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Terahertz (THz) technology is still currently a rapidly developing area of research

with applications already demonstrated in the fields of biology [1, 2], medicine

[2–4], security [5–7], chemical/materials inspection [8–11] and astrophysics [12]

to name a few. The diversity of applications which require the generation and

measurement of THz or sub-millimeter (sub-mm) electromagnetic (EM) signals

is the result of the vast number of chemical elements and compounds which

exhibit molecular transitions and vibrational behavior that occur at frequency

ranges corresponding to the so-called “THz gap”, roughly defined as 0.05-10

THz. The THz gap was named as such because of the relative difficulty in

generating and analysing EM waves in this frequency band. This was due to the

inherent challenges in generating either electrical signals with response periods

below 1 picosecond (ps), or optical signals with wavelengths in the far-infrared

(FIR) range. High absorption of THz signals in atmosphere via absorption by

molecules such as H2O also impeded early developments and is a key issue in

THz systems even today.

There is now a wide variety of THz system solutions, each of which exhibits a

different set of operational advantages and limitations. Arguably, the most well-

established THz technique to date is based on the use of photoconductive anten-

nas (PCAs) driven by ultrafast pulsed or dual-wavelength laser systems. This

technique is the basis for the work presented in this thesis, which is an investi-

gation into the potential utilisation of quantum dot (QD)-based semiconductor

materials and devices in THz systems. This thesis discusses the work carried

out in the development of a novel class of PCA devices which were postulated
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to enable efficient optical-to-THz signal conversion, whilst also overcoming sev-

eral major limitations normally exhibited by PCA devices such as limited optical

wavelength pumping range and thermal breakdown. To summarise briefly, these

issues were addressed by considering: the additional pump absorption energy

ranges enabled by the inclusion of multiple bandgap-engineered semiconductor

materials and quantum-confined structures; the higher thermal conductivity and

hence pump tolerance exhibited by relatively high-quality (low defect) absorption

layers; and by simultaneously harnessing the ultrafast charge carrier modulation

exhibited by the integrated QDs. Additionally, some work was carried out using

QD-based lasers as pump sources, with the initial intention to explore the feasi-

bility of a fully QD-based THz transceiver system and draw some conclusions as

to the future potential for ultra-compact or even lab-on-chip THz systems, for

example. The outline of the thesis is as follows.

Chapter 1 discusses the development of optoelectronic techniques to date that are

relevant to the current state-of-the-art in THz systems engineering. The estab-

lishment of various EM signal generation and detection methods are discussed,

as well as modern and currently available THz system solutions with particular

emphasis on PCA-based techniques. The predominant laser systems which are

typically employed as optical pumps in THz systems are described, with some

emphasis on laser diodes (LDs) as some of the work presented here is based on

such devices. The relevant concepts in ultrafast semiconductor materials engi-

neering are introduced, and the current primary alternative THz systems based

on nonlinear crystals (NLCs) are briefly described.

Chapter 2 discusses the material and structural properties of InAs:GaAs QD-

based semiconductor heterostructures. In particular, the predominant struc-

ture growth method, energy structure engineering and charge carrier control

mechanisms are introduced with particular emphasis on their utilisation in LDs,

SESAMs and the THz PCAs used in this work. The details of the QD-based

semiconductor structures are presented, with some commentary on their poten-

tial performance as the active component in efficient THz PCA devices.

Chapter 3 gives an overview of the laser systems used in this work. This includes

discussion of the laser driving and control methods for both ultrafast pulsed and

continuous wave (CW) multi-wavelength systems. Applicable laser signal char-

acteristics are presented as well as the measurement techniques which are used to



ascertain the suitability of such signals for use as optical pumps in THz systems.

Results from setups designed as versatile, and in some cases novel, optical pump

systems are presented, with the goal of generating either: sub-ps pulsed optical

signals; tunable, narrowband dual- or multi-wavelength CW signals; or a ‘hybrid’

combination of the two regimes. The hybrid configurations were explored as the

demonstrable versatility of QD LD devices allowed significant scope for temporal

and spectral modulation of the optical output signal(s).

Chapter 4 presents the relevant details in the production and testing of PCA

devices for readiness in THz systems. This includes discussion of the QD struc-

tures’ design with regards to the optical pump signals that are used to drive

them. Furthermore, the design and integration of metallic microantennas is pre-

sented. Also presented are details of the experimental setups for the generation

of THz signals using the laser systems presented in Chapter 3 to drive the PCAs

developed in this work.

Chapter 5 presents the main experimental results obtained in testing of optical

systems and QD-based PCAs developed for this work. Three different detection

methods were used, including: a low-temperature bolometer system; a Golay cell

system; and a coherent emission/detection scheme utilising two PCA devices.

