent. This hypothesis is easily verified. 
A collection of 27 pieces of identically oriented lens paper was put in the terahertz 
spectrometer set-up. It was immediately observed that the position of the maxima of 
the terahertz pulse in the time domain changed as a function of the orientation of the lens 
paper with respect to the polarization of the terahertz beam. This is the time-domain 
manifestation of birefringence outlined previously in section 8.1.

In fact, the orientation of the fibers with respect to the polarization of the terahertz 
beam is easily mapped out using the change in time-delay as a function of the orien­
tation of the lens paper. Consider that the index of refraction is n ±  and ny when the 
polarization of the terahertz radiation is perpendicular and parallel to the preferential 
fiber orientation, respectively, and the 27 pieces of lens paper form a sample of thickness 
diens. Then the time delay, A t ,  as a function of the orientation of the lens paper with 
respect to the terahertz polarization is given by:

A t  =  lens [nj_ cos(6) +  n\\ sin(fl)] (8-14)
c

where c is the speed of light in vacuum, 6 is the angle that the linear polarization 
of the terahertz radiation makes with the vector perpendicular to the preferential fiber 
orientation, and the quantity in braces is the effective index of refraction for propagation 
through the lens paper at normal incidence for this polarization state.

This time delay is most easily measured on a portion of the terahertz time-domain 
waveform that is rapidly changing in time. Therefore, we choose a rapidly varying linear 
portion of the terahertz time-domain waveform as the operating point as shown in Fig. 
8 .11 .

Once the optical delay-line is fixed at the operating point shown in Fig. 8.11, the 
signal on the lock-in amplifier is zeroed. The resultant change in signal as the orientation 
of the lens paper is changed is a direct measure of A t . The result is plotted in Fig. 
8 .12 .

The lock-in amplifier signal (time-delay) is negative in Fig. 8.12 as the angle is 
defined as the angle that the linearly polarized terahertz beam makes with the fiber 
orientation. Since the fiber axis is the slow-axis, as the angle is rotated by 90 degrees
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(E thz  II n ±). it falls along the fast-axis and therefore arrives earlier leading to negative 
time-delays and a decrease in signal due to the operating point chosen. Once the 
data is taken over an angular range of 90 degrees, it is then possible to determine the 
orientation of the polarization with respect to the preferential fiber alignment at an 
arbitrary position.

The important point for a practical application is that the full terahertz time-domain 
waveform is unnecessary. A simple measurement o f a relative lock-in amplifier signal 
(time-delay) is sufficient once the indices of refraction are known and the operating 
point chosen.

Another important point for practical applications is that the time required to obtain 
data over a 90 degree span is essentially limited by the lock-in time constant. In this case 
a lock-in amplifier time constant of 100 ms was used, however, the data was taken before 
the semi-large aperture photoconductive switch was optimized. A more realistic value 
of 5 ms for the time constant would be easily attainable with the semi-large aperture 
photoconductive switch outlined in chapter 7. In either case, a 90 degree scan would 
take a fraction of a second.

As one final example of the power of the semi-large aperture photoconductive switch 
developed in chapter 7, the frequency-dependent index of refraction o f a single piece of 
lens paper which is 21 f im  thick is measured using a terahertz time-domain waveform 
acquired in 3 seconds, limited by the speed of the optical delay line, for each polarization 
orientation. A reference scan is taken, and then a transmission scan with the terahertz 
polarization parallel and perpendicular to the grain. A clear difference in the time-delay 
of the transmitted terahertz pulses is apparent, indicative of the birefringence of the 
single piece of lens paper. The results in the time-domain are shown in Fig. 8.13.

In fact, the complete frequency-resolved measurement of the indices of refraction for 
propagation of the terahertz radiation polarized parallel and perpendicular to the fiber 
orientation are possible from the data presented in the inset of Fig. 8.13. The index of 
refraction is computed based on the procedure outlined in section 8.1, and the results 
are presented in Fig. 8.14.

The frequency-resolved index measurements of the single piece of lens paper demon­
strate the birefringence is quite large in the lens paper, with a frequency-averaged value 
of A n  =  0.10 ±  0.03 in the frequency range of 0.2 - 1.4 THz. The data is fairly noisy 
as a consequence of the short time scan for the transmission measurements (less than 1 
second for each), and the fact that the reference and transmitted signals are only very 
slightly different.

Given that both the frequency resolved index of refraction and the preferential fiber 
orientation are obtainable on a sub 1 second time-scale, in a transmission mode, through 
a 21 fj,m thick piece of lens paper, it seems likely that there will be applications for this 
in industry.
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8.4 A method to image wood in transmission

In this section the method of Koch et al [116] will be used to demonstrate rudimentary 
imaging capability in Douglas Fir. First the imaging method will be presented, followed 
by preliminary imaging results.

In the work of Koch et. al. [116], transmission imaging of beech and balsa wood 
was demonstrated for the first time in the far-infrared. As mentioned previously, pulsed 
terahertz technology provides a unique spectroscopic tool for studying wood in trans­
mission as it offers access to the upper end of the frequency range over which wood is 
transparent (below X-rays), is non-destructive and avoids potential health hazards that 
can be associated w ith X-rays. In the work of Koch et. al. [116] a linear relationship 
between density of the wood and the terahertz extinction coefficient was found. This 
relationship was calibrated against a gravitometric-volumetric method. Using the spec­
tral range between 0.75 and 1.2 THz, the calibration was used to map the density of 
the wood in units of g /cm 3 with a sub-annular ring spatial resolution.

In this section we will simply consider the transmission of terahertz radiation through 
Douglas Fir, where the early and latewood (the "rings" of the tree) have a clear and 
observable difference in color. This color difference is a result of a much larger density 
of smaller sized pores in the latewood in comparison to the early wood. Wood with 
a structure like this is termed ring-porous [122] and Douglas Fir demonstrates this 
structure [123].

