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Abstract

This thesis presents theoretical and experimental work on the generation of both terahertz
(THz) electrical waveforms and free-space THz radiation. Transmission-line-coupled
THz electrical waveform generation is introduced first, through the concepts of
photoconductive (PC) self-switching and PC frozen wave generation. The PC self-
switching technique is demonstrated in both microstrip and coplanar experimental
geometries. Here, it is found that electrical pulses as short as 1.2 ps can be generated with
a microstrip ultrathin silicon (Si) PC switch, and electrical pulses as short as 2 ps can be
generated with a coplanar gallium arsenide (GaAs) PC switch. These results demonstrate
a significant increase in the PC switching speed of conventional Si and GaAs devices. In
addition to this work, the concept of PC frozen wave generation is introduced as an
attractive source for THz electrical waveforms. This technique makes use of a direct-
current (DC) to radio-frequency (RF) conversion process that maps the spatial extent of
the bias electrode structure onto the temporal shape of the electrical transient. By
employing sufficiently short electrode spacings, it is shown that the operation of the
device can be extended into the THz frequency-domain.

The concept of PC switching is applied next to the generation of free-space THz
radiation. To start, the operational capabilities of a conventional GaAs PC THz emitter
are analyzed. It is determined that the operation of the GaAs emitter is limited by both
space-charge and near-field THz screening under high optical pump fluences. To
overcome these limitations, the ZnSe PC THz emitter is introduced next. The ZnSe PC

device offers a substantially higher dielectric breakdown strength (compared to semi-
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insulating GaAs) and can, therefore, be scaled to extremely large THz powers by
increasing the external bias field. Finally, crystalline and polycrystalline ZnSe samples
are applied to the detection of free-space THz radiation. It is found that both the
crystalline and polycrystalline samples are effective detectors of free-space THz

waveforms.
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CHAPTER 1.0

INTRODUCTION
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Chapter 1.0 — Introduction 2
1.1 Terahertz Generation

In 1888, Heinrich Hertz successfully demonstrated the generation and transmission of
broadband electromagnetic pulses. With this discovery, he pioneered the contemporary
field of radio science [1]. By generating and transmitting subnanosecond electromagnetic
pulses, he proved, for the first time, that electromagnetic energy can be made to
propagate in the form of “electric waves” [2]. Since that time, research into the formation
of electromagnetic waveforms has continued, spurred by a desire to produce exceedingly
short pulse durations and increasingly broad bandwidths. The thesis which follows seeks
to continue in these footsteps, by extending the generation capabilities of electromagnetic
sources into the terahertz (THz) regime and by developing new THz detection schemes.
THz waveforms can be loosely defined as electromagnetic transients with
frequency components that extend from 100 GHz to 30 THz. The ability to generate and
transmit these ultrafast electromagnetic signals is the goal of numerous areas of
contemporary research. Crystal oscillators and transmission lines, for instance, have
dominated the field of electronics over the past few decades, providing broadband
electrical signal generation and transmission for frequencies up to 100 GHz. While these
electronic sources are successful in producing stable low-frequency signals, they are
severely lacking in their ability to generate signals beyond the gigahertz regime. The field
of laser research, on the other hand, has been very successful over the past few decades at
generating high-frequency electromagnetic radiation. These coherent laser sources are
capable of generating and transmitting radiation at frequencies beyond 30 THz.
Unfortunately, numerous technical obstacles associated with the far-infrared have

prevented the practical application of these sources at much lower frequencies.
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The region that lies between the generation capabilities of electronic sources and
laser sources is often described as the THz regime. The THz portion of the
electromagnetic spectrum has become a topic of growing interest as electronics
researchers seek the broadband benefits of THz electrical sources and laser researchers
seek the far-infrared penetrating properties of THz radiation sources. THz electrical
pulses have, for example, been recently employed in a variety of applied research fields.
The ultrawide bandwidths, short pulse durations, and temporal coherence of these
electronic signals make them ideal for time-resolved applications such as the broadband
characterization of electronic devices [3]-[5] and high-speed intra-chip signal
transmission [6]. Likewise, the development of free-space THz radiation sources has
given rise to a variety of enterprising applications, including THz impulse ranging (7],
[8], THz-ray imaging [9], [10], ultrafast charge carrier dynamical studies [11], [12], and
THz time-domain spectroscopy [13]-[16]. Indeed, the short pulse durations and ultrawide
bandwidths associated with these THz electrical pulses and free-space THz waveforms

make them ideal for a number of contemporary applications.
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1.2 Scope of this Thesis

The generation of both transmission line-coupled THz electrical transients and free-space
THz radiation is based largely upon the technique of photoconductive (PC) switching. A
simplified schematic of this PC generation process is shown in figure 1.2.1. The key
elements to the operation of this device are the optically active semiconductor substrate,
the biased transmission line structure on the surface, and the small PC gap in the
transmission line. Here, the continuity of this transmission line is interrupted by a small
PC gap. The presence of this gap and the large dark resistivity of the semiconductor
substrate, together, ensure that the nominal potential on the grounded cathode remains
well below the biased potential on the anode. Upon illuminating the PC gap with a near-
instantaneous above-bandgap optical pulse, however, electrons are liberated from the
valence band to the conduction band in the semiconductor, and the resistance across the
switch is dramatically decreased. As a result, the potential on the cathode is increased,
and an electrical pulse is formed on the transmission line. The duration of this electrical
transient is governed largely by the charge carrier dynamics in the semiconductor plasma.

It is interesting to note that, in addition to the formation of this electrical pulse on
the transmission line, free-space THz waveforms can result from the optical activation of
this device. Photo-excitation of the switch, and the subsequent acceleration of the
semiconductor charge carriers in the biased PC gap, will create a time-varying photo-
current. The time derivative of this current maps itself onto the electric field in the far-
field regime of the emitter. If the photo-generation mechanism is fast enough (on a
subpicosecond timescale for instance), the frequency content of the radiated waveform

can span into the THz spectrum.
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Figure 1.2.1 A depiction of the optical generation of both THz electrical transients and free-
space THz radiation. An ultrashort optical pulse illuminates the PC gap, generating an
electron-hole plasma. The subsequent bias field-induced acceleration of these charge
carriers produces a photo-current on the transmission line and a radiated electric field in the
far-field regime of the emitter.
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The thesis which follows presents theoretical and experimental work on
development of novel THz generation and detection schemes. Here, the PC THz
generation processes are applied to the formation of both transmission line-coupled THz
electrical waveforms and free-space THz radiation. The work is divided into these two
major areas of research. Chapter 2.0 describes first the generation of transmission line-
coupled THz electrical waveforms. After a brief explanation of the experimental setup
employed (section 2.2), the concept of PC self-switching is introduced through
theoretical and experimental work on ultrathin silicon (Si) PC self-switching (section 2.3)
and coplanar gallium arsenide (GaAs) PC self-switching (section 2.4). Here, it is shown
that ultrashort THz electrical pulses can be formed on transmission lines through a time-
delayed multi-switching process. Next, the idea of using a time-delayed generation
mechanism for the formation of THz electrical waveforms is applied to the concept of PC
frozen wave generation (section 2.5). Unlike self-switching—where the temporal profile of
the electrical pulse is controlled by the optical time-delay between competing turn-on and
turn-off processes—frozen wave generation utilizes a delay in the propagation of the
electrical transient to form multi-cycle THz electrical waveforms. Lumped-element
circuit models for the ultrathin Si PC switch, the coplanar PC switch, and the PC frozen
wave generator (FWG) are presented to explain the operation of each device.

Chapter 3.0 moves beyond the generation of transmission line-coupled THz
electrical waveforms to the domain of free-space THz radiation. Here, it is found that
freely propagating electromagnetic waveforms can be generated and detected in the far-
field regime of a PC switch. After describing the generation and detection system for the

free-space THz pulses (section 3.2), the principal of PC THz generation is presented
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through a study of a conventional GaAs PC emitter. It is found in section 3.3 that the
operation of GaAs devices is limited largely by near-field THz screening and space-
charge screening effects at high optical pump powers. In an effort to overcome these
saturation effects, section 3.4 introduces the ZnSe PC dipole THz emitter. ZnSe has an
order of magnitude larger breakdown field strength than semi-insulating GaAs and can,
therefore, be operated at significantly higher bias voltages (eliminating the need for large
pump powers and the corresponding THz saturation). Finally, section 3.5 studies the
application of ZnSe towards the detection of free-space THz electromagnetic transients—a
topic which is becoming increasingly important as the bandwidth of the generated THz

signals continues to increase.
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2.1 Background

The single largest advancement in the generation of THz electrical pulses was the
development of the PC switch in 1975 [1]. Here, Auston showed that picosecond
electrical pulses could be formed by optical excitation of a biased semiconductor gap on a
microstrip transmission line. The availability of picosecond pulsed laser sources, along
with the subpicosecond response time of the electron-hole plasma generation process,
meant that ultrashort electrical pulses with extremely short durations and exceedingly
broad bandwidths could be formed from these devices. Since this pioneering experiment,
research has continued toward the generation of shorter electrical pulses, with the main
thrust of this effort being to enhance the recovery time of the PC switch. While the turn-
on process of the electrical pulse generation process can be extremely fast (limited
mainly by the free-carrier generation rate and the optical pulse duration), the turn-off
process of the electrical transient is constrained by the long carrier lifetime of the
electron-hole plasma (limited mainly by recombination processes in the semiconductor).
As such, conventional PC switching with semiconductors such as GaAs and Si can
produce, at best, electrical pulses with durations of 1.2 ns [2] and 20 ns [3], respectively.
To overcome the recovery time limitations associated with standard PC switching,
devices have been fabricated using a variety of unconventional semiconductor materials—
some of which include amorphous Si [4], low-temperature (LT) molecular-beam-epitaxy-
(MBE-) grown GaAs [5], [6], and radiation-damaged (RD) Si-on-sapphire (SOS) [7]. The
N fabrication processes for the amorphous Si devices (thermal decomposition of silane
through chemical vapour deposition (CVD)) [4], the LT-GaAs devices (MBE growth at

200°C on semi-insulating GaAs) [8], and the RD SOS devices (ion implantation with 200
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keV O" ions at 1 x 10'° cm™ and 100 keV O ions at 1 X 10'° em™) [9] serve to introduce
carrier traps and recombination centres within the lattice to inhibit the continuation of
charge carrier transport. The carrier lifetime within the device is reduced, therefore, and
the generated electrical transient is terminated (here the convention has been adopted that
the term lifetime refers to both carrier trapping and carrier recombination, whereas the
recombination time refers solely to carrier recombination). Unfortunately, PC switching
with RD substrates and LT-grown substrates is limited somewhat by issues of
practicality. The processing of these substrates is not always compatible with complicated
device architectures, and the introduction of lattice defects can severely limit the carrier
mobility. Furthermore, LT-grown substrates, such as LT-GaAs, require MBE processing,
which is both cost- and time-intensive.

For the reasons mentioned above, methods that do not rely upon carrier trapping
for the termination of the electrical transient are of great use in the formation of
transmission line-coupled THz electrical pulses. With this in mind, Krékel et al.
introduced the process of edge-illuminated PC switching [10]. Their innovative approach
relies on the high degree of electric field asymmetry that exists between the electrodes of
a biased PC switch (with a majority of the field being concentrated in a small region next
to the positive anode) [11]. Edge-illumination occurs when this (and only this) high-field
region is illuminated by an above-bandgap optical pulse, and the charge carriers within
the resulting local electron-hole plasma screen the external field. As the potential across
the gap cannot change on this femtosecond timescale [12], [13], the electric field within
the gap redistributes itself, such that the field within the illuminated region is decreased

and the field in the unilluminated region is increased. Maxwell’s equations dictate that
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this time-varying field will produce a displacement current and an electric field transient.
In this way, an ultrashort current pulse is formed on the transmission line (even though
the actual photo-excitation of charge carriers follows a step-like response). Like PC
switching with ultrashort-lifetime semiconductors, edge-illuminated PC switching is
hindered by some practical limitations. The excitation process is extremely sensitive to
the beam alignment, as it requires tight focusing onto the micron-scale high-field anode
region of the PC gap. Reproducibility for the signal generation process is therefore an
issue. Furthermore, the electrical pulse generation process is driven solely by the
displacement current across the gap (rather than the conduction current) and is,
consequently, limited in amplitude.