The pre-calibrated bolometer system was used as the initial reference for THz

power measurements, and as a reference for accurate THz power measurement

calibration thereafter. Results are presented from tests of systems comprising:

LD and Ti:Sapphire laser pumps; QD-based and commercially-available PCA

devices for reference; and a range of QD semiconductor structures and microan-

tenna geometries. Preliminary results from long-wavelength CW optical pumping

of QD-based PCA devices are presented. THz output powers up to around 1 µW

were achieved in 25-layer QD PCAs and the relevant device saturation effects are

discussed. Coherent systems were used to characterise the THz frequency perfor-

mance of QD PCA devices and results of early application in THz time-domain

spectroscopy (TDS) systems are presented.

Chapter 6 gives a summary of the work presented in this thesis and the respective

conclusions which may be drawn from the results. Advice on the further work

may be done in the development of QD-based THz PCAs is given, and the

potential future application and directions for QD-based THz transceiver systems

is discussed.
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Chapter 1

Introduction

“If I have seen farther than others, it is because I was standing on the shoulders

of giants.”

– Albert Einstein

1.1 The Emerging Terahertz Field

The discovery and exploration of EM radiation has been a continuous and wide-

spread scientific endeavour in the ‘modern’ sense since the early 19th century,

with William Herschel’s landmark investigation into the different “refrangibility”

(now refered to as refraction) of visible and infrared (IR) radiation from the sun

[13]. These tests were arguably the earliest characterisation of an IR radiation

detection system and were based on the refraction of sun light through a glass

prism and a set of thermometers placed in different colour bands in the refracted

spectrum. The thermal energy imparted to the thermometers in each band was

used as a measure of the fractional colour energy, and therefore the spectral

power, of the respective wavelength.

In the late 1880’s, Heinrich Hertz applied James Clerk Maxwell’s theories of

electromagnetic waves [14] to his work on the generation and detection of radio

waves, leading to the unit of frequency being named as the Hertz. His work on

electric and radio waves around 60 cm wavelength and the subsequent research

1
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into progressively shorter electrical wavelengths below 1 cm [15] could be con-

sidered the earliest efforts to approach the study of THz radiation, or sub-mm

waves, from EM frequencies below the THz gap. Conversely, the ongoing work

into IR radiation techniques included development of systems for the identifica-

tion of heat waves of 0.320 mm (320 µm) wavelength from a quartz mercury arc

in 1911 [16] – which represented the first steps into the THz gap from EM fre-

quencies above it. It was around this time that the THz gap came to be identified

as such, with EM radiation in this range even being described as “artificial or

purely products of laboratory manufacture” [17]. Figure 1.1 shows a reproduc-

tion of the EM spectrum described in the paper from 1923 that this quote is from

and the ‘new’ unexplored wave region indicated here is, incredibly, still roughly

accurate regarding today’s limited far-IR and mm-wave technology applicable to

the THz gap.

Importantly, Hertz’s work into radio wave techniques included the development

of relatively simple spark gap generators and antenna devices which became

extremely ubiquitous as electric wave sources. A basic circuit schematic is given

for the emitter device in Figure 1.2, which is recognisable as the commonly

employed “Hertzian dipole antenna”. The radiative element in this device is

the length of wire which is current-loaded by using the low-power direct current

(DC) source and induction coils to pass a high voltage pulse to the wire when

the switch is closed. Capacity spheres are used at the wire ends for tuning of

the resonant emission frequency. This method is still used today in antenna

device design and fabrication, albeit significantly more elaborate now with the

ubiquitous use of finely-tuned micro-antennas in integrated circuits. Hertzian

dipole physics is an integral part of modern THz antenna design, as is described

in Section 1.2.4 and applied later in Section 4.1.2 for this work.

The next main developments in sub-mm-wave technology were made during

World War II by British and American scientists. This included the improve-

ment of RADAR detection systems to operating frequencies into the K-band up

to around 24 gigahertz (GHz), primarily to improve the spatial resolution of the

systems. The efficiency of these systems as a ‘real-world’ application was reduced

considerably by the attenuation of EM signals at the water absorption frequency

around 22.3 GHz. This is perhaps the first identification of the major challenge in

sub-mm and THz systems of strong absorption during atmospheric propagation,



Chapter 1: Introduction
3

Figure 1.1: Early 20th-century representation of the known EM spectrum, in-
dicating the newly-accessed long-IR-wave/THz gap. Reproduced from Nichols,

1923.
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Figure 1.2: Circuit schematic of Heinrich Hertz’s spark-gap EM signal emis-
sion system.

which of course is still a major consideration in THz systems development to this

day. Another key development was made around the end of the war with the

use of a ‘klystron’ system to generate high-power cm-wave electrical signals via

electron-beam amplification of the 1 cm input signal. These signals were applied

to a crystal harmonic generator and the 5 mm (60 GHz) second harmonic signal

was used to measure the absorption of oxygen [18], as it was known at this time

to strongly absorb 60 GHz waves. Although Beringer was unable to tune the

device and map the absorption profile around this frequency, this may be the

earliest reported spectral analysis of a chemical conducted in the now commonly

recognised THz range.