As dry wood makes a relatively good insulator, and is therefore a poor conductor 
[122], the majority of the large extinction observed in the transmission of terahertz 
radiation through wood is likely a result of scattering. The size scale of the pores in the 
wood is typically on the order of several hundred microns [122], and therefore comparable 
to the terahertz radiation wavelength. As such, the dominant extinction mechanism is 
likely scattering. Therefore, one expects that the extinction coefficient will be strongly 
dependent on the size and density of the pores.

To observe the dependence of the terahertz transmission on the presence of early or 
latewood, consider first the optical picture of a sample of Douglas Fir that is 2.2 mm 
thick presented in Fig. 8.15.

The two dots roughly near the center of the piece of wood and to the right of center 
show the start and end points for a linear transmission scan. The terahertz beam clearly 
traverses regions of both earlywood (light) and latewood (dark).

The terahertz transmission scan as a function of lateral position is presented in Fig.
8.16. The top of the figure shows the portion of the optical image that is being scanned 
with the terahertz beam in the main figure. Clearly, the regions of early and latewood are 
resolved in the linear scan. In fact, a significant difference in the terahertz transmission 
between the two regions is observed.

Having demonstrated that the early and latewood suffer from substantially different 
extinction coefficients, a full 2D transmission map of Douglas Fir can be generated. In 
Fig. 8.17, a two dimensional plot of the terahertz transmission through a 2 mm thick
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piece of Douglas Fir is presented. For the TFIz scan a grid of 14 by 5 points was taken 
with spacings of 1 mm and 2mm between points, respectively, and an acquisition time of 
10 seconds per point. A contour plot was then generated from the data as shown in Fig.
8.17. The contrast between earlywood and latewood is very good. The annular rings 
are clearly resolved. Comparing the THz image (right) w ith the optical image (left) it is 
seen tha t the dark regions in the THz map correspond to smaller transmission or higher 
attenuation in the latewood which is dark in the optical image.

The spatial resolution of the imaging of the Douglas Fir is not particularly good in 
these examples as the beam spot at the samples, which limits the spatial resolution, 
is estimated to be no smaller than 3 mm. Nonetheless, these examples illustrate the 
potential for far-infrared radiation to be used in transmission imaging of wood and 
wood-related products.
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Figure 8.2: Measured frequency dependence of the index of refraction (left axis) and 
absorption coefficient (right axis) as measured using a semi-large aperture photoconduc­
tive switch to generate terahertz radiation and transmission spectrum of 3.27 mm of oak 
wood in THz beam path. Dashed curves are for terahertz radiation polarized perpen­
dicular to the wood grain, while solid curves are data taken with terahertz polarization 
parallel to the grain of the wood.
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Figure 8.3: Reference (top) terahertz scan, transmission through 8.5 mm spruce with 
terahertz field polarized perpendicular to grain (90° center) and transmission through 
8.5 mm spruce with terahertz field polarization parallel to grain (0° bottom). n\  and 712 

show the effect of the difference in index of refraction in the time domain as a time-delay.
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Figure 8.4: Terahertz time-domain waveforms obtained by transmission through 8.5 mm 
thick spruce wood, with terahertz polarization making an angle 9 with respect to the 
visible grain of the wood. The angle 8 is marked above each scan on the right hand side 
of the figure. The total time delay between fast and slow axes is marked as A r  on the 
plot, which can be used to estimate the birefringence of the wood.

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.4

1.3

— 7s

1.1

1.0 0
0.2 0 .4 0 .6 0 .8  1.0 1.2 1.4 1.6

Frequency (THz)

Figure 8.5: Frequency resolved index of refraction (n) and absorption coefficient (a) 
obtained in transmission spectroscopy of a 3.025 mm thick piece of spruce wood. Mea­
surements are taken with the terahertz polarization parallel to the grain (solid curves) 
and perpendicular to the grain (dashed curves).
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Figure 8.6: Schematic diagram o f the orientation o f the wood with respect to analyzer 
axes (vertical and horizontal) for the input terahertz fields. The directions d|| and dj_ 
are parallel and perpendicular to the wood grain, respectively.
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Figure 8.7: Frequency bin data as a function of wood orientation at a center frequency of 
320 GHz. The data for vertically (squares) and horizontally (circles) polarized terahertz 
fields are shown for transmission through 3.025mm thick spruce, along with the expected 
angular dependence for behavior as a quarter-wave plate (Eq. 8.12). The angle is defined 
as the angle that the grain direction makes with the vertical axis.
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Figure 8.8: Frequency bin data as a function of wood orientation at a center frequency of 
356 GHz. The data for vertically (squares) and horizontally (circles) polarized terahertz 
fields are shown for transmission through 3.025mm thick spruce, along with the expected 
angular dependence for behavior as a quarter-wave plate (Eq. 8.12). The angle is defined 
as the angle that the grain direction makes with the vertical axis.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



s  s
•

&u
J3

4)

s
a
£
a
N

f f l
H

18

15

1 2

9

6

3

0

0 20 40 60 80 100 120 140 160 180

Angle (deg)

Figure 8.9: Frequency bin data as a function of wood orientation at a center frequency of 
391 GFIz. The data for vertically (squares) and horizontally (circles) polarized terahertz 
fields are shown for transmission through 3.025mm thick spruce, along with the expected 
angular dependence for behavior as a quarter-wave plate (Eq. 8.12). The angle is defined 
as the angle that the grain direction makes with the vertical axis.
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Figure 8.10: Frequency bin data as a function of wood orientation at a center frequency 
of 711 GHz. The data for vertically (squares) and horizontally (circles) polarized tera­
hertz fields are shown for transmission through 3.025mm thick spruce, along with the 
expected angular dependence for behavior as a half-wave plate (Eq. 8.12). The angle 
is defined as the angle that the grain direction makes with the vertical axis.
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Figure 8.11: Operating point for mapping time delay of terahertz radiation to bire­
fringence data. The figure shows a typical terahertz time-domain waveform, and the 
location of the operating point is shown in the inset. The lock-in amplifier signal is 
zeroed at the operating point, and the lens paper sample is rotated about its surface 
normal to map time-delay to amplitude information.