To overcome the difficulties associated with both recombination-limited and
edge-illuminated semiconductor switching, chapter 2.0 introduces the concept of PC self-
switching. Self-switching is a novel PC excitation technique that does not rely upon the
carrier lifetime in the substrate. Instead, the incident optical pulse is used to both turn-on
and turn-off the electrical pulse on the transmission line. The concept is presented first in
a microstrip version in section 2.3, using a high-resistivity ultrathin Si substrate. The
work that is presented here is based largely on a list of our recent publications on the
theoretical [14] and experimental [15], [16] aspects of this device. The same self-
switching process is demonstrated next for a coplanar PC switch in section 2.4. Here, it is
shown that ultrashort electrical pulses can be formed on coplanar transmission lines using
a GaAs substrate. Both the theoretical and experimental [17] attributes of this novel
device are presented. Finally, the last section (section 2.5), looks at the technique of PC

frozen wave generation. Like self-switching, frozen wave generation employs a time-
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delayed switching process. Unlike self-switching, however, the gating process
responsible for generation of the THz transient is prescribed by the spatial extent of the
transmission line structure. Our analysis of this technique [18] shows that—with proper
device design-THz electrical waveforms can be formed on transmission lines through a

photo-induced direct-current (DC) to radio-frequency (RF) conversion process.
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2.2 The Generation and Detection System

The first step in designing and building an efficient source for transmission-line-coupled
THz electrical transients will be to develop a sensitive measurement technique for
subpicosecond sampling of the electrical waveforms. Conventional electrical waveform
measurement systems—such as sampling oscilloscopes and spectrum analyzers—fail in this
application as their frequency responses remain well below 100 GHz. To reach this
objective, therefore, a time-resolved excitation and detection system is employed. Time-
resolved measurements rely upon a finite and controllable time-delay between the
generation mechanism and the sampling mechanism. This relative delay is continually
varied during the time-resolved sampling process to map the temporal features of the
ultrafast event.

Generation and detection of subpicosecond electrical transients requires that the
PC pulse formation process and the electrical pulse detection process occur on a
femtosecond timescale. The high-power optical pump pulse (responsible for generating
the transient) and the low-power optical probe pulse (responsible for detecting the
transient) must, therefore, be exceedingly short in duration. To meet this condition, the
Ti:sapphire laser system shown in figure 2.2.1 is employed. This oscillator (Femtosource
Pro, Femtolasers Produktions GmbH) is a Kerr-lens mode-locked pulsed laser source that
operates at a central frequency of 800 nm with an 80 MHz repetition rate. The unit
provides optical pulses with 10 fs durations and is, therefore, ideally suited to this
investigation. As shown in the figure, the output of this laser is split by an 80/20
beamsplitter into the pump and probe beams, and each of these beams is directed

independently to the THz electrical waveform system. Given that the arrival time for the
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Figure 2.2.1 The complete setup for the generation and detection of THz electrical
waveforms. The main beam is split by the first beamsplitter into pump and probe beams.
These beams are then directed to the THz electrical generation and detection system.
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pump and probe pulses is set by the optical path length of each of these two branches, the
relative time-delay between the pump excitation process and the probe detection process
can be scanned by varying the relative path length between these lines. For the setup
shown in figure 2.2.1, the pump beam arrival time is varied by way of a motorized
translation stage on the pump optical delay arm. The stage is stepped forward in 12 pm
increments, allowing the probe to sample the electrical transient with 80 fs time steps (for
time-resolved experiments requiring even shorter temporal resolutions, an alternative
scanner with a 0.463 fs time step is employed).

To make effective use of the exceedingly short pump and probe pulse durations, it
is important to incorporate an electric field sampling process that is equally fast. With
this in mind, the technique of electro-optic (EO) sampling is found to be well-suited to
this application [19], [20], [21]. EO sampling is fundamentally based upon the nonlinear
polarization response of non-centrosymmetric media. The EO process is, therefore, able
to sample (in both time and space) the electric field lines of various transmission line
structures with a femtosecond resolution. Indeed, the key design issue for the detection
system will focus on the engineering issues involved in mapping the time-varying
electrical transient on the transmission line onto the polarization state of the co-
propagating probe beam. To do this, the technique known as external EO sampling is
employed. By carefully positioning an EO crystal above either a microstrip (figure
2.2.2(a)) or coplanar transmission line (figure 2.2.2(b)), the transverse component of the
fringing field from the electrical transient can be made to induce a field-dependent
birefringence in the crystal. This birefringence can then be mapped onto the polarization

state of a co-propagating probe beam (by way of the THz field-induced phase

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



Chapter 2.0 — Terahertz Electrical Waveforms 18

LiTaO, probe beam
EO crystal focallspot

microstrip
transmission
optical line electric
axis figld lines

Yo

X0 Zy

LiTaO, probe beam

EO crystal  focal spot coplanar

transmission
optical line

(b)

probe beam é é

fused silica
mount

20 pm thick
LiTaO; EO
crystal T~ /2'00 pm

(c)

200 um

Figure 2.2.2 A close-up view of the EO sampling process is shown for a (a) microstrip
transmission line and a (b) coplanar transmission line. The entire EO probe is shown in (c).
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retardation). The magnitude of the phase retardation is measured finally by passing the
probe beam through a quarter waveplate and wallaston prism and onto a pair of
differential photodetectors. In this way, the magnitude of the THz field is linearly
proportional to the differential probe power between the beams exiting the wallaston
prism.

To fully realize the detection capabilities of this EO sampling system, it is
important to understand the nonlinear characteristics of the sampling crystal. For the
investigations described in the following sections, a LiTaO; EO crystal is employed.
LiTaOs is a positive uniaxial crystal, with extraordinary and ordinary refractive indices of
2.180 and 2.176, respectively [22]. The small difference between these indices provides
for a small static birefringence between the orthogonal polarizations of the probe beam—
minimizing both the phase offset and the lateral beam displacement at dielectric
interfaces. In contrast to this, EO materials such as LiNbO3 (which is commonly used for
high-speed EO modulators), suffer from a large static birefringence and are, therefore,
less advantageous. A detailed theoretical analysis of the EO response of the LiTaO; probe
is presented in Appendix A.

The experimental schematic for the THz electrical waveform generation and
detection system is shown in detail in the lower portion of figure 2.2.1. The pump and
probe beams enter the system and are directed independently toward the PC device
through a 15 cm focal length lens and 0.18 NA, 10x microscope objective, respectively.
To maximize the amplitude of the photo-generated signal, the location and size of the
pump focal spot are optimized by way of the pump beam alignment mirror. The photo-

excitation conditions are monitored during this process by observing the PC gap through
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an inclined stereoscope (mounted above the system) (not shown) and by monitoring the
DC resistance across the gap (through the bias voltage connector). When the pump focal
spot completely illuminates the PC gap and the resistance measured across the gap is
minimized, the photo-excitation conditions are optimal (the photo-injection of charge
carriers, in this case, drastically lowers the resistivity of the gap, decreasing the measured
resistance). Next, the probe beam is aligned to sample the electric field on the
transmission line. To do this, the beam is passed through the 45° polarizer and focused
into the LiTaO3; EO probe shown in figure 2.2.2(c) [23]. The reflected spots on the
beamsplitter are monitored as the EO probe is translated. The sampling system is aligned
when the reflected beams indicate that the probe beam passes through the crystal in the
direction of propagation of the electrical transient with little lateral beam deflection. By
allowing the probe beam and the electrical waveform to co-propagate in this way, the
interaction length and measured signal strength are greatly improved. The EO signal is
extracted, finally, by passing the probe beam through the quarter waveplate and wallaston
prism pair and focusing the resulting orthogonally-polarized beams onto the differential
detectors.

While the time-resolved system described above seeks to provide an ultrashort
temporal resolution for the scan, it is of equal importance to obtain a high degree of
sensitivity for the THz signal. To accomplish this, phase-sensitive lock-in detection is

incorporated into the detection system. By modulating the experimental conditions at a

high frequency—either by chopping the optical beam or modulating the bias voltage—and
locking the detection system into this frequency, it is possible to overcome the large laser

and acoustic-frequency noise levels associated with DC and low-frequency
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measurements (see, for example, the noise reduction chopper system described in
Appendix B). For the THz electrical waveform system employed in this case, the bias
voltage is modulated at a frequency of 3.05 MHz, and the differential current signal from
the photodetectors is electronically mixed with a 3.00 MHz reference signal to produce a
phase-sensitive output at the 50 kHz difference frequency; in-depth details on this mixing
system are described in Appendix C [24]. The 50 kHz output from the electronic mixer is
sent finally to a lock-in amplifier (Stanford Research Systems SR830 DSP lock-in
amplifier) and recorded by data acquisition software (LabView) as a function of the
pump-probe time-delay to produce a time-resolved image of the ultrafast transient on the

transmission line.
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2.3 Ultrathin Si Photoconductive Self-Switching

2.3.1 Theoretical Framework

Ultrafast optically activated semiconductor switches play a major role in the generation
of ultra-broadband THz electrical waveforms. Significant progress has been made in the
generation of these ultrashort electrical transients using semiconductor switches operating
in the PC linear mode [25], [26], the nonlinear mode, or the avalanche mode [27], [28].
Similarly, numerous innovative techniques have been developed for the characterization
[29], [30] and detection [21], [31]-[41] of these ultrafast electrical pulses. In comparison
with conventional electronic switches, PC switches are easy to fabricate and offer
significant improvements in both the switching speed and power handling capabilities.

As mentioned in section 2.1, a great amount of research has been devoted to the
development of PC devices with decreased switch recovery times. As an alternative
approach, the current section introduces the efficient generation of femtosecond and
picosecond electrical pulses using a novel carrier lifetime-independent PC self-switching
process. Here, the switching mechanism takes advantage of the fast rising edge of the
optical pulse to turn-on and later turn-off the ultrafast electrical transient. The key feature
behind this self-switching process is the use of an ultrathin semiconductor substrate (in
this case Si) as the PC medium. The device, which is shown in figure 2.3.1.1(a), is
comprised of a metallic microstrip transmission line (with an optically activated PC gap)
on the surface of the substrate and a metal ground plane on the underside of the substrate.
Of prime importance to the operation of this self-switching technique is the fact that the
semiconductor substrate is kept extremely thin (less than or equal to the penetration depth

of the excitation pulse). By using a 10 um thick Si substrate (the penetration depth for
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Figure 2.3.1.1 The (a) layout for the ultrathin Si PC switch, and the (b) corresponding
lumped-element circuit model. Biasing is applied to the bias line on the left of the gap, the

electrical signal is measured on the signal line on the right of the gap, and grounding is
applied to the grounded Cu base.
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800 nm radiation), the optical excitation pulse can be made to both turn-on the voltage
pulse at the output of the PC gap (by shorting the terminals on the Si surface) and turn-off
the voltage pulse at the output of the PC gap (by shorting the output back down towards
ground). The time-delay between these turn-on and turn-off processes, as well as the
resistance-capacitance (RC) response times of the PC gap terminals, will dictate the
shape and duration of the resulting voltage pulse.

A variant of this self-switching technique has proven successful in the past with
multi-wavelength optical excitation of a PC switch on a thick substrate [1]. In that
scheme, nanosecond electrical pulses were generated using fwo optical pulses of different
wavelengths: one with a small penetration depth to short the transmission line on the
surface, the other with a large penetration depth to create a short to the ground plane.
However, the added complexities of the multi-wavelength excitation processes and the
long pulse durations made this scheme somewhat impractical.

To optimize the ultrathin Si PC device design and allow for the efficient
generation of ultrashort electrical pulses, it is necessary to understand the relationship
that exists between the optical excitation conditions and the time-evolution of the voltage
waveforms on the transmission line. To accomplish this, the lumped-element circuit
model shown in the inset of figure 2.3.1.1(b) is employed [14]. The model includes a
time-varying gap conductor, G,(#), describing the conduction current across the gap, and
a constant gap capacitance, C,, describing the displacement current across the gap.
Unlike conventional PC gap models [35], the model also includes two time-varying shunt
conductors, G(f), and two shunt capacitors, C;, to incorporate the finite shunt conduction

and displacement currents that are formed between the microstrip transmission line on the

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



Chapter 2.0 — Terahertz Electrical Waveforms 25

surface and the underlying ground plane.