Sub-cm-wave systems and spectroscopy rapidly became more popular and more

versatile in the years following the remarkable demonstrations made using klystron-

based systems. Notable methods for the generation and detection of far-IR radia-

tion developed from grating-based spectroscopy and thermopile detectors, which

were then made considerably easier with the invention of the Golay cell detec-

tor system [19]. As a point of interest, the Golay cell detector has undergone

considerable refinement since its first implementation and is now an important

tool in modern THz device testing – one such system is also used in this work,

as described in Section 5.2.

A further improvement in IR radiation detection was the invention of semicon-

ductor bolometer systems [20]. Although they were required to operate at liquid-

helium (LHe) temperatures, they offered signal detectivity around 10–100 times
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better than that of the room-temeprature Golay cell systems. They could also

operate with much more practical time constants, as the semiconductor detector

element could respond to incoming radiation and relax much faster than the gas-

based Golay cell system. A bolometer system is also used as part of this work in

the testing of novel THz emission devices, as discussed in Section 5.1.

The advent of lasers in the 1950’s led to the development of high-power, coher-

ent, sub-mm emission sources such as the hydrogen cyanide gas laser [21] and

water vapor laser [22]. These operated at 890 GHz (0.337 mm) and 2.54 THz

(0.118 mm), respectively, with multi-Watt peak powers. The disadvantage of

these systems was the very narrow spectral linewidth which cannot be tuned,

as is still the limitation of gas lasers in THz optoelectronics today. The excit-

ing developments made in the laser field actually slowed the progress in sub-mm

optoelectronics somewhat due to the subsequent widespread shift in project fund-

ing direction. However, important advances were still being made such as the

discovery of the Gunn effect in Gallium Arsenide [23] and the “impact ioniza-

tion avalanche transit-time” (IMPATT) oscillator [24]. Both of these methods

allowed the generation of electrical signals at frequencies up to 35 GHz at this

time and have since undergone considerable development. To date, these devices

have demonstrated reliable operating frequencies up to around 0.5 THz for both

IMPATT [25] and Gunn [26] diodes.

These developments and the work surrounding their inception essentially pro-

vided the technical foundations for the research we would now recognise as THz

optoelectronics. The most significant advancements in sub-mm-wave and THz

research was made shortly after in the fields of ultrafast lasers and semiconduc-

tors. Coherent light sources allowed the generation and analysis of CW and

pulsed EM signals at the ps and femtosecond (fs) regime, which subsequently en-

abled the development of ultrafast electronics. The application of ultrafast EM

signals to THz optoelectronics, insofar as the relevance to this work, is outlined

in the following sections.
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1.2 The Development of Modern Terahertz Sys-

tems

Both pulsed and CW THz optoelectronics research stems from the same fun-

damental work into materials which exhibit a component of nonlinear optical

response in the THz frequency range, or which can electrically respond over ultra-

short (picosecond or less) timescales. There have been many improvements in

the efficiency of these systems, as well as several completely different approaches

to the naturally difficult problem of generating signals within the THz gap. Pre-

dominant devices and methods of generating THz radiation to date include: ex-

ploitation of frequency conversion effects in NLCs (Section 1.2.2); emission from

gas lasers [21, 22, 27–34]; quantum cascade lasers (QCLs) [35–42]; high frequency

microwave electronics such as Gunn diodes and so-called uni-travelling-carrier-

photodiodes [43–47]; gyrotrons [48] and pulsed or CW photoconductive THz

antennas (Sections 1.2.4.1 and 1.2.4.2). These different approaches each have a

range of advantages and limitations, the details of which are generally outwith

the scope of this work – a summary of recent advances in research and patents

pertaining to these systems is given in [49]. This chapter discusses the two most

well-established methods of THz signal generation and detection driven by laser

systems: NL crystals and PCAs, with emphasis on PCA techniques because this

is the subject of this work.