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.5

0.0

o  -0 *5  

£  -1.0

-1.5

- 2.0 

^  -2.5

-3.0

-3.5
0 100 200 300

Angle (deg)

Figure 8.12: Lock-in amplifier signal as a function of orientation for transmission of 
terahertz radiation through 27 pieces of aligned lens paper. The lens paper oriented with 
fiber alignment vertical corresponds to zero degrees in the figure. The input terahertz 
field is polarized horizontally. The measured signal corresponds to mapping time delay 
to birefringence (see text for details).
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Figure 8.13: Terahertz signal as function of time delay for reference (solid), transmission 
through 21 f im  thick single piece of lens paper with terahertz polarization perpendicular 
(long dashed) and parallel (short dashed) to the fiber orientation on an expanded scale. 
All three time-domain scans are shown in the inset, and are virtually indistinguishable 
on that scale, n j  and n s represent the fast and slow axes, respectively.
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Figure 8.14: Index of refraction of a 21 /rm thick piece of lens paper obtained with 
terahertz polarization perpendicular (long dashed) and parallel (solid) to the fiber ori­
entation. r i f  and n s represent the fast and slow axes, respectively.
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Figure 8.15: Optical image of the 2 mm thick piece of fir wood used for a linear 
transmission terahertz map (see text for details).

<*!

I  0 -4

A 0.3
e 0.2
T3 
« 0.1

H  0 0

Figure 8.16: Terahertz transmission measurements as function of linear distance along a 
piece of fir. The top picture shows an optical image of the lateral scan, while the bottom 
figure plots the peak transmitted terahertz field amplitude as a function of displacement.
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Figure 8.17: Optical picture of 2.2 mm thick fir (left) and terahertz transmission image 
of the same sample (right). Note that dark rings on left appear as dark rings on the 
figure in the right, as the higher porosity and larger density maps to higher terahertz 
attenuation. The scale on the upper left corresponds to the signal strength scale for the 
THz image.
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Chapter 9

Conclusion and future work

9.1 Conclusions

Terahertz emission has been studied at high excitation fluences from GaAs, InAs and 
InP emitters in order to optimize their performance as sources of far-infrared radiation 
for industrial applications.

The emission of terahertz radiation from InAs surfaces was examined as a func­
tion of excitation fluence, and directly compared to the emission from a large-aperture 
photoconductive switch. It was found that the large aperture-photoconductive switch 
demonstrated a larger conversion efficiency. A t an applied bias field of 1.6 kV /  cm, the 
maximum conversion efficiency obtained w ith the large-aperture photoconductive switch 
was 1.9 x 10-5  in comparison to an unbiased (100) InAs surface, for which a measured 
maximum conversion efficiency of 2.1 x 10-6  was obtained. A reduced dependence of 
the radiated terahertz field on an applied magnetic field at high excitation fluences was 
observed, which indicates at most an enhancement of 3 times in performance of the 
InAs emitter could be expected with the application of a large 2 T  magnetic field.

The emission mechanism from InAs surfaces at high excitation fluences was exam­
ined in detail. Pump polarization dependencies of terahertz radiation from the (100) 
crystal face of InAs demonstrated that the emission was dominated by a process other 
than bulk optical rectification or photo-carrier-related emission, which only contribute 
at levels of 13 % and 20 %, respectively. Complete calculations of bulk optical rectifica­
tion and surface electric-field induced optical rectification were presented and compared 
to experimental results for terahertz emission and optical second harmonic generation 
from (100), (110) and (111) crystal faces of InAs. It was determined that the domi­
nant emission mechanism for terahertz radiation from InAs surfaces is consistent with 
surface electric-field induced optical rectification, while the second-harmonic emission is 
consistent with bulk second-harmonic generation. Comparison of terahertz emission and 
optical second-harmonic emission from the InAs crystal faces revealed that a likely expla­
nation for the dominant contribution to the terahertz radiation from surface electric-field

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



induced optical rectification is the large free-carrier contribution to the third-order sus­
ceptibility in InAs which scales with the inverse of the output frequency.

In order to try to enhance the conversion efficiency from semiconductor surface 
emitters, structuring of the surfaces was investigated. It was demonstrated that optical 
nonlinear interactions at semiconductor surfaces could be enhanced with the introduction 
of porosity. Porous samples of InP were shown to exhibit increased optical rectification, 
as well as second-harmonic generation, in comparison to bulk samples o f InP, with output 
intensities on the order of 20 to 100 times those from unstructured surfaces, depending 
on the radiation process and polarization geometry used.

A system was constructed for spectroscopy measurements, employing a semi-large 
aperture photoconductive switch and characterized in detail. It was found that the 
overall conversion efficiency was approximately 2 x  10-7 , limited by the magnitude of the 
applied bias field and collection angle losses w ithin the system, which could potentially 
be improved with the addition of a silicon collimating lens and an improved amplifier 
design for the bias field. The large signal-to-noise ratios and short acquisition times 
that are obtained using this set-up are a substantial improvement over the other sources 
studied in this thesis.

The application of pulsed terahertz radiation to wood and wood products was investi­
gated. The terahertz properties of wood were first studied in detail. It was demonstrated 
that several wood species measured exhibit both diattenuation and birefringence. The 
magnitude of the birefringence was in the range of 0.06 to 0.13 depending on the wood 
species measured. This birefringence could also be used to determine fiber alignment 
in wood products and the sensitivity of this system was demonstrated by measuring the 
birefringence of a single piece of lens paper (20 /urn thick) in less than a second. The 
dependence of terahertz transmission on the presence of early and latewood was also 
demonstrated and used to map out the grain pattern in a piece of wood.