During photo-excitation, the conductance associated with Gy(¢) increases from the
dark conductance of the Si substrate to the intensity-dependent illuminated conductance
(as the photo-injected charge carriers reduce the resistivity of the PC gap). For near-
instantaneous optical illumination, this shorting action occurs on a very fast time scale,
creating a voltage waveform at the switch output that resembles a step function. The
shunt conductance elements, G(f), on the other hand, are not excited instantaneously.
Instead, these conductors remain at their dark conductance values until the excitation
pulse has propagated through the Si substrate—a process that will take approximately 110
fs, given a substrate thickness of # = 10 um and a refractive index of ng; = 3.42. At the
input of the PC gap, the impedance mismatch and reflection coefficient are altered, and
the voltage at the switch input falls. Similarly, at the output of the PC gap, the impedance
will be greatly diminished, driving the output waveform back down towards ground. This
multi-switching process produces an ultrashort electrical pulse whose duration is largely
independent of the carrier dynamics in the PC substrate.

The first step in analyzing the PC switch is to obtain an understanding of the
relationship that exists between the charge carrier generation process and the formation of
the electrical waveforms on the transmission line. The charge carrier generation process

in the Si layer is initiated by the optical pump pulse, whose intensity,

1-R)E
I(z,0) = (—-)—ﬂexp[—az ~4In2(t~¢, — zng /) /rf,], (2.3.1.1)
T

p
decays exponentially as it travels into the substrate (in the +z direction). Here, E, is the

pump energy fluence, 7, = 10 fs is the full-width-at-half-maximum (FWHM) of the
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optical pulse, R = 0.30 is the reflectivity of the Si surface, &= 10 cm™ is the absorption
coefficient for 800 nm radiation in Si, ¢ is the speed of light, and ¢, is the pump-probe
zero-time for the time-resolved process. The resulting charge carrier dynamics in the PC
gap are dominated largely by motion of the electrons, whose density distribution, n(z,t), is
described in space and time by the equation

on(z,t) _  n(z,1)
a

+Z 1z, (2.3.1.2)
hv

where 7, = 20 ns is the charge carrier lifetime, / is Planck’s constant, and v= 375 THz is
the central frequency of the incident optical beam. The first and second terms on the
right-hand-side of equation 2.3.1.2 describe the carrier recombination and generation
processes, respectively (dynamical effects such as carrier drift and ambipolar carrier
diffusion are ignored, in this case, as they occur on longer timescales). Equation 2.3.1.2
can be further simplified by the fact that the charge carrier lifetime for the PC switch of
interest is much longer than the picosecond timescale of the electrical pulse generation
process. As such, the first term is eliminated, and the remaining term is integrated

analytically to give the electron density function,

_(1-RaE, N7

n(z,t)= T {1 + erf[sz_z (t—t,—zng/c)fz, ]}exp(— az), (2.3.13)

as a function of space and time.

To arrive at an appropriate expression for the time-varying conductance terms, the
optically generated electron-hole plasma is linked to the conductance terms through the
photo-induced conductivity,

0(z,1) = pyen(z,t), (2.3.1.4)

in the Si layer. With this, the gap conductance term, G,(f), and the shunt conductance
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terms, G(¢), are approximated as

h
G, 0= [o(z.0)dz 23.1.5)
and
G =+ VZ , (2.3.1.6)
Z
Ja(z,t)

given a gap width of w = 20 um , a gap length of / = 20 um, an electronic charge e, and
an effective mobility for the Si substrate of y;= 1780 em?/Vs.

The relationship between the incident, v,(¢), reflected, v(¢), and transmitted, v(?),
waveforms on the microstrip transmission line are linked, next, to the time-varying
conductance response of the PC gap through straightforward application of circuit laws.

Specifically, by equating the current entering the PC gap,

v—(t)%vﬂ =G,([t)v. &) +v,® -v,®)]+ G, e}y, (O +v,0)]
iC [dv,. O, &0 (t)}_ C{@(_t) 2 (t)} (2.3.1.7)
8l dt dt dt dt dt
and the current leaving the PC gap,
%0 — 6, (004,06, 0] G, (0, 0]
’ (2.3.1.8)

LC [dvi ® . v, () v, (t):|_ C [M]
8l at dt dt dt

the differential equations
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50 {G (t)]vi m{—cc;g (t)}v, (t)+[Gé(t)+ G0, 1 } o

dt C, g g s Al (2.3.1.9)
_d0 +|1+ = LAU) (t),
dt C,| dt
and
dvt(t)z[Gs(t)_l_Gg(t)_ 1 :|v.(t)+{GS(t)+Gg(t)+ L }V (t)+
dt C, G 4G, & G 4% (2.3.1.10)
S | 3.1.
+[ g( )}v, ® +[l +§i} LA +[l +&]__dv, ® ,

Cg Cg dt Cg dt

are arrived at. Here, Z, refers to the impedance of the transmission line. Using equations
2.3.1.9 and 2.3.1.10, along with the fact that the incident waveform remains constant at
one-half the bias voltage (vi(f) = V3/2), the simultaneous differential equations for the

incident, reflected, and transmitted waveforms are found to be

d‘:f)zo’ 23.1.11)
i, @ _[~C2G,0)-C2,G,)-C,2G,(0)+C, +C, | o
dt Bl ZCSCg ZO +Cs2 ZO i
[-C,2,G.(t)-C,Z,G.(t)-C.2,G,(f)-C, -C
+L 0 2gC0C Zo)+CZZZ ) =P ® 2.3.1.12)
LA 4 K
+ C,2,G,()-C,2,G,()-C, v, (©)
20,C,2,+C2, |

and
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dv (@) _| -C,Z,G,(0)+C.Z,G, (1) +C, }vi o

dt 2C,C,Z, +C?Z,
[-C,Z,G.(t)+C,Z,G,(t)-C,
t
+_ 20,C.2,+C'2, v, () (2.3.1.13)
_—CgZOGs(t)_CsZOGg(t)—CsZOGs(t)—Cg _Cs (t)
+ s
I 2C,C,Z, +C!Z, K

respectively. Simultaneously solving equations 2.3.1.11-2.3.1.13 for a particular bias
voltage will give a description of the performance of this ultrathin Si PC switch. Care
must be taken, however, to understand the limitations of the lumped-element model
presented. By using discrete circuit elements to describe the operation of this switch, it is
assumed that the transit times within the device are insignificant relative to the smallest
timescale of interest. If this is not true, a distributed element model would be required.
On the other hand, details of the photo-generated carrier dynamics, such as ohmic contact
effects and relaxation kinetics, are assumed to be encompassed within the circuit
elements described.

The first step in solving for the transmitted voltage waveform, v(7), at the output
of the PC switch, is to obtain the time-varying responses for the gap and shunt
conductance elements. This is accomplished by numerically integrating the electron
density function, n(z,?), in equations 2.3.1.4, 2.3.1.5, and 2.3.1.6. The results for a pump

spot diameter of 20 um and pump beam average powers of 30, 50, and 70 mW

(corresponding to pump energy fluences of 119, 200, and 279 uJ/cmz) are shown in
figures 2.3.1.2(a), 2.3.1.2(b), and 2.3.1.2(c), respectively. The response of the gap
conductance element, Gy(¢), to each of the three photo-excitation levels shows a relatively

slow transition (over a period of 110 fs) from the initial dark conductance level to the
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Figure 2.3.1.2 Theoretical gap and shunt conductance terms for the ultrathin Si PC switch,
given average pump powers of (a) 30, (b) 50, and (c) 70 mW (corresponding to pump energy
densities 0£ 119, 200, and 279 uJ/cm’, respectively).
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illuminated level, while the response of the shunt conductance elements, G(#), rises from
the background level to the illuminated level in a step-like manner at a time of 110 fs.
The main reason for this difference is the 110 fs time-delay of the optical pulse as it
propagates through the 10 pm thick Si layer. Indeed, while the gap conductance element
is able to rise during the initial stages of excitation, the shunt conductance elements must
remain at a low level until an appreciable amount of the illuminating radiation reaches the
ground plane.

Having successfully determined the time-varying expressions for the gap and
shunt conductance terms, the transmitted voltage waveform is found by numerically
solving equations 2.3.1.11, 2.3.1.12, and 2.3.1.13. The details, describing the fifth-order
Runge-Kutta numerical method employed, are presented in Appendix D. Given a bias
voltage of 7, = 10 V, and estimates of the circuit model parameters of C; = 10 F, C; =
200 fF, and Zp = 120 Q, the transmitted voltage waveform is calculated for average pump
powers of 30, 50, and 70 mW (corresponding to pump energy densities of 119, 200, and
279 uJ/cm?, respectively). The results are shown in figure 2.3.1.3. It is evident from the
unipolar shape of the voltage waveforms, that the ultrathin Si PC device responds in a
manner that is very different from the step-like response of conventional Si PC switches
(where carrier recombination is needed to terminate the voltage waveform). By
employing this self-switching technique, the speed of the device is brought from a
nanosecond regime to a subpicosecond regime. It is also apparent from figure 2.3.1.3,
that the speed of the self-switching PC response is a strong function of the incident pump
intensity. The 30, 50, and 70 mW pump powers used in the simulation produce voltage

pulses with rise-times of 0.38, 0.23, and 0.17 ps, respectively, and FWHM values of 1.8,

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



Chapter 2.0 — Terahertz Electrical Waveforms

0.7

0.6

0.5

0.4

0.3

Transmitted Waveform, v, (¢) (V)

0.2

0.1

0.0

e 70 mW pump (279 wi/em?)

50 mW pump (200 pJ/cm’)
/ 30 mW pump (119 w/em?)

]

.

0 2 3 4
Time (ps)

32

Figure2.3.1.3 Transmitted voltage waveforms, v(¢), predicted by the ultrathin Si PC switch
lumped-element model for average pump powers of 30, 50, and 70 mW (corresponding to
pump energy fluences of 119,200, and 279 pJ/cm’, respectively).
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1.0, and 0.74 ps, respectively, suggesting that the operation of the device can be
improved by using increasingly large excitation intensities. The reason for this
relationship between the level of photo-excitation and the duration of the voltage pulse
can be understood in terms of the RC time constants of the PC gap. By pumping the
semiconductor with increasingly large intensities, the gap and shunt conductance terms
are driven to exceedingly large values. The resulting decrease in the gap and shunt
resistance values reduces the RC time constant constraints of the device, allowing the
initially-charged capacitive elements to be rapidly discharged. In the high-excitation
limiting case—where the RC time constants are essentially eliminated—the voltage
waveform is expected to follow the ultrafast PC response of the time-varying
conductance terms, producing a 110 fs voltage pulse whose duration is limited solely by

the optical propagation time through the Si substrate.

2.3.2 Experimental Framework

To test the operation of the ultrathin Si PC switch, the experimental setup shown in figure
2.3.2.1(a) is designed and built [15], [16]. The PC device is prepared from a high-
resistivity float-zone-Si wafer (3.5 kQ-cm) that is mechanically ground to a thickness of
12 pm and then optically polished to a final thickness of 10 pm [42]. A 50/150 nm Ti/Au
metallization is performed on both sides of the 10 um thick ultrathin wafer, and the

underside of the substrate is electrically contacted to a Cu base with a thin layer of In

metal. In this way, the Cu base acts as a ground plane and a mechanical support structure.
Photolithographic processing is then used to pattern a 1 cm long, 20 um wide microstrip

transmission line on the surface, with a 20 x 20 pm? PC gap.
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Figure 2.3.2.1 A (a)diagram of the generation and detection system for the ultrathin Si PC
switch, and the (b) experimental schematic for PC excitation (by the pump) and EO sampling
(by the probe).

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



Chapter 2.0 — Terahertz Electrical Waveforms 35

Photo-excitation and biasing of the ultrathin Si PC switch are accomplished by the
Ti:sapphire laser and bias voltage mixing unit described in section 2.2. Sampling of the
generated electrical pulse is carried out by the total-internal-reflection LiTaOs; EO probe
shown in the figure. The EO crystal mount is positioned (approximately 10 pm) above
the microstrip transmission line—such that the probe beam samples the fringing field on
the edge of the transmission line. A plan-view and profile-view of the resulting
generation and detection system are shown in figure 2.3.2.1(b).