The figures of merit in THz optoelectronics are typically considered to be the

optical-to-THz efficiency, the relative simplicity and dimensions (therefore the

general practicality), the operating temperature, the achievable output power

and the THz frequency tunability of the system or device. Improvement of these

aspects in each THz system is the motivation for research in the field. Early

work in THz optoelectronics was based on materials and devices driven by fs

optical pump signals generated by laser sources such as a Ti:Al203 (Ti:Sapphire)

or ring dye laser, discussed in Section 1.2.1. These systems are now capable of

performing TDS and imaging [50] for a range of applications including the secu-

rity [5–7] and biomedical [1–3] fields and the demand for the further development

of devices capable of analysing the information-rich THz spectral region has led

to the ongoing development of more compact, efficient and frequency-tunable

THz sources. A more in-depth overview of the relatively recent state-of-the-art
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in THz spectroscopy and imaging is given in [51], and such methods relevant

to this work is discussed in Section 1.2.4.1. The following section outlines the

principles of ultrashort laser pulse generation which enabled the development of

THz systems.

1.2.1 Ultrafast Lasers

There are several techniques which can be used to generate ultrafast pulsed

optical output signals from a laser system, including: gain switching [52], Q-

switching [53] and mode-locking [54]. The earliest and most prominent of these

is by mode-locking of the laser light within the cavity. This technique is generally

based on the spatial and/or temporal separation and recombination of a broad

range of laser light frequencies, and is discussed further in the following sections.

1.2.1.1 Mode-Locked Ultrafast Lasers

The initial demonstration of an ultrafast pulsed laser system in 1966, where 40

ps pulses from a mode-locked YAlG:Nd laser was reported [54]. The first demon-

stration of an ultrafast semiconductor LD was 12 years later when a 20 ps pulsed

GaAlAs LD was reported in 1978 [52], and demonstration of 5 ps passively mode-

locked pulses from a GaAlAs LD was reported in 1980 [55]. These were arguably

the most notable advancements in the acceleration of the ps optoelectronics field

in general. Advancement into the sub-ps arena was made with the demonstration

of a mode-locked dye laser that generated 200 fs pulses [56], and pulse stretch-

ing and compression methods using diffraction gratings and dispersion prisms

[57, 58] allowed the generation of even shorter fs optical pulses.

Mode-locking of gas or other solid-state laser types such as the Ti:Sapphire is

still conducted today in much the same way as it was around the time of their

first demonstration. The laser cavity itself is constructed with a certain length,

Lcavity, which determines the oscillation frequency of the circulating longitudinal

modes as described by the following equation:

fosc =
c

2nmedLcavity
(1.2.1.1)



Chapter 1: Introduction
8

Figure 1.3: Principle of mode-locking of multiple oscillating longitudinal
laser modes.

where nmed is the refractive index of the laser gain medium. Intuitively, this

indicates that a longer cavity can support a greater number of oscillating lon-

gitudinal modes, and this is sketched in Figure 1.3. It should be noted here

that the colours used in the pulse profile on the right of this sketch are simply

to clarify that the pulse consists (optically) of the available modes oscillating as

shown on the left, and give some idea of the separation of these constituent wave-

lengths throughout the pulse. This concept is useful in visualising the spectral

distribution of optical pulses as discussed later in this section.

It can be seen that each theoretically supported longitudinal optical mode which

interferes constructively in the cavity oscillates with a frequency difference of

fosc, but only those energies supported by the laser gain medium will be absorbed

and/or emitted accordingly. This determines the gain bandwidth limits of the

laser (range of supported optical modes) and this in turn sets the lower limits on

the output pulsewidth and upper limits on energy, as we shall see. In the general

case, the temporal overlap of circulating optical cavity modes is supported by the

balance between the temporal ‘lagging’ effects of group velocity dispersion (GVD)

and the ‘accelerating’ effects of self-phase modulation. The maintenance of the

ultrashort pulse may be further enhanced by the ‘self-starting’ effect of Kerr lens

mode-locking (KLM) [59], which utilises the inherent self-focussing of the beam

due to the variance of refractive index with wavelength in the medium and the

corresponding collapse of the modes’ temporal spread. If the total bandwidth

δf = N×fosc is comprised of N number of modes each separated by an oscillating
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frequency fosc, the temporal spread δτp of the output pulse is given by Equation

1.2.1.2.

δτp =
β

δf
, (1.2.1.2)

where β is assigned here to account for the output pulse profile. The rise and fall

times of the pulse determines which β-factor to use. For example, the propagation

of a pulse with slowly rising and falling edges such as a saw-tooth ‘delivers’ the

bulk of the pulse energy effectively over a longer time than a top-hat-like pulse

profile, even if the full-width half-maximum (FWHM) happened to be the same

for both pulses. It should be noted that neither of these pulse profile types will be

observed in ultrafast laser pulses – Gaussian (β = 0.4413), sech2 (β = 0.315) or

Lorenzian (β = 0.2206) profiles are generally observed. These pulse profiles are

used as ‘templates’ in the fitting of experimentally obtained laser pulses so that

an accurate measurement of the pulse duration δτp can be made. The formulas

for the approximation of the temporal intensity profile of each pulse type are

given as:

PG(t) = Pp exp

(
−4ln2

( t
τp

)2
)
, (1.2.1.3)

PS(t) = Pp sech2

(
2 ln(1 +

√
2)
t

τp

)
, (1.2.1.4)

PL(t) = Pp

(
1 +

4

1 +
√

2

( t
τp

)2
)−2

, (1.2.1.5)

for Gaussian (PG), sech2 (PS) and Lorentzian (PL) pulses, respectively. Pp is the

peak optical power.