9.2 Future Work

There are several questions that have been raised throughout this thesis, which require 
substantially more work to answer. These questions will be highlighted here.

In the data presented, the two processes of surface electric-field induced optical recti­
fication and surface optical rectification cannot be distinguished from the measurements 
made in this thesis. One possible way to proceed with separating these two contribu­
tions would be to perform a systematic investigation of the terahertz emission from clean 
oxide-free InAs surfaces, and from samples with different doping concentrations. The 
doping concentration would affect the surface electric field, while having little effect on 
the pure surface nonlinear optical response.

It has been demonstrated that the introduction of porosity could enhance the bulk 
nonlinear optical response to the radiated terahertz field from InP surfaces. The tentative 
mechanism responsible for the increase was attributed to local-field enhancement within
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the porous network. However, further measurements will be required to clarify this 
dependence and resolve whether other enhancement mechanisms are also involved.

As surface electric-field induced optical rectification is also a nonlinear optical pro­
cess, it stands to reason that local-field enhancement would work to improve the con­
version efficiency for terahertz radiation from InAs surfaces at high excitation fluence. 
In order to demonstrate whether or not this is a fact, high quality porous InAs samples 
are required which are not currently available. W ith such high-quality samples, it may 
be possible to generate terahertz fields from InAs surfaces with conversion efficiencies 
30 to 100 times higher than the present solid surfaces making a large-aperture geometry 
competitive with large-aperture photoconductive switches. The benefit that this would 
have is that external bias fields and extensive cooling would not be required. Further 
work on both the enhancement mechanism for nonlinear optical interactions within the 
porous network as well as manufacturing of high-quality porous InAs would be required 
for this.

It was found that wood exhibits both birefringence and diattenuation in the terahertz 
frequency range. These properties are intrinsically related to the structural properties 
of wood. For example, the cell diameter and wall thickness likely contribute to the 
diattenuation. However, absorption within the wood due to water is expected to be 
significant due to the large absorption coefficient of water in the far-infrared. Therefore, 
it would be desirable to quantify the absorption of terahertz radiation by water within 
wood products. This may also be useful, for example, as a tool for measuring the 
water content for wood. A further refinement could be to investigate THz probing in a 
reflection geometry from wood such that thin samples would not be required and such 
a system could easily be adapted for use in industry.
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Appendix A 

Appendix

A .l Electro-optic detection in ZnTe

A .1.1 D erivation  o f relation 3 .26

From Fig. 3.5 we can write:

where

ta n  (VP) =  —  ------------------------ ----- (A . l )
V ‘ - i B  +  i> /S 2 +  8C'2 V '

B  =  r 4i E THzcos(6) 
c  =  r 41E T H sin(6)

V2

Inserting the definitions in Eq. A .2 into Eq. A . l,  we obtain:

2 sin (6)

—cos(d) +  /̂  cos2{8) +  4 s in2(6) 

2 tan(9)

— 1 +  \ J \  +  4 tan2 (9)

=> tan{\E^n/I +  4 tan2(9) =  2tan(9) +  tan(\I/)

=>■ fa n 2( * ] / ) ( l  +  4 fa n 2(# )) =  4 tan2(8) +  f a n 2( ’&) +  4 ta n (0 )ta n (\E ')

0 =  4 fa n 2( 0 ) ( l  — ta n 2(^ r))  +  4 fa n (# ) fa n ( 'I ')

-  - 1 ^ 5 1  = *“»<*) <->
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Using the trigonometric identity:

— ________
1 — ta n 2(x)

to n (2 x , =  2to" M  ( A .4 )

in Eq. A.3 we obtain the desired result:

tan(  2 ^ )  =  —2tan(6) (A.5)

A .1.2 D erivation  o f Eq. 3 .35

The first derivation is as follows:

sin(2[(p — Vf]) =  2sin(<f> — ^>)cos(<p — V?)

=  2 (sin(<j))cos(\?) — c o s ^ s i n ^ ) )  (cos(<f>)cos(^f) +  sin(<p)sin(\I/))

=  2sin((j>)cos{(f>)cos2 ('&) — 2cos2(</>)cos(\I/)sin(\I/)

+  2sin2 {(j>)cos{^)sin{'i)  — 2sin((p)cos(4>)sin2 (ty)

=  2 ([cos2(tfr) — sm 2(\I/)] sin((j))cos{(f>) +  s m f^ c o s f^ )  [s in2((f>) — cos2(0 )])

=  2 '̂cos(2'if)-sin(2(f>) — —cos(2(fr)sin(2\I/)

=  cos(2^)s in (20) — cos{2(j))sin(2'^)

=  cos(2\t) (sin(2<p) — tan(2\]/)co,s(2(/>))

=  (cos2(\f)  — sm 2( f ) )  (sin(2<j>) — tan{2^)cos{2cj))) (A-6)

The second identity is derived as follows: 
let

Ihs =  sin(9) s in {2 {< j> -^ ) )  (A.7)

then

Ihs =  sin(6) ^ ( c o s 2(\f() — sm 2('f'))  (sin(2<j>) — tan{2^)cos(2(f)))

(A.8)
where the identity derived in Eq. A.6 has been used. We can then reduce as follows:
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Ihs =  sin(9) (cos2('S’ ) — s i n2 (sin(2<fi) — ta n ^ ^ c o s f tc p ) )

=  Sm(0) (s*n(2</,) “  to " ( 2* W 2^))

=  2sin(0)  ^  ■ ( 2 ^ ) )  (s*n (20) +  2tan(d)cos(2cp)) (A.9)

where the relation in Eq. A.5 has been used. Continuing with Eq. A .9 we have:

lkS =  ( lm (2 \fr ) )  (s in (2^  +  2tan(6)cos{2<t>))

=  —cos(0) (s in (24>) +  2tan(6)cos(2(ft))

=  — (cos(9)sin(24>) +  2sin{0)cos{2(t>)) (A .10)

This is the end of the derivation.