Typical EO measurement results for sampling on the transmission line, given an
average pump power of 70 mW and a bias voltage of ¥}, = 20 V,.,, are shown in figure
2.3.2.2. The pump beam is focused to a spot size of 20 um (yielding a pump energy
fluence of 279 pJ/cm?), and EO sampling is carried out on the transmission line at a
distance of 400 um from the PC gap. The unipolar shape of the waveform does, indeed,
show a voltage pulse rather than a voltage step, suggesting that the 8 x 10'” cm™ photo-
injected carrier density employed is sufficient to initiate current conduction through the
entire PC gap volume. The asymmetric shape of the observed voltage pulse is a result of
the different RC times of the two competing PC processes. The 0.6 ps rise-time of the
voltage pulse seen in the figure is dominated by the current conduction process across the
PC gap, whereas the 1.4 ps exponential-like fall-time is due largely to the conduction
through the substrate. The combination of these competing electrical processes produces
a voltage pulse whose FWHM is 1.2 ps. This ultrashort pulse duration is significantly
shorter than the 20 ns charge carrier lifetime inherent to Si PC devices [3] and is, to our
knowledge, is the shortest conduction-current-driven electrical pulse generated using

intrinsic Si.
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Figure 2.3.2.2 A typical ultrashort electrical pulse produced by the ultrathin Si PC switch.
The THz electrical pulse is generated using a pump power of 70 mW and a 20 pm spot size
(corresponding to a pump energy fluence of 279 uJ/cm”).
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The measured 1.2 ps electrical pulse can be compared to the theoretical results
calculated in section 2.3.1. In the model, it was found that a 0.74 ps electrical pulse could
be formed with photo-excitation by a 70 mW pump beam. The slight discrepancy
between the measured and calculated pulse durations can be explained through a variety
of mechanisms. Firstly, the values for the capacitance elements are only order-of-
magnitude estimates for the capacitive terms [44], and it is the relative difference
between these values that plays a large role in determining the final shape of the pulse.
Secondly, EO sampling is carried out on the transmission line at a distance of 400 um
from the PC gap. The THz waveform will, therefore, undergo pulse broadening from
material and transmission line dispersive effects [45], [46], [47]. Thirdly, the LiTaO3; EO
probe has a finite temporal resolution defined by the optical pulse dispersion in the fused
silica mount and the velocity mismatch between the probe beam in the LiTaO; crystal
and the voltage pulse on the transmission line. While it is difficult to estimate the effects
of optical pulse broadening in the fused silica mount, it is possible to estimate the
temporal resolution due to the velocity mismatch between the voltage pulse and the probe
beam. Using microstrip transmission line analysis software [48], the velocity of the
voltage pulse is estimated to 1 x 10® m/s. Likewise, the velocity of the optical probe pulse
in the plane of the semiconductor surface is calculated to be 6.88 x 107 m/s, given a
refractive index of 2.18 and a probe spot angle of incidence of 30°. Taking the 20 um
probe spot size in the experiment to be the interaction length for the EO sampling
process, the temporal broadening is calculated to be approximately 100 fs. Finally, it is
likely that the estimates for the time-varying conductance terms in the model are over-

estimated. The values that are calculated are arrived at by assuming a parallel plate
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configuration for the gap and shunt values. In reality, the conduction processes occur
through the metal-semiconductor interfaces at the input and output terminals of the PC
gap [49]. This constriction will serve to lower the overall current flow for the gap and
shunt terms and raise the resistance associated with these elements. The resulting increase
in the RC time constants associated with the device will, in turn, broaden the electrical

pulse duration.
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2.4 Coplanar Photoconductive Self-Switching

2.4.1 Theoretical Framework

While the ultrathin Si PC switch is successful in producing ultrashort electrical pulses, its
application to ultrafast PC switching in general is somewhat limited as the self-switching
process is invariably linked to the large penetration depth of the Si substrate (10 pm)
[50]. The penetrations depths associated with semiconductors such as GaAs (0.74 pm)
[50] and InAs (0.14 pm) [50], in comparison, are too small to allow for the
implementation of a free-standing and practical device design. Alternative device
architectures are, therefore, necessary to realize a successful PC self-switching device
with these semiconductors.

In this section, a novel PC self-switching design is presented [17]. The device
employs a coplanar transmission line layout on a GaAs substrate, where—unlike the
ultrathin Si PC switch—the turn-on and turn-off processes are decoupled from the transit
time-delay in the semiconductor substrate. The optical delay between the pulse formation
and termination processes is provided, instead, by an SiO, optical delay layer located on
top of the GaAs surface. This coplanar PC self-switching device is shown in figures
2.4.1.1(a) and 2.4.1.1(b). Here, the incident pump pulse illuminates the PC gap between
the bias line and the signal line (the bias-to-signal gap) and the PC gap between the signal
line and the ground line (the signal-to-ground gap). The finite optical delay-time between
these two photo-excitation processes generates an ultrashort electrical pulse on the
coplanar transmission line, whose duration is determined by the SiO, optical delay-time
and the RC time constants constraints of the PC gaps, rather than the charge carrier

lifetime in the GaAs substrate.
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Figure 2.4.1.1 The (a) layout, (b) overhead schematic, and (¢) lumped-element model for
the coplanar PC switch. In the model, C,, and G, (¢) describe the capacitance and
conductance of the bias-to-signal gap, and C,, and G_(f) describe the capacitance and
conductance ofthe signal-to-ground gap.
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To allow for efficient generation of the ultrashort electrical pulses, it is important
to fully understand the relationship that exists between the device design and the resulting
electrical pulse duration. To do this, the lumped-element model shown in figure
2.4.1.1(c) is employed. Much like the ultrathin Si PC switch model, the conduction and
displacement currents within the PC gaps are represented by parallel connections of
conductors and capacitors. The gap conductance and gap capacitance associated with the
turn-on process of the bias-to-signal gap are modeled by the elements Gg(f) and Cg,
respectively, while the gap conductance and gap capacitance associated with the turn-off
process of the signal-to-ground gap are modeled by the elements Ggx(f) and Cga,
respectively. Optical activation of the switch drives the two conductance terms from their
initial dark conductance values to their fully-illuminated values (though the turn-off
process is delayed for a period of 333 fs by the 200 pm thick SiO; optical delay layer).
Using the photo-injected charge carrier density function in equation 2.3.1.3 and the
expression for the conductivity in equation 2.3.1.4, the time-varying gap conductance

functions are calculated through the relations,

)
G (1) = ZK [o(zndz, 2.4.1.1)
10
and
w J
G =1 [o(z,1)dz . (24.12)
20

Here, w = 100 pm is the width of the PC region (equal to the pump spot diameter), /, = 40
pum is the length of the bias-to-signal gap, /> = 20 pm is the length of the signal-to-ground

gap, and 0= 0.74 pm is the penetration depth of the GaAs substrate [S0]. The voltage on
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the transmission line is calculated next by summing the current through each node [35],

w0)-v0)_ . 1, @)+, ()=, @]+ G (OO, () +v, ()~ v, )]

Z, 't
& 0 5 2.4.1.3)
v, (¢
=C,, ctlt + |:Gg2 o+ ZQ})’ ®,
and applying the boundary conditions
v,(t) = Y (2.4.1.4)
2
and
LiAOK 0 (24.1.5)

dt
on the incident waveform. Here, Zy; is the impedance of the bias transmission line, and
Zy; is the impedance of the coplanar signal transmission line. Equations 2.4.1.3-2.4.1.5

together produce the second-order differential equation

d’v,(t)
dt*
av, (1)

[ 2C. 7
+C.,+C ., + Zgl o +CgZZOIGg1(t)+CgIZOIng(t)}—dt—
02

. (2.4.1.6)
246,046,401 26,0 2,6, 05,00

02 02
dG,(t)
dt

+ Cngm

-G <o

for the transmitted voltage waveform.

Calculated time-varying results for the conductance terms Gg,(¢) and Ggx(f) are
shown in figure 2.4.1.2(a). Details on the numerical solution of this equation are shown in
Appendix E. Here, the incident pump beam has an average power of Pp,np = 135 mW, a

pulse duration of 7, = 100 fs, and a spot size of 100 um (corresponding to a pump energy
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Figure 2.4.1.2 The (a) theoretical conductance terms, G,,(¢) and G,,(¢), and the (b) resulting
voltage waveform, v (¢), for symmetric illumination of the coplanar PC switch by a 135 mW
pump beam.A bias voltage of ¥, =22.5 V is applied to the device.
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fluence of 21.5 pl/em?®). The coplanar PC device is modeled by a bias-to-signal
capacitance of Cg; = 0.5 fF, a signal-to-ground capacitance of C,; = 1 fF, a bias line
impedance of Zy; =270 Q [48], and a coplanar transmission line impedance of Z;; = 100
Q [51]. 1t is readily apparent from figure 2.4.1.2(a) that the conductance terms rise from
their dark conductance values on an extremely short timescale, though the gap
conductance term, Gg(f), is delayed by the propagation of the pump pulse through the
200 um thick SiO, optical delay layer. The factor of two difference in the steady-state
values of the conductance elements can be attributed to the fact that the length of the
bias-to-signal gap is twice that of the signal-to-ground gap. The use of a uniform
illumination spot across both of the gaps (and the resulting uniform conductivity within
the gaps), in this case, keeps the conductance across the bias-to-signal gap at half the
value of the signal-to-ground gap for all levels of photo-carrier injection.

The transmitted voltage waveform generated by the coplanar PC switch for
symmetric illumination of the device above is shown in figure 2.4.1.2(b) for a bias
voltage of V;, = 22.5 V. A voltage pulse is readily apparent in the figure. The processes of
shorting the signal-to-ground gap and reflecting the bias voltage on the input bias line,
together, produce a unipolar electrical waveform on the coplanar transmission line—the
duration of which is independent of the 250 ps lifetime in GaAs. It is also apparent from
the figure that a steady-state voltage background is formed from the excitation of the PC
switch. This steady-state value is due to the fact that the reflected waveform does not
fully compensate for the incident waveform (which remains at half the bias voltage).

To decrease the steady-state voltage background, the photo-excitation conditions

of the device can be tuned. Unlike the ultrathin Si PC switch, where the gap and shunt
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conductance levels are indelibly linked, the coplanar PC switch geometry offers the
possibility of independently controlling the level of photo-excitation in the bias-to-signal
gap and the signal-to-ground gap. By directing more of the incident pump beam onto the
signal-to-ground gap, for example, the steady-state potential on the signal line can be
driven down further towards ground and the background level can be reduced. To prove
this point, figures 2.4.1.3(a) and 2.4.1.3(b) show the gap conductance terms and the
transmitted voltage waveform for the case where the incident intensity on the bias-to-
signal gap is ten times greater than the intensity on the signal-to-ground gap. The steady-
state voltage background, in this case, shows a marked decrease in amplitude. Indeed, by
carefully controlling the photo-excitation conditions, ultrashort electrical pulses can be

formed by the coplanar PC switch with little or no background voltage.

2.4.2 Experimental Framework

To test the operation of the coplanar PC switch, the experimental setup shown in figure
2.42.1 is employed [17]. The device is fabricated from the metallization and
photolithographic patterning of a 50/150 nm Ti/Au film on a 600 um thick semi-
insulating GaAs substrate (10’ Q.cm). The coplanar PC switch is arranged in an
interdigitated metal-semiconductor-metal layout with the bias voltage (V = 45 V,p)
applied to the bias line on the right and grounding applied to the ground line on the left.
Two 20 um wide metal lines with a separation of 20 um form the coplanar transmission
line responsible for propagating the photo-generated THz electrical waveform. A 200 pm
thick SiO; optical delay layer is positioned above the coplanar transmission line to cover

the semiconductor region between the signal line and the ground line.
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Figure 2.4.1.3 The (a) theoretical conductance terms, G,(¥) and G_,(f), and the (b) resulting
voltage waveform, v (f), for asymmetric illumination of the coplanar PC switch by a 135 mW
pump beam. A bias voltage of ¥, =22.5 Vis applied to the device.
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Figure2.4.2.1 Layout for the generation and detection of THz electrical transients using the
coplanar PC switch. The pump pulse excites both the bias-to-signal gap and the signal-to-
ground gap. The probe beams samples the electric field on the coplanar transmission line.
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In order to test the device, a 10 fs, 800 nm mode-locked Ti:sapphire laser is
employed. The laser produces the 135 mW pump beam and the 20 mW probe beam
necessary for the time-resolved generation and detection processes described in section
2.2. The alignment conditions of the pump beam are optimized by observing the coplanar
PC switch through an inclined stereoscope mounted above the system and by monitoring
the DC resistance across the bias-to-signal gap and the signal-to-ground gap. The probe
beam inside the LiTaO3; EO probe samples the fringing electric field above the coplanar
transmission line at a distance of 500 um from the PC switch.