The definition of τp and corresponding pulse profiles are essentially ideal case

solutions for the minimum theoretical temporal spread of each pulse profile type.

The product of δτp and δf is therefore a common measure of the ‘purity’ of

a laser pulse, referred to as the time-bandwidth product (TBWP). The sketch

in Figure 1.3 indicates some spectral spread in the mode-locked output pulse,

although this is not intended as an accurate depiction of the frequency spread

as such. An optical pulse in real laser systems consists of a broad range of

longitudinal wavelengths which naturally propagate through the medium with

different effective refractive indices, which gives rise to GVD. This delay between

the long and short wavelengths is referred to as chirp.
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The principles and management of spectral chirp in laser systems are relevant in

this work to the extent that optical pump signals are generally chirp-compensated

in real THz systems. In time-domain systems, the pump pulse should ideally be

as short as possible to obtain a broad working THz spectral range, described in

more detail in Section 1.2.4.1. Mode-locked laser pulses are short because the

range of longitudinal modes have been ‘locked’ in phase-space such that there is

a very narrow region of the propagating signal wherein the peaks of (ideally) all

modes interfere constructively, and this amplitude peak circulates in the cavity.

If there is a temporal offset between long-and short-wavelength mode peaks, τp

will increase and the peak power will decrease accordingly. The peak power is

dependent upon τp because optical energy which is restricted (or well-defined) in

the time domain will correspondingly be amplified (or ‘broadened’) in the energy

domain, according to the uncertainty principle. This leads to the relationship

between the laser average optical power Pave, peak power Pp, and ‘duty cycle’ as

given by:

Duty cycle ≡ δτpfrep =
Pave
Pp

, (1.2.1.6)

where frep is the repetition rate of the circulating pulse in the cavity and the peak

power in the pulse is inversely proportional to the pulsewidth as Pp ≈ E/δτp

where E is the total pulse energy.

Mode-locked femtosecond pulses are generated in a Ti:Sapphire laser system by

considering these principles, among other design considerations. In this system,

a green pump beam is used to optically pump the Ti:Sapphire crystal and, once

properly aligned, allows a circulating beam of peak wavelength around 800 nm

to be emitted from the crystal output facet. This may then be steered through

focussing and compression optics to obtain a mode-locked optical pulse signal

with a τp which may be finely controlled using a pair of compensation prisms as

shown in Figure 1.4.

The first prism diffracts the incoming beam into a spatially separated range

of wavelengths with a linearly increasing time-of-flight delay applied across the

spectrum (part “A”). The second prism recollimates the diffracted beam, by

which point each optical mode will have propagated the same optical path length

and been delayed to roughly the same temporal location. This is effectively the

actual spectral chirp compensation stage, but the beam then consists of a broad

range of spatially laterally chirped wavelengths (part “B”). This is compensated
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Figure 1.4: Basic optical schematic of the Ti:Sapphire laser system.

by retro-reflecting the beam back through the prism pair where they may be

extracted as a refocussed, chirp-compensated simultaneous ‘bunch’ of modes as

an ultrashort pulse.

This is now a well-established method for the generation of ultrashort laser pulses,

and has been significantly developed and improved for the production of even

shorter pulsewidths approaching the few-fs limit (e.g. [60]). The method for

mode-locking of semiconductor LDs is somewhat different, and is discussed in

the next section.

1.2.1.2 Ultrafast Laser Diodes

Semiconductor diode lasers are relatively very low-cost, ultra-compact and highly

efficient light sources which may be implemented in a very broad range of applica-

tions. Improvements in their performance regarding ultrashort pulse generation,

high beam quality, and high peak- and average-powers mean these devices are

extraordinarily interesting and promising candidates for an extended variety of

applications in industry and science, ranging from nonlinear biomedical imaging

[61]; nano-surgery [62]; materials processing [63]; laser projector displays [64];

and optical fibre communications [65]. They are exceptionally versatile devices,

and may be engineered to operate over a range of optical wavelengths and output

powers with considerable scope for tunability and manipulation of these param-

eters by alteration of both the structural and material design, as well as optical

system configuration. LDs may be designed with essential components such as
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Figure 1.5: Optical schematic of a two-section diode laser operating in the
pulse regime with a semiconductor optical amplifier and external pulse com-

pressor. Reproduced from Jördens et al., 2008.

the mirrored facets, gain medium, beam waveguide, electrical injection and dis-

tributed feedback wavelength tuning all monolithically integrated into the device

[66], but may also be configured using external cavity setups [67].