A.2 Calculation of the bulk electric-dipole contribution to 
nonlinear susceptibility

In section 5.2.1, the independent elements of the susceptibility tensor were computed 
under the application of a transformation. In this case, the transformation was a com­
bination of a rotation to orient the z axis perpendicular to the crystal faces for each of 
the (100), (110) and (111) crystal faces, with a subsequent rotation about the surface 
normal by an amount (j). The total transformation matrix as given by Eq. 5.2 is written 
as: Rij,  here, which is a 3 x  3 matrix. The new susceptibility elements in contracted 
notation are given by:
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Xxxx(4*)____ n jn  r> p
—  u . n x x x t x y - n x 2

d u

— ()R.yx  R y y  R y z

— QRzxRzyRzz

d u

Xzzz{4>)  

du

X  to(^) _ 2 R x x R y y R y Z + 2 R Xy R y XR y Z + 2 R XZR y XR y y
d u

Xy (̂ 0 _ 2R y XR x y R xz + 2 R y y R x x R xz + 2 R y z R Xy R xx
d u

Xxzz{4>)  

du
X zxx i r f * )

du
Xyzz{4>) _  

du 
Xzyy{<P)

— 2R x x R z y R z z  “1“ 2R x y R z x R z z   ̂ 2R x z R z y R z x

=  2 R z x R x y R Xz + 2 R z y R x x R x z  + 2 R z z R  x y R x x

— ^ R y x R z y R z z  2 R y y R z x R zz “I" 2 R y ZR z y R zx

— 2 R z x R y y R y Z “1“ 2 R z y R y z R y X + 2R z z R y y R y x
d u

— R x x R y y R z z  H- R x x R y z R z y  H- R x y R y z R z x
X x y z j

dU
^  R x y R y x R z z  R x z R y x R y y  R x z R y y R z x

X y x z { 4 *)_ _  R yxR xyR zz + R y x R x z R z y  + R y y R x z R z x
d u

H- R y y R x x R z z  H“ R y z R x x R z y  R y z R x y R z x  

=  R z x R x y R y z  + R z x R x z R y y  + R z y R x z R y x
d u

“t“ R z y R x x R y z  “1“ R z z R x x R y y  “t“ R z z R x y R y x

X x x z { 4^)

du
X x x y i .4 1)

du
X y y z ( ^ )

du
X z x z W

du

=  2 R XXR x y R z z  + 2 R Xx R  x z R z y  2 R x y R x z R zx  

= 2 R XXR  x y R y z + 2 R XXR  x z R y y  “t” 2R Xy R Xz R y x  

— 2 R y XR y y R ZZ H- 2 R y XR y ZR Zy H- 2 R y y R y ZR zx

= 2 R z x R x y R zz -t- 2 R z x R x z R zy “I- 2 R Zy R x x R zz

Xzyz(̂ ) _ 2 R z x R y y R zz + 2 R z x R y z R zy + 2 R z y R y x R zz 
d u

Xyxy(̂ ) _ 2 R y XR Xy R yz + 2 R y XR XZR y y  + 2 R y y R XXR y Z
d u
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It is important to note that this is for crystals of symmetry class 43m. However, 
this holds for an arbitrary rotation matrix, R ij .

Once the susceptibilites are found, the lattice polarization can be obtained. For the 
geometry outlined in section 5.2.1, the lattice polarizations were calculated to be:

p ( i  o°) _  ^4dus in {2< f)) t l fsf cEp +  2du cos(2(p)tstpf sE pE s

p (ioo) =  _2d 14cos{2(f>)tpf sf cE p -  M u sin(24>)tstpf sEpE s 

Pz(10°) =  du cos(2(f))t2sE 2 -  du cos{2(j))t2pf 2E 2 -  2dusin(2(p)tstpf cEpE s

p j110) =  3du cos(<t))sin2{<j))t2sE 2 +  cos(4>) +  3cos(3<j)))t2pf 2E l

-  ducos((f))tpf 2E 2 -  2 <̂-{s in {4> )  -  3sin{3(p))tstpf cE pE s

P^110̂  =  —du(sin(<f>) — 3sin(3<j>))t2E 2 — 3di4cos2 (cj))sin((j))t2f 2 E 2

+  d i4sin((j>)t2f 2E 2 +  2^(cos(< f))  +  3cos{3<f>))tstpf cEpE s

p ( iw )  =  2di4sin((p)t2f sf cE 2 -  2du cos((j))tstpf sEpE s

P ? n) =  J l d u (t2pf 2E 2p -  t2E 2)sin(34>) -  ^ t stpf sEpE s

2^~^d'44t$tpf cEpE scos(3(f)')

Pfc(111) =  J l d^ t2Pf c E 2p ~  t 2sE 2)cos(30) -  ^ tP2f sf cE 2p

t2‘^~^d\4tstpf cEpE ssiTi{3(p )̂ 

p { n i )  =  d u ^ 2 t 2pf 2E 2p - t 2pf 2E 2 - t 2sE s2) (A.12)

A.3 Calculation of surface electric-field induced nonlinearity

Below, each independent element of the effective second order susceptibility tensor used 
for the calculation in section 5.3 is listed. The rotation matrix can be arbitrary, however, 
the elements are calculated only for a crystal with 43m symmetry.
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X x x x  =  X a j j { R x x R x x R x y R z y  R x x R x x R x z R z z  “t“ R x y R x y R x x R z x )  

X a j j ( . R x y R x y R x z R z z  “ 1“  R x z R x z R x x R z x  R x z R x z R x y R z y )  

H“  X i j i j { R x x R x y R x x R z y  “ t-  R x x R x z R x x R z z  R x y R x x R x y R z x )  

Xijiji.RxyRxzRxyRzz RxzRxxRxzRzx RxzRxyRxzRzy)x y ±

~^  X i j j { { R x x R x y R x y R z x  H“  R x x R x z R x z R z x  R x y R x x R x x R .