To establish a baseline for the photo-generated electrical pulse durations, the
coplanar PC switch is operated initially under the partial illumination conditions shown in
figure 2.4.2.2(a). Here, the interdigitated metal-semiconductor-metal PC switch is biased
on the signal line, and the pump illumination spot is aligned such that charge carrier
generation occurs only within the signal-to-ground gap. With this partial illumination
setup, the PC gap discharging process necessary for terminating the voltage pulse is not
present. A typical electrical waveform generated by this arrangement is shown in figure
2.4.2.2(b). It is readily apparent from this figure that the delayed turn-off process for the
electrical transient is indeed absent, and the response is step-like in nature. The resulting
EO signal demonstrates an electrical rise-time of 2.5 ps-limited by the discharge time of
the PC switch—and a fall-time of approximately 250 ps—limited by the charge carrier
lifetime of the GaAs substrate (not shown).

For the next step, the system is tested under conditions of full illumination. The
pump beam is aligned such that the spot covers both the bias-to-signal gap and the signal-

to-ground gap, and the bias voltage is applied to the bias line. The experimental layout
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Figure 2.4.2.2 The (a) schematic for incomplete illumination of the interdigitated coplanar
PC switch and a (b) typical generated waveform. Biasing is applied to the signal line and
illumination covers only the signal-to-ground gap.
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and a typical electrical pulse produced by the device are shown in figures 2.4.2.3(a) and
2.4.2.3(b), respectively. It is readily apparent from the time-domain waveform that the
device is able to produce electrical pulses with rise-times (2.5 ps) and durations (7 ps) on
a picosecond timescale. These values demonstrate a reduction in the pulse width of figure
2.4.2.2(b) by a factor of 36. It should be noted, however, that the tail of the pulse shown
in figure 2.4.2.3(b) reaches a steady-state value of approximately 20% of the peak
amplitude. As described in section 2.4.1, this background level is due to an incomplete
reflection of the incident waveform on the bias line and a low conductance level in the
signal-to-ground gap.

To further improve the PC switching response, the steady-state background must
be eliminated, and the response time of the device must be decreased. To accomplish
these goals, the conductance of the bias-to-signal gap is decreased below that of the
signal-to-ground gap by both increasing the length of the bias-to-signal gap and
preferentially directing the beam toward the signal-to-ground gap. In addition, the
interdigitated metal-semiconductor-metal layout is removed to decrease the electrical
response times associated with the charging and discharging processes. With these
modifications, the experimental setup (shown in figure 2.4.2.4(a)) now resembles the PC
geometry modeled in section 2.4.1, with a bias-to-signal gap length of /; = 40 ym and a
signal-to-ground gap length of /; = 20 um. Typical EO sampling results for a pump
power of 135 mW and a 100 um spot size are shown in figure 2.4.2.4(b). It is readily
apparent from the time-domain waveform that the steady-state saturation tail is
essentially eliminated. Furthermore, the response time of the device is greatly reduced,

and the duration of the electrical pulse is decreased to 2 ps. This ultrashort pulse duration
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Figure 2.4.2.3 The (a) schematic for complete illumination of the interdigitated coplanar
PC switch and a (b) typical generated waveform. Biasing is applied to the bias line and
illumination covers both the bias-to-signal gap and the signal-to-ground gap.
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Figure 2.4.2.4 The (a) schematic for complete illumination of the non-interdigitated
coplanar PC switch and a (b) typical generated waveform. Biasing is applied to the bias line
and illumination covers both the bias-to-signal gap and the signal-to-ground gap.
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is 125 times shorter than the carrier lifetime inherent to the GaAs substrate. In comparing
the experimental results of figure 2.4.2.4(b) with the theoretical results presented in
section 2.4.1, it is interesting to note the significant difference between the theoretical
pulse duration (0.25 ps) and the experimental pulse duration (2 ps). This discrepancy can
be understood through several mechanisms inherent to the pulse generation and detection
processes. Firstly, as was the case for the ultrathin Si PC switch, the measurement
bandwidth of the detection system is not instantaneous. The finite EO sampling
bandwidth of the system can attribute for some (though not all) of the exceedingly long
measured electrical pulse duration. Secondly, the response times associated with the
competing electrical switching processes are likely to have been underestimated in the
model. Indeed, the dielectric loading of the SiO, optical delay layer as well as metal-
semiconductor junction effects (such as the lack of Ohmic contacts) significantly increase
the RC response times for the device. Thirdly, and most importantly, dispersion due to
propagation on the coplanar transmission line is expected to play a major role in
broadening the electrical pulse. Previous research into THz electrical pulse propagation
on coplanar transmission lines [52], [53] suggests that high-frequency signals, such as the
pulses generated by the coplanar PC switch, are highly susceptible to the formation of
substrate modes during propagation. In contrast to coplanar transmission lines on
infinitely thick substrates (where radiation losses dominate), coplanar transmission lines
on finite thickness substrates lose energy to the formation of substrate modes. The onset

of this modal dispersion is often estimated through the semiempirical relation [52]

Ve () = e, (0) + ‘/'ii (Zf /}f)ﬁ“ - ©) , (2.42.1)

where a and b are semiempirical fitting constants, &x(f) is the frequency-dependent
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dielectric function for propagation on the transmission line, £#0) = is the quasi-static
dielectric constant, &) is the high-frequency dielectric constant, and

c

Jre = 4hyje, -1

is the cutoff frequency above which non-transverse electromagnetic (non-TEM) substrate

(2.4.2.2)

modes are formed. Here, / is the substrate thickness and & = 13.1 is the dielectric
constant of the GaAs substrate. If electrical pulses with frequency components above frz
propagate on the transmission line, they become severely distorted from modal
dispersion. For the 4= 600 pum thickness of the GaAs substrate used in this investigation,
this onset will occur at 36 GHz—which is well within the bandwidth of the 0.25 ps
theoretical electrical pulse formed by the coplanar PC switch. Modal dispersion (as well
as the other dispersive effects) are, therefore, expected to play a major role in broadening
the ultrashort electrical pulse. Interestingly, a comparison of the coplanar PC switch
design and the ultrathin Si PC switch design suggests that the electrical pulses produced
by the Si switch will witness significantly less broadening, as the exceedingly small
thickness of the Si substrate (10 um) produces a non-TEM cutoff frequency (frz = 2.4
THz) that is well above the bandwidth of the photo-generated electrical pulse. This likely
contributes to the reduced pulse duration measured for the ultrathin Si PC switch. The
coplanar PC switch, on the other hand, uses a thick GaAs substrate, making it highly
susceptible to modal dispersion and electrical pulse broadening. For this reason, thin
substrates are currently being studied for application to the propagation of ultrahigh-

frequency (THz) electrical transients [33], [47], [54].
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2.5 Photoconductive Frozen Wave Generation

2.5.1 Theoretical Framework
Ultrafast optically activated semiconductor switching plays a major role in the ongoing
development of ultrahigh-frequency THz electrical sources. This light activated
electronic switching process was introduced in sections 2.3 and 2.4 through the technique
of PC self-switching. Here it was found that ultrashort THz electrical pulses could be
formed through the application of a time-delayed self-switching scheme. The current
section seeks to expand on this recombination-independent PC switching process by
introducing the technique of PC frozen wave generation. In contrast to PC self-
switching—where the turn-on and turn-off processes of the device are controlled by a
time-delay in the optical pump pulse—frozen wave generation makes use of an electrical
transit time-delay in the propagation of the transmitted and reflected voltage waveforms
on the transmission line. Like microstrip and coplanar PC self-switching, frozen wave
generation does not rely upon ultrafast carrier recombination for the formation of the THz
electrical transients; unlike PC self-switching, frozen wave generation offers the
possibility of producing multi-cycle voltage transients with a variety of waveform shapes.
The idealized layout for a FWG is shown in figure 2.5.1.1. The upper portion of
this figure shows the initial standing wave voltage that exists on the transmission line. In
this initial state, the FWG is comprised of four alternately biased (+V}) transmission line
segments (of length L) that are separated by an array of open switches. Upon closing
these switches, the initial standing wave pattern is transformed into the two counter-
propagating traveling waves shown in the lower portion of the figure. There are several

key features to take note of from this FWG output. Firstly, the traveling
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Figure 2.5.1.1 The idealized arrangement for frozen wave generation. Upon activating
the device, the initial DC standing-wave is transformed into two counter-propagating RF
waveforms.
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waveforms exhibit maximum amplitudes of one-half the initial bias voltage (£V;/2). By
increasing the DC voltage applied to each bias segment, therefore, the signal on the
transmission can be scaled to large amplitudes. Secondly, the spatial structure of the
initial standing wave is seen to map itself onto the temporal structure of the voltage
waveform propagating on the transmission line. This DC to RF conversion process
implies that FWG structures with small half-wavelength transmission line segment
lengths (L) can be used to produce photo-generated electrical transients with small
temporal periods and high central frequencies. Moreover, the bandwidth of the resulting
THz waveform can be tailored by simply controlling the number of bias segments
incorporated into the structure. Introducing more bias segments into the device will, for
example, increase the number of oscillations in the voltage waveform and narrow the
bandwidth of the signal.

The initial attempt at frozen wave generation was performed by Weibel in 1964
[55]. In his pioneering experiment, a series array of charged capacitors was
simultaneously discharged through a chain of spark gaps. The result was a high power (5
kA) transient with a 1.5 MHz frequency response. While the signal amplitudes produced
by his device were extremely large, the temporal response was severely limited—as his
use of large charged capacitors greatly increased the response time of his discharging
circuit. To improve upon the temporal response of this technique and generate higher
frequency signals, frozen wave generation was further developed through the
introduction of PC switching. Proud and Norman [56] applied the fast switching times
associated with Si PC switching to the excitation process and were able to generate

significantly faster transients. Using half-wavelength coaxial transmission line segments
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of length L;; = 1.5 m, they produced multi-cycle waveforms with frequencies up to 50
MHz-being limited mainly by the optical pulse duration of their laser system (10 ns, 1 mJ
nitrogen laser). With the advent of short-pulse laser systems, the technique of frozen
wave generation was further developed by Lee et al. In his experiment [57], a picosecond
laser system with short optical pulse durations was used, in conjunction with short half-
wavelength coaxial transmission line segments (L, = 0.5 m), to produce 250 MHz multi-
cycle electrical waveforms. The technique of frozen wave generation was brought into
the gigahertz regime, finally, by Thaxter et al. These researchers were able to produce 6
GHz electrical waveforms with a FWG that incorporated exceedingly small (L2 = 1 cm)
half-wavelength microstrip transmission line segments [58].

While previous efforts at employing frozen wave generation have been successful
at generating electrical transients at or below the gigahertz level, it is important to realize
that the concept of frozen wave generation can also be applied to the generation of THz
electrical waveforms. If half-wavelength transmission line segments with sufficiently
small lengths are employed, the waveform period can be brought down to a picosecond
timescale, and the frequency content can be extended into the THz regime. In contrast to
the idealized FWG response shown in figure 2.5.1.1, however, the actual response of the
device will be limited by a variety of practical constraints. Signal degradation due to
effects such as electrical reflections and material losses will affect the overall amplitude,
while pulse broadening mechanisms such as transmission line dispersion and material
dispersion will affect the overall frequency response. The most important practical issue
is, however, the RC response time for each PC gap. The electrical response time

associated with each switch must be made sufficiently small to allow the transient
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response of the structure to fully form the counter-propagating THz waveforms.