External cavity configuration allows a wide variety of optical wavelength tun-

ing and pulse generation and/or compression techniques to be implemented, and

many systems have been developed to allow diode lasers to perform with the

required ultrashort pulse durations, output powers and spectral range and band-

widths to achieve levels competitive with established lasers like the Ti:Sapphire.

An ideal example is shown in Figure 1.5, where a two-section diode laser is pas-

sively mode-locked using the reverse-biased saturable absorber section. The LD

is set up in an external cavity using a diffraction grating and an end mirror

as both external feedback and tuning elements. This creates the first stage of

output pulse lateral chirp. This output is then amplified using a semiconduc-

tor tapered amplifier and the resultant high-power output pulse is compensated

using an external grating and retro-reflector – analogously to the compression

scheme presented for the Ti:Sapphire laser in the previous section. This system

allows a compact LD system to operate at around 830 nm wavelength with a

pulsewidth around 0.66 ps, average output power of 500 mW (2.5 kW peak) and

a resultant achievable working THz bandwidth of 1.4 THz [68]. Spectroscopic

bandwidth of THz systems will be discussed later in Section 1.2.4.1.

When operated in the pulse regime, LDs have different design and operation

parameters to Ti:Sapphire systems, for example, but operate on many of the
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same fundamental principles. An LD initially operated in the CW regime may

be used to generate ultrashort pulses in several different ways, including: gain

switching [52]; Q-switching [53] and mode-locking [66]. A more in-depth overview

and comparison of different semiconductor laser pulse regimes can be found in

[69] – this section is focused specifically on mode-locking of LDs as this technique

is applied for the experiments conducted in this work.

The primary method of ultrashort mode-locked pulse generation from LDs is by

integrating a semiconductor saturable absorber mirror (SESAM) into either the

external or internal laser cavity [70]. Saturable absorber mirrors have been used

to assist or enhance the mode-locking performance of lasers since the early 1970’s

[71]. The function of the SESAM in ultrashort pulse management is essentially to

act as a time-varying optically-lossy cavity mirror. As the absorber is irradiated

by circulating photons in the cavity, electrons are stimulated to the conduction

band. This gradually decreases the number of available absorption sites in the

medium and the cavity loss is decreased. A “slow” absorber will do this over a

time-scale that is long enough to support the formation of an energetic pulse and

a net-gain will then be reached as the cavity losses very rapidly decrease. The

absorber is then ‘saturated’ as Pauli blocking effects prevent the excitation of

any additional energy states and δa/δt = 0, where a here represents photon ab-

sorption within the SESAM active region. δa/δt then rapidly increases as excited

carriers in the absorber thermally relax and then recombine so that once again

photon absorption in the SESAM takes place and there is a net cavity loss. This

process can occur over very short (ps) timescales, and may be further enhanced

in a semiconductor absorber mirror by including dopants and carrier capture

sites within the material. This allows further reduction of the carrier recombi-

nation time and therefore enables even faster modulation of the forming cavity

pulse. This configuration is referred to as passive mode-locking as the device ef-

fectively modulated it’s own ultrashort pulses. The advantage of SESAMs is the

additional parameter of electrical control of the response, as a sloped potential

may be applied across the absorber thereby further increasing carrier tunnelling,

diffusion velocity and capture rate. This is described schematically in Figure 1.6.

The utilisation of electrically-assisted SESAMs in a LD device is classed as hybrid

mode-locking, as the effect of the absorber mirror may be varied or modulated by

the application of the reverse bias across it. The SESAM is typically placed at one
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Figure 1.6: Schematic of the ultrashort pulse formation process in a SESAM-
based mode-locked laser diode. Reproduced from Rafailov et al., 2007.

end of the chip cavity, but may also be placed in the centre, for example, depend-

ing on the nature of the required pulse modulation. The example given in Figure

1.5 utilises such a technique with the addition of external GVD compensation

and this is now common practise in such setups. Pulses as short as 200 fs have

been directly generated using hybrid mode-locked quantum-well (QW)-based LD

devices like this, with peak wavelength λp = 830 nm and Pp > 160 W [72]. Re-

garding longer-wavelength LD devices, passively mode-locked InGaAsP QW LDs

have demonstrated pulsewidths τp < 650 fs at λp = 1560 nm [73]. These tech-

niques are employed in this work for the generation of ultrashort pulses from QD

LDs as described in Section 2.2.4 and demonstrated in Sections 3.2.2 and 3.4.