,(3)
Lzy)

+  X i j j i i R - x y R - x z R x z R z y  “ 1“  R x z R x x R x x R z z  R x z  R x y R x y  R z z  JU j j i \ ± L  x y 1

P )
“ t "  X i i i i { R x x R x x R x x R z x  “ 1“  R x y R x y R x y R z y  R x z R x z R x z R .

X y y y X - i i j i  { R y x R y x R y y R z y  “ t“  R y x R y x R y z R z z  R y y R y y R y x R .vujj \
,(3)

~ ^  " X a j j ( , R y y R y y R y z R z z  H“  R y z R y z R y x R z x  “ t“  R y z R y z R y y R z y )

“ t“  X i j i j { R y x R y y R y x R z y  ~I-  R y x R y z R y x R z z  " t“  R y y R y x R y y R z x )  

.(3)
X i j i j  { R y y R y z R y y R z z  " H  R y z R y x R y z R z x  R y z R y y R y z R z y )

“ t“  X i j j i { R y x R y y R y y R z x  H “  R y x R y z R y z R z x  H“  R y y R y x R y x R z y )  

(3)
^ ij j i^^yy^yzRyzRzy RyzRyxRyxRzz 

,(3)
R y z  R y y  R y y  R z  z  )

X u u ^ R y x R y x R y x R z x  “ t-  R y y R y y R y y R z y  R y z R y z R y z R z z )

=  X ^ i j j i R z x R z x R z y R z y  “ 5“  R z x R z x R z z R z z  “ 1“  R z y R z y R z x R z x )  

“I" x\ijj{RzyRzyRzzRzz “ 1“  RzzRzzRzxRzx H“  RzzRzzRzyRzy) 

H“ X^jijiRzxRzyRzxRzy RzxRzzRzxRzz “1“ RzyRzxRzyRzx) 

X i j i j { R z y R z z R z y R z z  H“  R z z R z x R z z R z x  +  R z z R z y R z z R z y )  

+  X i j j i ( R z x R z y R z y R z x  “ 1“  R z x R z z R z z R z x  "t~  R z y R z x R z x R z y )  

\  X i j j i ( R z y R z z R z z R z y  +  R z z R z x R z x R z z  " F  R z z R z y R z y R z z )  

R  X i i i i { R z x R z x R z x R z x  “ I "  R z y R z y R z y R z y  " I -  R z z R z z R z z R z z )
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X x y y  =  X i i j j  { R x x R y x R y y R z y  " t "  R x x R y x R y z R z z  H-  R x y R y y R y x R z x )

H-  X i i j j { R x y R y y R y z R z z  "1“  R x z R y z R y x R z x  R x z R y z R y y R z y )

“ 1“  X i j i j  { R x x R y y R y x R z y  R x x R y z R y x R z z  R x y R y x R y y R z x )'■ijij v
Xijij{RxyRyzRyyRzz “t“ RXzRyxRyzRz

,(3)

R x z R y y R y z R z y )

X i j j i { R x x R y y R y y R z x  “ t“  R x x R y z R y z R z x  “ 1“  R x y R y x R y x R z y )  

X i j j i { R x y R y z R y z R z y  “ 1“  R x z R y x R y x R z z  H -  R x z R y y R y y R z z )  

“ 1“  X a a { R x x R y x R y x R z x  “ t“  R x y R y y R y y R z y  " t “  R x z R y z R y z R z z )

X y x x  =  X u j j  { R y x R x x R x y R z y  “ t“  R y x R x x R x z R z z  R y y R x y R x x R z x )  

“1“ X u j j  {RyyRxyRxzRzz “1“ RyzRxzRxxRzx ~t“ RyzRxzRxyRzy) 

“ t”  X i j i j { R y x R x y R x x R z y  “ 1“  R y x R x z R x x R z z  R y y R x x R x y R z x )  

X i j i j { R y y R x z R x y R z z  "1“  R y z R x x R x z R z x  H-  R y z R x y R x z R z y )yy1

Xn'i^^yx-^xy-^xy-^zx “1“ RyxRxzRxzRzx H“ ^yy-f^xx-^xx-^,̂ y ;

X i j j i { R y y R x z R x z R z y  "t~  R y z R x x R x x R z z  H-  R y z R x y R x y R z z )  

X i i i i ( - ^ y x - ^ x x - ^ x x - ^ z x  "1“  R y y R x y R x y R z y  “ 1“  R y z R x z R x z R z z )

X x z z  X n j j { R x x R z x R z y R z y ~ ^ ~  R x x R z x R z z R z z  R x y R z y R z x R z x )

~t~ Xajj{RxyRzyRzzRzz RxzRzzRzxRzx H“ RxzRzzRzyR

,(3)

z y - LLz y j

+  X i j i j ( R x x R z y R z x R z y  “ 1“  R x x R z z R z x R z z  ""J"" R x y R z x R z y R z x )

H- X{jij{.RxyRzzRzyRzz H- RxzRzxRzzRzx RxzRzyRzzRzy)

Xijji{RxxRzyRzyRzx “ 1“  RxxRzzRzzRzx RxyRzxRzxRzy)

“ 1“  X i j j i ( . R x y R z z R z z R z y  " 1“  R x z R z x R z x R z z  R x z R z y R z y R z z )

{ R x x R  z x R Z X R z x  R x y R z y R z y R z y  R x z R z z  R z z R  z z )
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X z x x  —  X a j j { R z x R x x R x y R z y  “ 1“  R z x R x x R x z R z z  “ 1“  R z y R x y R x x R z x )  