To design and build a successful FWG, it will be necessary to fully understand the
relationship that exists between the PC excitation process and the formation of the
voltage transient. To gain this understanding, the model shown in figure 2.5.1.2 is
employed. Here, the structure is rendered as a series-connection of PC gaps and
transmission line segments—each of which is alternately biased at +V}. The conduction
current and displacement current through each gap (shown in detail in the figure inset)
are represented by the time-varying gap conductor, Gg(f), and the gap capacitor, C,
respectively [35]. Operation of the device relies upon the time-evolution of the gap
conductance elements which, under optical illumination, modify the reflected, v,(¢), and
the transmitted, v(f), waveforms. Given an incident waveform, v,(¢), for each PC gap and

a transmission line impedance of Z, the current continuity equation,

vi(t);ovr(t) - Cg d‘;}ft) d‘:i( )+ G (t)[v (t) +v (t) Y ([)] Vi (:) R (2.5.1.1)

is found. From this, the simultaneous differential equations,

dv (t) _

—==0, (2.5.1.2)
w1 GO o 25.13)
d |2z, C, 27,C,” T

and

(2.5.1.4)

dv,(t)+[ ! +Gg(t)} P00
t C ]

a |2Z,C, C, ]

are determined for the incident, reflected, and transmitted waveforms, respectively.

Finally, by approximating the time-varying conductance across each gap as the step-
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Figure 2.5.1.2 The experimental layout for the FWG. The model is shown for one of the

PC gaps in the inset. Each PC gap responds to the optical excitation with incident, v(¢),
reflected, v (f), and transmitted, v (¢), waveforms.
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response,

0, t<0
= 2.5.1.5
G {G , 120’ ( )

g

the incident, reflected, and transmitted waveforms for each gap are found to be [35]

v,(t)= V";‘f L (2.5.1.6)
W 6)= Vg, 1422,G, exp(~t/7) 251
’ 2 1+22,G,
and
Vag: 2Z,G,
SHE 1—exp(— 2.5.1.8
== Tz e/l (25.1.8)

where Vg is the difference between the initial voltage to the left of the i™ gap and the
initial voltage to the right of the i gap. Here, the RC time constant for the switching

process is defined as

-1
G
A (2.5.1.9)
27,C, C,

To simplify the analysis, the complete voltage response is expressed as the superposition
of the initial stationary wave on the transmission line,

(0, x<-2L,,

+V,, =2L;,,<x<-L,,
-V,, -L,,<x<0
+V,, 0<x<L,,

-V,, L,,,<x<2L,;,
0, x>2L,,

vstationary (x’ t) =19 s (2.5. 1 . 10)

and the forward and reverse waves produced by each individual PC gap. Here, the first,

second, third, fourth, and fifth PC gaps (located at x; =-2Ly, x2 = -L2, x3 = 0, x4 = Ly,
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and x5 = 2L,;;) are characterized by initial voltage differences of Vug; = -Vi, Va2 =
2Vy, Vagzs = -2V, Vags = +2Vs, and Vags = -V3, respectively. Using these terms, the

forward and reverse traveling waves produced by the i PC gap can be expressed as

)=V ZOG‘g
Ve, (X 8)=V, X| ———|%
Jord W4 2Z,G,

0, [t_(x—xi)Js—eﬁT/c]<0 (2.5.1.11)
{l—exp{f[t—(x—x,-)@/cl/r}}, [t-(x_xi)\/g—e]f'/c]zo

and

-Z,G,
Vyew (:8) = Vo) X| == X
’ T 1+2Z,G,

2.5.1.12
0, [t+(x—xi)1/86ff /c]< 0 ( )
{1—exp{— [t+(x—x,. ,[f:eﬁr /cl/r}}, [t+(x—x,. )«/&ff /c]z 0
respectively, for an effective dielectric constant on the transmission line of &4 The
overall voltage waveform on the transmission line is found, finally, by linear

superposition to be

5 5
v(x, t) =V yationary (x, t) + Z Y for (x, t) + ZV,M (x, t) . (2.5.1.13)
i=1 i=1

Results for this FWG theoretical model are shown in figure 2.5.1.3; details on the
numerical solution of equation 2.5.1.13 are shown in Appendix F. The voltage is shown
as a function of the spatial dimension, x, at various points in time, and PC gap parameters
of Zy=100 Q, G, =10 Q™!, C, = 0.1 pF, and n.;= 3 are incorporated into the model. The
transformation of the initial DC standing wave into two counter-propagating RF traveling
waves is readily apparent in the figure. For the L;, = 50 pm half-wavelength

transmission line segment length used in the simulation, the period of oscillation for the
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Figure2.5.1.3 The FWG waveforms predicted by the model for PC gaps defined by C,= 0.1
pF,G,=10Q",and Z,=100 Q.
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waveform is found to be 1 ps (corresponding to a central frequency response of 1 THz).
In addition, the large gap conductance and small gap capacitance together allow the two
traveling waves associated with this simulation to be accurate replicas of the initial
standing wave on the transmission line (simply scaled by one-half). As a comparison,
simulation results are presented in figure 2.5.1.4 for the case where the gap capacitance
has been increased to C, = 10 pF. It is readily apparent from this new figure that the two
counter-propagating RF waves no longer resemble the original DC function. The
increased response time for each gap has smeared the rising and falling edges across the
waveforms and decreased the amplitude of the transient to a value that is substantially
less than one-half the bias voltage. Clearly, to design and build a FWG with both a high
frequency response and a large voltage amplitude, it will be necessary to generate the

voltage transients on a sufficiently short timescale.

2.5.2 Experimental Framework

The principal objective of this section is to extend the operation of the FWG to the THz
regime. The schematic for such a device is shown in figure 2.5.2.1(a) [18]. The FWG
microcircuit is fabricated using standard photolithographic techniques with 50/150 nm
Ti/Au metallization on a 600 pm thick semi-insulating (10’ Q-cm) GaAs substrate. Four
20 pm wide bias electrodes and five 30 um wide PC gaps bridge the 230 um long gap in
the coplanar transmission line—which is, itself, composed of two 20 pm wide metal lines
separated by 20 um. To activate the device, the FWG electrodes are alternately biased at

+V}, and the optical pump beam is simultaneously focused onto each of the five PC gaps.

The resulting experimental setup is shown in figure 2.5.2.1(b).
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Figure 2.5.1.4 The FWG waveforms predicted by the model for PC gaps defined by C,= 10
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Figure 2.5.2.1 The (a) schematic for the PC FWG and the (b) overall experimental layout for
the generation and detection system. Optical excitation is carried out across all of the PC
gaps, and sampling occurs on the coplanar transmission line (with the LiTaO, EO probe).
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To measure the temporal features of the ultrafast transient on the transmission
line, the time-resolved pump-probe scanning system described in section 2.2 is employed.
Here, a 100 mW pump beam is focused onto all of the PC gaps in the FWG to generate
the voltage waveform, and a 20 mW probe beam is directed into the LiTaO3; EO probe to
sample the voltage waveform. By scanning through the temporal delay between the pump
and probe pulses and monitoring the polarization phase retardation of the probe beam, a
time-domain representation of the electrical signal on the coplanar transmission line is
constructed. To lower the noise levels in the system and enhance the experimental
sensitivity, the high-frequency (3 MHz) electronic mixing and differential lock-in
detection techniques described in Appendix C are employed. The high-frequency biasing
arrangement is modified slightly, however, to accommodate the fact that the alternating
electrodes require opposite polarities. In this case, the positive electrodes in the FWG are
biased directly from the signal source (giving an effective bias voltage of +10 V/.;), while
the negative electrodes in the FWG are biased through a 1:1 transformer (giving a 180°
phase shift and an effective bias voltage of -10 V,.;).

Typical time-domain results for EO sampling at a distance of 400 pm from the
FWG are shown in figure 2.5.2.2(a). The figure shows four prominent voltage peaks of
alternating polarity spanning a time interval of 6.4 ps. The amplitude of these voltage
peaks decreases steadily with time such that the second positive peak amplitude is one-
third of the first positive peak amplitude. This decaying amplitude is due to multiple
electrical reflections from the impedance mismatch between the transmission line
segments and the photo-excited gaps as the pulse train propagates through the FWG

segments. Portions of the voltage waveform that are generated furthest from the point of
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Figure 2.5.2.2 The (a) time-domain THz electrical waveform and (b) spectral intensity
produced by the PC FWG. Sampling occurs 400 pm from the FWG.
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sampling will undergo the largest number of reflections and suffer the greatest
attenuation. Similar reflection effects are witnessed in low-frequency FWG experiments
with two or more froze wave cycles [59], [60].

The signal in figure 2.5.2.2(a) shows two 2.5 ps voltage cycles. The 0.4 THz
central frequency associated with this period agrees approximately with the central
frequency of the spectral intensity curve shown in figure 2.5.2.2(b). Since the waveform
is generated in a spatially periodic structure, of which a significant length consists of an
optically generated plasma, the corresponding wavelength is expected to differ
significantly from that of a standard dielectric-loaded transmission line. Using an
effective dielectric constant of 12 and a wavelength of 100 um, standard dielectric-loaded
transmission line analysis [58] would suggest that the full-wave period is approximately 1
ps, corresponding to a central frequency of 1 THz. The large difference between this
predicted central frequency and the measured central-frequency of figure 2.5.2.2(b)
makes clear that this array of PC switches acts very differently from a standard
transmission line of similar dimensions. Moreover, the presence of material dispersion in
the substrate and modal dispersion on the transmission line are expected to broaden the
temporal characteristics of the waveform (in the same way that these processes affected
the waveforms on the coplanar transmission line of section 2.4).

The EO sampling results presented thus far have focused on transmission line-
coupled voltage waveforms. Numerous obstacles to the transmission of these high
frequency signals do exist, however. As mentioned above, dispersive effects, such as
modal dispersion [45], [46], [52], are known to broaden the duration of the waveform,

while radiative and material losses [53] decrease the overall amplitude. To minimize
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these pulse dispersion and signal attenuation effects, time-resolved sampling experiments
are often conducted within close proximity to the point of PC generation. This constraint
does, however, pose numerous practical limitations to high-frequency applications
(where THz signal propagation beyond a few millimetres is often required). To overcome
the adverse effects of high-frequency THz signal propagation on transmission lines,
therefore, the current FWG design is incorporated into an intra-chip broadcasting setup.
This alternative transmission technique transmits the FWG waveforms by coupling them
to the pair of resonantly-excited dipole transmitter-receiver antennas shown in figure
2.5.2.3(a). The 160 um long dipole transmitter is coupled to the coplanar transmission
line at the output of the FWG, while the 160 pm long dipole receiver is positioned at a
distance of 400 um from the transmitter. To measure the received electrical transient, the
LiTaO; probe is positioned over the dipole receiver for EO sampling. The overall test
structure is shown in figure 2.5.2.3(b).

Typical EO sampling results for the FWG broadcasting setup are shown in figure
2.5.2.4(a). The timescale for this figure is adjusted so that the zero-time correlates with
the time at which the electrical signal arrives at the transmitting dipole. Though several
features are evident in the figure, the most prominent characteristic is the two-cycle
bipolar THz oscillation commencing at 15 ps (shown in detail in figure 2.5.2.4(b)). This
15 ps time interval corresponds to the time it takes the THz radiation pattern to reflect off
the back-side of the GaAs substrate and be picked up by the receiver [61]. For a 600 pm
thick substrate and a transmitter-receiver separation of 400 pum, this propagation distance
is in the near-field regime—a point that is supported by the fact that the received signal in

figure 2.5.2.4(b) is a scaled replica of the transmitted signal in figure 2.5.2.2(a) [62].
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Figure 2.5.2.3 The (a) integrated dipole transmitter-receiver pair and the (b) overall
experimental FWG generation and detection system.
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An important point related to the broadcasting characteristics of dipole antennas
on dielectric half-spaces is that they cannot be made to radiate far-field electric field
components along the plane of the dielectric [63]. In comparison, though, near-field
waves can be made to transmit along the surface [61]. These near-field surface patterns
propagate as two independent waveforms: one that travels through the air and one that
travels through the substrate. The difference in refractive index between these two media
will introduce a time-delay between the arrival of the surface wave in the air and the
arrival of the surface wave in the dielectric. A closer inspection of figure 2.5.2.4(a) does,
indeed, show the presence of time-varying waveforms before the arrival of the waveform
at 15 ps. Given a propagation distance of 400 um between the transmitter and the
receiver, the near-field surface waves in the air and the GaAs substrate are seen to arrive
at times of 1.3 ps and 4.8 ps, respectively. The overall time-domain waveform is the
superposition of these two near-field patterns and the reflected THz pattern.