1.2.2 Nonlinear Methods

Research in THz optoelectronic systems based on signals modulated via NLCs has

seen some considerable advances in device performance, efficiencies and achiev-

able output power. Under optical excitation by an ultrafast optical pulse, an

NLC can undergo a change in polarisation within the volume. The NLC can

re-emit an EM signal with an field strength proportional to the second derivative

of the change in polarisation with respect to time, as described by:

ETHz(t) ∝
δ2P

δt2
. (1.2.2.1)
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The high X [2] NL susceptibility of crystals such as ZnTe [74, 75] and periodically-

poled LiNbO3 (PPLN) [76, 77] allows the optical rectification of incoming EM

waves as well as difference frequency generation (DFG) within the medium to

achieve THz-range signal emission. The nonlinear susceptibility of such NLCs is

used to generate both high power pulsed (via rectification) THz output signals

and tunable CW THz output (via DFG, discussed later). In such crystals, phase

matching of the pump and generated THz waves becomes important to ensure

that the generated THz wave is not interfered with destructively before it can be

outcoupled to free space. If a practical degree of phase-matching can be achieved,

the generated THz output power may be proportional to the square of the pump

power. This may be achieved in several ways, the most predominant of which

are: by engineering of the birefringence of the crystal; by quasi-phase-matching

(QPM) of propagating waves within the crystal; and by waveguiding.

Schulkin et al. developed a THz spectroscopy device (including the design of the

device housing) in 2008 which is based on an NLC through which the components

of EM polarisation of the pulsed pump and probe signals may be evaluated, and

the resultant characterised THz radiation is passed through the target to be

analysed which is placed in the housing in a small removable mount [78]. The

THz signal which has been modulated by the target is then passed to another

NLC for detection and analysis using a coherent THz spectroscopy method which

is described in more detail in Section 1.2.4.1. This device has been marketed

commercially under the title of the Mini-Z [79], and is technically a compact,

room-temperature source of THz radiation (with integrated detector) for use in a

broad range of THz frequencies (particularly 0.01-5 THz), but this is because the

device must be driven by an external pulsed pump source such as a Ti:Sapphire

laser and the operating frequency is determined by the temporal pulsewidth of

the external pump.

Moloney et al. recently developed a highly effective system which utilises ex-

ternally pumped vertical cavity surface emitting lasers (VECSELs) as the pump

sources and a PPLN crystal as the active medium [80, 81]. This was engineered

with all of the aforementioned phase-control mechanisms integrated in the design

of the crystal and included additional outcoupling measures at the crystal-air in-

terface to further reduce losses. In this setup, several configurations are employed
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Figure 1.7: Optical schematic of a high-power two-VECSEL-pumped
periodically-poled LiNb03-based THz source. Reproduced from Moloney et

al., 2010.

in which the VECSELs are pumped externally and operated at slightly offset op-

tical wavelengths within an external cavity which the NLC is located. Figure 1.7

shows one such configuration.

DFG of the VECSEL pumps occurs within the crystal and this beating THz

wave is propagated through the crystal volume, enhanced by its phase-matching

properties, and is then outcoupled optically. The crystal birefringence (offset

of refractive index between ordinarily and extraordinarily polarised propagating

waves) is determined by the orientation of the crystal cleavage, and is chosen so

to limit as far as possible the phase mismatch between the propagating ordinary

and extraordinary EO signals. The crystal is periodically poled along the optical

axis by applying a high electrical field across it, thereby creating opposite fer-

roelectric domains which typically vary periodically every half coherence length

between the optical and THz wavevectors. More sophisticated poling profiles

have been developed, however, for further enhancement of wavelength-specific

propagation of pump and signal wave-vectors [82]. The developers in this case

have used this concept to develop a crystal with poling period(s) which corre-

spond to the coherence length of both the pump and generated THz waves. This

ensures that the generated nonlinear signal is not dampened by the propagat-

ing pump signal, as the phase walk-off between the two signals is periodically

‘reset’ towards zero. Therefore, the amplitude of the propagating THz signal is

increased quadratically as the pump is driven through each successive periodic

domain. The associated patents and journal papers which were published include
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a discussion on the use of poled domains which vary alternatingly in the pump

beam direction through the crystal, as well as the use of tilted and aperiodic

poling domains as shown in Figure 1.7(inset). Poling domains tilted at some

angle Θ, which corresponds to the direction of the THz wave propagation, helps

to compensate for the directional mismatch of the two propagating wavefront

types. This also minimises the risk of destructive interference of the IR pump

beam and the THz wave, and so the issue of divergence of the IR pump beam

and subsequent reduction in the resultant THz output power is avoided. The tilt

in the poling domains and the period of the poling is calculated by the following

equations:

tan (Θ) = nTHz/nIR, (1.2.2.2)