Xujji^RzyRxyRxzRzz “t” RzzRxzRxxRzx RzzRxzRxyRzy) 

X%jij{RzxRxyRxxRzy “I- RzxRxzRxxRzz RzyRxxRxyRzx) 

X i j i j i , R z y R x z R x y R z z  “ 1“  R z z R x x R x z R z x  "t" R z z R x y R x z R z y )  

Xijji{RzxRxyRxyRzx +  RzxRxzRxzRzx ”t“ RzyRxxRxxRzy) 

+  Xijji(RzyRxzRxzRzy +  RzzRxxRxxRzz H~ R zzRxyRxyRzz)

+  X i i i i ( R z x R x x R x x R z X  +  R z y R x y R x y R z y  +  R  Z z R x z R x z R z z )

X y z z  X u j j  { R y x R z x R z y R z y  “t- R y x R z x R z z R z z  R y y R z y R z x R z x )

+  X i i j j ( R y y R z y R z z R z z  R y z R z z R z x R z x  +  R y z R  z z R z y R z y )

~f~ RyxRzzRzxRzz +  RyyRzxRzyRzx )  

Z 2  R z y R  z z  H-  R y z R z x R z z R z x  X "  R y z R z y R z z R z y )  

+  X i j j i i R y x R z y R z y R z x  H “  R y x R z z R z z R z x  +  R y y R z x R z x R z y )  

+  x\jji{RyyRzzRzzRzy +  RyzRzxRzxRzz +  -Rj/2 RzyRzyRzz)

"X X u a { R y x R z x R z x R z x  H- R y y R z y R z y R z y  “1“ R y z R z z  R z z R  z z )

X z y y  —  X n j j { R z x R y x R y y R z y  “ 1“  R z x R y x R y z R z z  H-  R - z y R y y R y x R z x )  

X i i j j { R z y  R y y  R y z R z z  +  R z z R y z R y x R z x  R z z R y z R y y R z y )  

Xijij{RzxRyyRyxRzy RzxRyzRyxRzz RzyRyxRyyRzx)îjij \ 
,(3)

+  X i j i j { R z y R y z R y y R z z  “ t "  R z z R y X R y z R z x  H“  R z z R y y R y z R z y )  

X ' i j j i ^ R z z R y y R y y R z x  R z x R y z R y z R z x  H "  R z y R y x R y x R z y )  

RzzRyxRyxRzz H“ RzzRyyRyyRzz)Chi\j]i(RzyRyzRyzRzy

"Y Y -/ j  j  1 ( R z t  R y x  R y j R  z  x  Y  R Z y R y y R y y R Zy  ~Y R z  z  R y z  R y  z  R z z )
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X x y z  —  X i i j j { R x x R y x R z y R z y  R x x R y x R z z  R z z  +  R x y R y y  R z x R z x  )

+  X t i j j { R x y R y y R - z z R z z  R x z R y z R z x R z x   ̂ R x z R y z R z y R z y )  

.(3)
X i j i j ( R x x R y y R z x R z y  4 “  R x x R y z R z x R z z  “ I "  R x y R y x R z y R z x )  

+  X i j i j  ( R x y R y z R z y R  z z  R x z R y x R z z R z x  " f "  R x z R y y R z z R z y )  

X i j j i { R x x R y y R - z y R z x  H-  R x x R y z R z z R z x  4 “  R x y R y x R z x R z y )  

X i j j i ( R x y R y z R z z R z y  “ 1“  R x z R y x R z x R z z  “ 1“  R x z R y y R z y R z z )  

H- X i i i i { R x : x R y x R z x R z x  "t“ R x y R y y R z y R z y  R x z R y z R z z R z z )

X y x z  —  X u j j ( . R y x R x x R z y R z y  4 “ R y x  R x x  R z z  R z z  R y y  R x y R z x R z x )vUJ3
H- Xujji.RyyRxyRzzRzz “t” RyzRxzRzxRzx RyzRxzRzyRzy) 

X i j i j  { R y x R x y R z x R z y  H "  R y x R x z R z x R z z  R y y R x x R z y R z x )  

H-  x \ j i j i . R y y R x z R z y R z z  “ 1“  R y z R x x R z z R z x  “ 1“  R y z R x y R z z R z y )  

“I" Xi j j i iRyxRxyRzyRzx H- RyxRxzRzzRzx “I- RyyRxxRzxRzy) 

X i j j i ( . R y y R x z R z z R z y  “ 1“  R y z R x x R z x R z z  “ 1“  R y z R x y R z y R z z )yyx
,(3)

“ t“  X i H i { R y x R x x R z x R z x  R y y R x y R z y R z y  4 “  R y z R x z R z z R z z )

X z x y  —  X i i j j { R z x R x x R y y R z y  “ t”  R z x R x x R y z R z z  4 “  R z y R x y R y x R z x )  

X i i j j  i^zyRxyRyz Rzz “1“ RzzRxzRyxRzx RzzRxzRyyRzy) 

X i j l j { R z x R x y R y x R z y  4 “  R z x R x z R y x R z z  “ t“  R z y R x x R y y R z x )  

“ I "  X i j i j  { . R z y R x z R y y R z z  R z z R x x R y z R z x  R z z R x y R y z R z y )  

"1“  X i j j i ^ R z x R x y R y y R z x  4"" R z x R x z R y z R z x  R z y R x x R y x R z y )  

"t-  X i j j i i R z y R x z R y z R z y  R z z R x x R y x R z z  4 "  R z z R x y R y y R z z )  

"H  X ^ i i i i R z x R x x R y x R z x  “ t“  R z y R x y R y y R z y  R z z R x z R y z R z z )
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X x x y  —  X u j j i - ^ x x R x x R y y R z y  “ t "  R x x R x x R y z R z z  

.(3)

R x y R x y R y x R z x )