The ability of the dipole transmitter and receiver to broadcast and detect the FWG
signals is based largely on the resonance response of the antenna design. By using a
dipole transmitter-receiver pair with a half-wave resonance peak at the central frequency
of the FWG signal, for example, it is possible to optimize the signal transmission
characteristics of the system. The 160 um long dipole antennas shown in figure 2.5.2.3(a)
are characterized by a free-space half-wave resonant frequency of £, = 0.92 THz. This
resonant frequency is modified, however, by the presence of the GaAs half-space below

the antenna. To estimate this modified value, the effective resonant frequency,

S (2.52.1)
Eo

-feﬁ":\/—

is calculated for the system, using a weighted average for the effective dielectric constant,
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£y = (8—51) (2.52.2)

Given a dielectric constant of g = 13.1 for the GaAs substrate, the effective resonant
frequency for the dipoles is predicted to be fop = 0.35 THz [64]. The similarity between
this resonant frequency and the 0.36 THz peak frequency of figure 2.5.2.2(b) suggests
that the 160 um dipole length is well suited for the FWG transmission system. To verify
this, the spectral intensity of the received FWG waveform (shown in figure 2.5.2.4(c)) is
calculated and compared to the frequency response of the generated FWG waveform.
Though the spectrum of the received waveform is similar in form to the spectrum of the
transmitted waveform, the peak value is shifted downward by 50 GHz, indicating that the
dipole resonance occurs at a slightly lower value than predicted. This downward shift in
the resonant frequency has been observed in other centre-fed dipole investigations,
however, and is attributed to bias line termination effects in the antenna (as opposed to
end-fed dipole antennas where little downward resonant frequency shifting is observed)

[64].
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3.1 Background

The concept of PC switching was introduced in Chapter 2.0 through the techniques of PC
self-switching and PC frozen wave generation. It was shown that THz electrical
waveforms could be generated on both microstrip and coplanar transmission lines with
these techniques. It is interesting to note, however, that the generation process behind the
formation of these ultrafast electrical waveforms will also result in the generation of free-
space THz transients in the far-field regime of the PC device. Indeed, the acceleration of
semiconductor charge carriers in the biased PC gap produces a time-varying photo-
current, which, in turn, leads to a far-field THz waveform. The amplitude, shape, and
duration of this THz transient is, therefore, intimately linked to the charge carrier
dynamics in the semiconductor electron-hole plasma.

The idea of using PC switching [1] to generate free-space THz waveforms was
first put to the test by Mourou et al. in 1981 [2]. By applying the ultrafast switching
principles of PC excitation to the goal of X-band gigahertz signal transmission (with
microwave dipole antenna transmitters and receivers) [3], the researchers were able to
generate and detect the THz transients over distances much greater than the emission
wavelength (the transients are, therefore, defined as far-field radiative THz emission).
Since this pioneering work, efforts at PC free-space THz generation have continued,
being motivated largely by a desire to produce electromagnetic transients with shorter
pulse durations, broader bandwidths, and larger amplitudes. A major advancement in this
drive was the successful integration of the PC generation process and the THz emission
process into one device by Auston et al. in 1984 [4]. These researchers showed that THz

electromagnetic pulses could be radiated directly from the PC medium, eliminating the
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need for microwave antenna transmission structures. Pulse broadening and signal
attenuation effects that are associated with the transmission line structures and dipole
radiators are, therefore, no longer present. Instead, the acceleration of electrons and holes
in the semiconductor itself produces a time-varying photo-current whose ultrafast
response leads to far-field THz radiation (the PC response of the semiconductor need not
be on an ultrashort timescale, however, as the profile of the THz waveform in the far-
field is prescribed by the time derivative of the photo-current). Using this direct
technique, it was shown by Auston et al. [4], that freely propagating 1.6 ps
electromagnetic waveforms could be generated and detected on opposite sides of a 1 mm
thick alumina substrate. Since this time, investigations into direct PC THz emission have
continued, driven by a desire to produce increasingly large THz powers. To date,
researchers have been able to generate free-space THz beams with average powers up to
40 pW by simply increasing the size of the PC THz emitter, the bias voltage across the
PC gap, and the intensity of the optical pump pulse [5].

It is important to note that, in addition to PC THz generation schemes, other THz
emission techniques do exist. Of these alternative techniques, nonresonant free-space
THz generation has become quite popular. Nonresonant free-space THz generation
schemes, unlike PC THz generation, do not rely upon resonant absorption and free carrier
generation in semiconductors. Instead, these techniques make use of the exceedingly high
peak powers associated with ultrafast laser sources to initiate a nonlinear polarization
response in crystalline media [6]. Optical rectification, for example, is a nonlinear mixing
technique that makes use of a second-order EO medium [7]. Upon illumination, the

second-order nonlinear polarization of the crystal responds with both a second-harmonic
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response (at twice the frequency of the optical pump beam) and a quasi-static (optical
rectification) response [8]. The use of a pulsed laser source, in this case, truncates the
duration of the quasi-static nonlinear response, however, forming a subpicosecond (THz)
electromagnetic transient whose electric field closely follows the intensity envelope of
the incident optical pulse. Ultra-broadband electromagnetic pulses with frequency
components up to 41 THz have been generated using this technique [9].

Nonlinear THz generation schemes such as optical rectification are able to
produce electromagnetic transients with ultrashort pulse durations and extremely broad
THz bandwidths. These techniques are, however, limited in their ability to be scaled to
large amplitudes. Unlike PC THz generation (where the spot size and intensity of the
pump beam can be simply increased to amplify the THz power), optical rectification is
fundamentally limited to pump powers below which free carrier absorption occurs. Under
high enough optical fluences, large-bandgap nonlinear materials (such as ZnTe) will
liberate electron-hole pairs through two-photon absorption. This will, in turn, screen the
nonlinear THz polarization response of the medium. For this reason, nonlinear mixing
techniques such as optical rectification are most commonly employed in THz
applications requiring large THz bandwidths (such as charge carrier pump-probe
dynamical studies) [10], while PC generation processes are most commonly employed in
THz applications requiring large THz powers (such as THz-ray imaging [11] and time-
domain material spectroscopy) [12].

The work that follows in this chapter will continue the development of PC THz
emitters. After a brief introduction to the free-space THz generation and detection

experimental system employed in this investigation (section 3.2), some of our recent
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work [13] related to the theoretical and experimental aspects of a ZnSe THz emitter will
be introduced (in section 3.4) and compared to that of a conventional GaAs THz emitter
(in section 3.3). It will be shown that the use of a ZnSe PC medium allows for the
production of THz pulses with both a large amplitude (through scaling of the bias field)
and a wide THz bandwidth (through the use of ultrafast two-photon absorption).
Furthermore, it will be shown through some of our recent work [14], that both crystalline
and polycrystalline ZnSe can be used for the efficient detection of free-space THz
radiation (section 3.5). The large EO coefficient, small THz-probe group velocity
mismatch, and ease of substrate fabrication make these ZnSe sensors particularly

attractive for the detection of free-space THz transients.
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3.2 The Generation and Detection System

Much like the THz electrical transients generated in Chapter 2.0, the free-space THz
waveforms produced in this section are generated by optical excitation of a biased PC gap
and detected by an EO crystal. Unlike the previous section, however, the photo-generated
waveform does not propagate on a transmission line structure. Rather, it is made to
radiate directly into free-space, where it is sampled in the far-field by a free-space EO
detector. As with the THz electrical waveforms, time-domain images of these free-space
THz waveforms are formed through the use of a time-resolved generation and detection
process incorporating both an optical pump beam and an optical probe beam. By varying
the relative delay between the THz excitation mechanism (initiated by the pump pulse)
and the EO sampling process (initiated by the probe pulse) the time-resolved THz
waveform is measured.

The complete layout for the time-resolved system is shown in figure 3.2.1. The
relative time-delay between the pump and probe beams is set by the pump beam, whose
arrival time is controlled by the pico- and‘femto-motor delay lines. The larger pico-motor
translates forward in 12 pum steps, providing a coarse 80 fs resolution for the scan, while
the femto-motor translates forward in 70 nm steps, providing a fine 0.463 fs resolution
for the scan. The use of both a coarse delay line and a fine delay line, in this case, allows
for a rapid determination of the zero-time with the pico-motor and a fine temporal
resolution with the femto-motor.

The experimental setup for the generation and detection of free-space THz
waveforms must be able to efficiently couple the emitted radiation from the THz source

into the EO sensor. Moreover, the setup must allow the radiated THz beam to travel from
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Figure 3.2.1 The complete time-resolved setup for the generation and detection of free-
space THz radiation. The main beam from the laser is split into the pump and probe beams by
the first beamsplitter. The optical delay for the time-resolved scans is provided by the pico-

and femto-motor delay arms. A detailed schematic of the free-space THz setup is shown in
figure 3.2.2.
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the generator to the detector without passing through highly absorptive or highly
dispersive optical elements. To accommodate these constraints, the experimental setup
shown in figure 3.2.2 is implemented. Initiation of the free-space THz generation process
is accomplished by focusing the optical pump pulse onto the PC THz emitter. The
resulting photo-induced carriers are then accelerated by an externally applied bias field.
To facilitate high-frequency lock-in detection, a square-wave bias voltage signal at a
frequency of 54 kHz is used (rather than a DC voltage). In doing this, the large acoustic-
frequency and laser noise levels associated with low-frequency laser measurements are
avoided, and the signal-to-noise ratio of the system is increased. The resulting THz
radiation that is emitted from the PC gap is collected and collimated next by a 5 cm focal
length, 5 cm diameter (f/1.0) parabolic mirror. The THz beam is then overlapped with the
near-infrared probe beam by way of a 1” diameter, 2 um thick pellicle beamsplitter, and
the two beams are focused by a second 5 cm focal length, 5 cm diameter (f/1.0) parabolic
mirror onto the THz EO detector.

The THz detection process incorporated in the experimental setup is based upon
the second-order EO nonlinearity in non-centrosymmetric materials. Indeed, by passing
the co-propagating THz and probe beams through an electro-optically-active crystal, the
magnitude of the THz electric field can be mapped onto the polarization state of the
probe [15]. This THz-induced birefringence is measured subsequently, by directing the

probe beam into a quarter waveplate and wallaston prism pair (identical to the

polarization-sensitive detection system incorporated in section 2.2). Here, the slow axis
and the fast axis of the quarter waveplate are aligned at a 45° angle off the incident probe

polarization, and the two transmission axes of the wallaston prism are aligned parallel
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Figure 3.2.2 The setup for the generation and detection of free-space THz radiation. The
pump beam excites the PC switch, generating THz radiation. A confocal arrangement of
parabolic mirrors overlaps the THz beam with the probe beam and focuses them into the EO
crystal.
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and perpendicular to the incident probe polarization. With the measurement optics
oriented in this way, the degree of polarization ellipticity of the probe (and therefore the
probe power difference between the orthogonally-polarized beams exiting the wallaston
prism) remains linearly proportional to the magnitude of the THz electric field [16].
Finally, the probe power difference between the beams exiting the wallaston prism is
monitored by two Si photodetectors (Vishay Telefunken, Si PIN Photodiodes, BPW34).
The resulting photo-currents are electronically differenced and then amplified (47000
V/A) by the transimpedance amplifier shown in Appendix G [5]. The resulting THz
signal is then filtered by a Stanford Research Systems SR560 low-noise preamplifier and
a Stanford Research Systems SR830 DSP lock-in amplifier and recorded by LabVIEW
software on a personal computer.

To implement the THz generation and detection system described above, the far-
infrared THz beam must be aligned precisely with the optical path of the near-infrared
probe beam—a point which is further complicated by the fact that the far-infrared THz
beam is not visible to the naked eye. To overcome these alignment issues, the biased THz
emitter is temporarily removed from the system, and the microscope objective is
positioned in a confocal arrangement with the first parabolic mirror (this allows the
optical pump beam to pass through the system, tracing the path of the THz beam). Using
this modified optical system, the first parabolic mirror and the pellicle beamsplitter are
positioned to provide near perfect overlap between the collimated pump beam and the
probe beam. Having achieved this, the two beams are focused onto a CCD array by the
second parabolic mirror, and the alignment of this mirror is optimized while the image at

its focal plane is monitored. The entire system is aligned when the CCD image shows that
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the pump and probe spots are both minimized and perfectly overlapped.

While the alignment procedure described above seeks to provide precise spatial
overlap between the pump and probe beams, it is equally important to provide a temporal
overlap between the pump and probe pulses (as the time-resolved process used to map the
time-domain THz waveform is based upon the relative delay between the pump and
probe pulses). To measure this zero-time for the system, the time-base calibration arm
shown in figure 3.2.2 is employed. This calibration arm samples the pump and probe
beams as they pass through the pellicle beamsplitter and focuses them onto a GaAsP
photodiode. The bandgap of the GaAsP semiconductor used in the detector (E; = 1.8 eV)
is large enough that two 1.5 eV photons are required to complete the transition from the
valence band to the conduction band. The two-photon photo-current generation process
initiated by this nonlinear interaction (described in detail in Appendix H) produces a
time-resolved optical correlation between the pump and probe pulses—the maximum
value of which gives the zero-time for the system. To finalize the THz setup, the pump
delay line is positioned at this zero-time, and the THz emitter and EO detector are

returned to their respective positions in the setup.
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3.3 GaAs Photoconductive Terahertz Emitters

3.3.1 Theoretical Framework

PC generation of free-space THz radiation is fundamentally based upon the acceleration
of semiconductor charge carriers. When an ultrashort optical pulse strikes a biased PC
gap, the photo-generated electrons and holes accelerate in the externally applied electric
field, and the resulting time-varying current produces THz radiation. If the PC generation
mechanism is fast enough—on a subpicosecond timescale for instance-the frequency
content of the radiated field can span into the THz frequency-domain. To obtain a high
THz bandwidth and a large signal level, THz radiation sources often employ a semi-
insulating GaAs substrate for the PC medium [S]. The high carrier mobility (3000
cm?/V-s) and large dark resistivity (107 Q-cm) of this semiconductor make it an attractive
candidate for the generation and acceleration of the photo-induced charge carriers.
Consequently, the experimental testing and optimization procedures carried out in this
section study the operation of a conventional GaAs PC THz emitter.

To fully realize the potential of the GaAs PC THz source it is important to have a
fundamental understanding of the physical processes behind the charge carrier motion in
the substrate and the THz radiation in the far-field. As such, a model of the temporal and
spatial charge carrier dynamics in the PC THz emitter is developed. The layout for the
model is shown in figure 3.3.1.1. Here, photo-excitation of the biased PC gap is initiated

by the optical pump pulse, whose intensity,

I0e,t) = 22 expl- 41n2(r —1, } o2 Jexpl- 4tn2(x -, /2] (.3.1.1)
T

p

is a function of the pump energy fluence, E,, the optical pulse duration, 7, = 100 fs, the
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Figure 3.3.1.1 The schematic for the GaAs PC THz emitter. The optical pump pulse
illuminates the entire PC gap, generating an electron-hole plasma. The subsequent
acceleration of charge carriers produces the THz beam.
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pump pulse arrival time, 7, = 0 ps, the pump spot diameter, x, = 100 pm, and the pump
beam centre, x, = 50 um. Excitation by the pump pulse generates a surface distribution of
electrons, ny(x,f), and holes, p; (x,), in the semiconductor. The generation and subsequent

acceleration of the electrons and holes follows the relations

on, (x,1) _ (1 _R)I(x t)+16kn (x,1)

33.1.2
ot hv e Ox ( )
and
_ ok (x,
ap,(x1) _(1=R) I(x,,)_l_p(_"i), (33.1.3)
ot hv e ox

respectively, where R = 0.319 is the reflectivity of the GaAs substrate, e is the electronic
charge, 4 is Planck’s constant, v = 375 THz is the central frequency of the optical
photons, k,(x,f) is the electron surface current density, and k,(x,f) is the hole surface
current density [17]. The units of ny(x,f) and py(x,?) are cm, while the units of k,(x,f) and
ky(x,f) are Cs'-cm™. Being that the hole mobility in GaAs (1, = 400 em?/V-s) is
substantially lower than the electron mobility (14, = 3000 cm?/V-s), the hole surface
current density is assumed to be negligible for this investigation (ky(x,f) = 0). As such,

equation 3.3.1.3 is simplified and solved algebraically to give a surface hole distribution

of

p(x,1) = ——”—Q;R—)Ep {1+e7f{@£ﬁﬂ

16In2 hv 7,
3.3.1.4)
{—4ln2(x—x0)2il
X exp > .
Xp

Next, the electron surface current density, k,(x.f), is coupled to the electric field within

the PC gap, E(x,f), by matching the forward-traveling THz electric and magnetic fields in
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the GaAs substrate,
E\(%,2,t)= Eq (x,1)explil@ t - k2 )t (33.15)
and
El(x,z,t)=£n—(x—’t—)‘/—;_’—exp[i(w t—klz)l)"/, (3.3.1.6)
c

to the backward-traveling THz electric and magnetic fields in the air,
E, (x, z,t) =E, (x,t)exp[i(a) 1+ kzz)lQ (3.3.1.7)
and

B,(x,2,t)= —_—EE(—x’Qexp[i(a) r+ kzz)lf/ , (3.3.1.8)
c

with the appropriate boundary conditions. Matching the tangential electric fields and the

tangential magnetic fields at the z = 0 surface yields

Ey (x,t) = Ey,(x.t) (3.3.1.9)
and
Bxz=01) Bz=01)_, (r,1)ix 2, (3.3.1.10)
Hy Ho !

respectively. Equations 3.3.1.5-3.3.1.10, together, can be expressed as

E, (x, t)(l + \/Z): — ek, (x,t) =—U,ci en, (x, t)[E01 (x, t)+ E(x,t)]. (3.3.1.11)
Here, c is the speed of light, @ is the frequency of the THz waves, k; is the forward
traveling wavevector in the GaAs substrate, k is the backward traveling wavevector in
the air, 4y is the permeability of free-space, and & = 13.1 is the dielectric constant of
GaAs [15]. By solving for Ey;(x,f) and inserting it into the expression above for k(x,t),

the electron surface current density is found to be [17]
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k (x,1) = —Laemsl )l t) (33.1.12)

1+ (1 + \/Z )_1 Hecun, (x,t) .

Equation 3.3.1.12 demonstrates that large surface electron densities can saturate the
current in the PC gap if the second term in the denominator becomes sufficiently large.
This near-field THz screening mechanism arises from the fact that the direction of the
THz electric field in the semiconductor, El (x, z,t), is in the opposite direction to the
applied bias field; thus a large THz field can counteract the applied bias field. By exciting
with increasingly large electron densities, this THz screening mechanism becomes more
pronounced, and the magnitude of the THz radiation becomes saturated.

For the next step, the internal charge carrier dynamics of the semiconductor are

tied to the time-varying field in the PC gap through the application of Poisson’s equation,

6E(x,t)_ e 3
i) [ o)) G3.113)

Here, 6= 0.74 pm is the penetration depth of the 800 nm optical radiation [18], and &, is
the permittivity of free-space. As with the near-field THz screening mechanism described
above, Poisson’s equation demonstrates that large electron-hole densities can also shield
the external bias field. The acceleration of electrons and holes in opposite directions
produces an internal field within the semiconductor in a direction opposite to that of the
applied field. At high carrier densities this space-charge screening mechanism limits the
overall photo-current in the gap and saturates the amplitude of the emitted THz radiation.
For maximum efficiency, therefore, it is important to keep the THz emitter operating in a
regime that is not limited by near-field THz screening or space-charge screening.

As a final step in the analysis of the PC THz emitter, the internal charge carrier

dynamics in the semiconductor are related to the THz electric field strength in the far-
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field. This is done by summing the far-field radiation produced by the time- and space-
varying electron surface currents within the PC gap. The resulting THz electric field can

be expressed as [17]

ETHz (Z t)=

jk (x,1)dx , (3.3.1.14)

47[8 ¢’z dt

where L, = 100 pm is the width of the gap in the y direction, L, = 100 pm is the length of
the gap in the x direction, and z is the propagation distance of the THz far-field pattern.

To implement the theoretical model, equations 3.3.1.1-3.3.1.4 and 3.3.1.12-
3.3.1.14 are solved numerically for the far-field THz electric field, Erg.(z,f), given a bias
field strength of E, = 2 kV/cm. The results are shown in figure 3.3.1.2, while the
numerical method employed in solving these equations is described in detail in Appendix
I. At the lowest pump energy fluence (E, = 0.016 pJ/cm?) a unipolar THz waveform is
witnessed. The fact that the far-field THz pattern is related to the PC current through a
temporal derivative suggests that, in this case, the electron surface current density, k.(x,?),
follows a step-like response and is, therefore, proportional to the surface electron density,
ny(x,f) (which is itself step-like in nature due to the long carrier lifetime in semi-insulating
GaAs). Evidently, for a low photo-injection regime such as this (with a surface charge
carrier density of only #, = 5 x 10'* cm™), the strength of the induced space-charge field
is minimal, and the carriers accelerate under a constant bias field—suggesting that little
space-charge screening is introduced in the emitter.

To investigate the relationship between the pump energy fluence and the shape of
the THz waveform, E, is increased to 0.40, 0.80, 3.18, and 25.5 pJ/cm?. The resulting

free-space THz pulses calculated from the model are shown in figure 3.3.1.2. It is readily
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Figure 3.3.1.2 Normalized theoretical time-domain waveforms for the GaAs PC THz
emitter, given pump energy fluences of 0.016, 0.40, 0.80, 3.18, and 25.5 pJ/cm’. The PC
gap and pump spot diameter are 100 pm wide, and the model includes both space-charge
and near-ficld THz screening.
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apparent from the figure that increasing the pump energy fluence significantly changes
the shape of the waveform. In going from an energy fluence of 0.016 pJ/cm® to an energy
fluence of 25.5 ul/em?, the overall THz waveform evolves from its original unipolar
profile to that of a bipolar profile. This evolution suggests that the current within the PC
gap no longer takes the form of a simple step-like response. Instead, a process of
acceleration and deceleration is incurred as the photo-injected carriers are accelerated by
the bias field then decelerated by the induced space-charge field. In this way, the space-
charge screening effect counteracts the applied bias field and decreases the current within
the PC gap [19]. The resulting THz far-field pattern—which is related to the derivative of
the current in the gap—shows a bipolar structure with both a positive lobe (due to the
initial acceleration) and a negative lobe (due to the subsequent deceleration). At the
highest energy fluence, E, = 25.5 ui/em?®, this carrier screening process becomes
pronounced, and the bipolar nature of the THz waveform becomes quite prominent.

The screening mechanisms induced at high carrier densities affect the amplitude
of the resulting THz waveform as well as its overall shape. This point is illustrated by
figure 3.3.1.3, which shows the peak-to-peak THz amplitudes as a function of the
incident pump energy fluence. At pump fluences below 0.8 pJ/em?, the response to an
increasing energy fluence is largely linear. The lack of space-charge screening and near-
field THz screening in this regime maintains the overall linearity between the pump
power, the carrier density, the surface current, and the emitted THz field strength. When
the pump energy fluence is increased beyond 0.8 uJ/cm?, however, the space-charge field
and the THz field begin to screen the external bias field. The presence of these screening

mechanisms manifests itself as both a transformation of the overall waveform profile and
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Figure 3.3.1.3 Calculated peak-to-peak THz amplitudes as a function of the pump energy

fluence for the GaAs PC THz emitter. The PC gap and the pump spot diameter are 100 um
wide, the bias electric field is £, = 2 kV/cm, and the model includes both space-charge and
near-field THz screening.
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