Xiijji,^xyRxyRyzRzz~\~ RxzRxzRyxRzx Rxz^xz^yyR-zy) 

Xij i j i^xxRxyRyxRzy  “ 1“  RxxRxzRyx^zz “t“ Rxy^xxRyyRzx) 

"1“ Xijij{RxyR-xzRyyRzz +  R xzRXxRyz^zx Rxz^xyR-yzRzy) 

X i j j i i ^ x x R x y R y y R z x  “ t”  R x x R x z R y z R z x  “ 1“  R x y R x x R y x R z y )

,(3)
H- Xijjii .^xyRxzRyzRzy RxzRxxRyx^zz H“ Rxz^-xy^-yy^zz) 

Xaui^xxRxxRyxRzx  “1“ RxyRxyRyyRzy H" RxzRxzRyzRzz)

X x x z  =  X i i j j i ^ x x R x x R z y R z y  H "  R x x R x x R z z R z z  

“t” Xiijji.-^'xyRxyRzzRzz “t” RxzRxzRzxRzx 

Xij i j i^xxRxyRzxRzy RxxRxzRzxRzz 

H-  X i j i j { R x y R x z R z y R z z  R x z R x x R z z R z x  

x x  R x y  R z y  R z x  ■I-  R x x R x z R  z z  R z x  

+  X i j j i ( R x y R x z R z z R z y  +  R  x z R x x R z x R z z  

Xani.-^xx^'XX-^'ZX-^-zx H~ R-xyR-xy^zyRzy

R x y  R x y  R z x R z x )  

“1“ RxzRxz^zyRzy) 

“ 1“  R x y R x x R z y R z x )  

R x z R x y R z z R z y )  

“1“ RxyRxxRzxRzy) 

“1“ RxzRxyRzyRzz) 

“t” RxzRxzRzzRzz)

X y y z  X i i j j i ^ y x R y x R z y R z y  R y x R y x R z z R z z  “ 1“  R y y R y y R z x R z x )

X i i j j ( . R y y - & y y - R ‘Z z R z z  “ J-  R y z R y z R z x R z x  R y z R y z R z y R z y )

X i j i j i ^ y x R y y R z x R z y  ""t“  R y x ^ y z ^ z x R z z  “ 1“  R y y R y x R z y R z x )  

“ t "  X i j i j  i . ^ y y ^ y z R z y R z z  H“  R y z R y x R z z R z x  R y z R y y R z z R z y )

^ R y x R y y R ’Z y R z x  “ 1“  R y x R y z R z z R z x  “ 1“  R y y R y x R z x R z y )

X / j j ;  (  ^ y y  R y z  R z z  R z y  R y z R y x R z x R z z  “ t“  R y z R y y R z y R z z )  

“ t“  X i i n { . R y x R y x R z x R z x  “ 1“  R y y R y y R z y R z y  ” 1“  R y z R y z R z z R z z )
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X z x z  —  X a j j i , R z x R x x R z y R z y ~ ^ ~  R z x R x x R z z R z z  R z y R x y R z x R z x )  

X i i j j ( R z y R x y R z z R z z  +  R z z R x z R z x R z x  +  R  z z  R x z R z y  ̂ z y  )

H“  X i j i j  ( . R z x R x y R z x R z y  R z x  R X z R  z x  R z z  R z y R  X X  R z y R  z x )  

X i j i j ( . R z y R x z R z y R z z  H-  R z z R x x R z z R z x  “ t "  R z z R x y R z z R z y )  

X . i j j i ( . R z x R x y R z y R z x  “ I-  R z x R x z R z z R z x  “ 1“  R z y R x x R z x R z y )  

X i j j i { R z y R x z R z z R z y  “ H  R z z R x x R z x R z z  “ t-  R z z R x y R z y R z z )  

X u i i i R z x R x x R z x R z x  “ t"  R z y R x y R z y R z y  “ f“  R z z R x z R z z R z z )

X z y z  X i i j j { R z x R y x R z y R z y  H "  R z x R y x R z z R z z  H "  R z y R y y R z x R z x >

X i i j j ( R z y R y y R z z R z z  +  R z z R y z R z x R z x  +  R z z R y z R z y R z y )Uijj\±K zy±Kjyy

r (3)U j i j

,(3)

X { j i j { R z x R y y R z x R z y  R z x R y z R z x R z z  “ 1“  R z y R y x R z y R z x )

“ 1“  X i j i j { R z y R y z R z y R z z  R z z R y x R z z R z x  “ 1“  R z z R y y R z z R z y )  

X i j j i i R z x R y y R z y R z x  H“  R z x R y z R z z R z x  “ 1“  R z y R y x R z x R z y )  

Xijji^RzyRyzRzzRzy “1“ RzzRyxRzxRzz RzzRyyRzyRzz) 

X i U i { R z x R y x R z x R z x  R z y R y y R z y R z y  H“  R z z R y z R z z R z z )

X y x y  —  X i i j j { R y x R x x R y y R z y

,(3)

R y x R x x R y z R z z  R y y R x y R y x R z x )

X a j j { R y y R x y R y z R z z  ^  R y z R x z R y x R z x  R y z R x z R y y R z y )  

“ t~ X i j i j { R y x R x y R y x R z y  R y x R x z R y x R z z  “ t“  R y y R x x R y y R z x )

X i j i j { R y y R x z R y y R z z  “ I-  R y z R x x R y z R z x  “ 1“  R y z R x y R y z R z y )  

“ 1“  X i j j { { R y x R x y R y y R z x  R y x R x z R y z R z x  R y y R x x R y x R z y )

X i j j i i R y y R x z R y z R z y  “ 1“  R y z R x x R y x R z z  “ 1“  R y  z  R x y  R y y  R z z  )  

" t "  V ; J ; ? (  R y x  R x x  R - y x  R z x  R y y  R x y  R y y  R z y  R y z R x z R y z R z z )
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