Λ =
λTHz
nIR

× cos(Θ), (1.2.2.3)

where nTHz and nIR are the refractive indices of the crystal medium for the THz

and IR pump waves respectively, λTHz is the free-space THz wavelength and Λ

is the poling period. The crystal is structured so to achieve identical effective

refractive indices in the nonlinear medium of both the IR pump signal and the

THz generated signal, and is done so using known strip, ridge and slab waveguide

structuring techniques. To reduce losses due to internal reflection at the crystal-

air interface an angled extension to the emission surface is included as shown in

Figure 1.7(inset), which significantly improves outcoupling efficiency.

This system is perhaps the most efficient THz radiation source based on an NLC

as the emission medium to date. Reported THz output power is in the milli-

watt range and is potentially scalable up to the Watt-range. The THz output

frequency is also tunable: it is determined by the difference frequency of the two

VECSEL optical signals, which is tuned simply by rotating an etalon or coupled

diffraction grating to separate or bring together the two permitted pump wave-

lengths. The system is also relatively cost-effective, as high-power VECSELs and

PPLN may be produced comparatively economically, and may have the dimen-

sions suitable for practical, table-top use. However, the optical-THz efficiency

is still rather low, with the cavity optical power being around 500 W and strict

temperature control of the NLC being required, despite including dopants such

as MgO for thermal stability. The THz signal tuning range is also limited by the

pre-determined poling of the crystal. Additionally, the requirement for a large,
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high-power pump laser system and configuration of at least one VECSEL cav-

ity means the system is overall still relatively complex, bulky, and mechanically

sensitive.

1.2.3 Ultrafast Electronic Materials

An effective alternative to THz signal generation via NL methods is by using ul-

trafast semiconductor materials. Photoconductive (PC) materials which exhibit

carrier lifetimes below 1 ps may be optically pumped by ultrashort laser pulses in

order to generate a corresponding sub-ps electrical signal, which in turn may be

utilised in the generation of THz EM signal generation. Materials traditionally

used for this include: radiation-damaged silicon-on-sapphire (RD-SOS) [83–85]

and low-temperature-grown GaAs or InGaAs (LT-GaAs [86] and LT-InGaAs [87],

respectively) and are used because the growth process integrates lattice defects

and carrier trapping sites throughout the bulk, which act to shorten carrier life-

times and enable ultrafast switching.

GaAs is a well-established semiconductor material in the field of optoelectronics,

and it was discovered that by growing the material at low temperature (. 300◦C)

using molecular beam epitaxy (MBE) with an arsenic overpressure, As interstitial

defects were deposited at relatively high densities (up to ∼ 1020/cm3) throughout

the Ga crystal [88, 89]. Such defects have been shown to shorten carrier lifetimes

in LT-GaAs down to around 0.2 ps, whilst still retaining relatively high carrier

mobility (∼ 1000 cm2/V s) that can be further enhanced by a post-growth an-

nealing step [86, 90]. LT-GaAs also exhibits high performance in other important

material requirements for THz signal modulation such as high electrical field (E-

Field) breakdown (∼ 300− 500 kV/cm), high dark resistivity (≥ 106 Ωcm) and

high nonlinearity [91, 92]. While effective as an ultrafast PC material, LT-GaAs

exhibits various limitations in it’s optoelectronic performance, particularly relat-

ing to its application as an optically-pumped source of THz radiation. The most

predominant limitations of LT-GaAs are the relatively low thermal conductivity

and the optical energy range over which it may be pumped and a great deal of

development in the field is dedicated to improvements in these parameters.
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Figure 1.8: Illustration of the main energetic excitation and relaxation/re-
combination processes in LT-GaAs. VB – valence band; CB – conduction
band; τ1–τ3 represent relaxation times; SPA – single photon absorption; DA –
defect absorption; NDD – donor states; NA – acceptor states; As+

Ga – ionised
As defects in Ga; As0

Ga – neutral defect sites; VGa – Ga valence band energy.
Reproduced from von Gabriel, 2007.

The room-temperature energy bandgap of LT-GaAs is ∼ 1.42 eV , which corre-

sponds to an optical absorption edge around 870 nm wavelength. This is accept-

able for pumping with a Ti:Sapphire laser or GaAs-based LDs, for example, but

many laser systems are necessarily developed with longer operating wavelengths

towards the telecommunications ranges around 1.3 µm and 1.5 µm. Additionally,

the relatively new generation of highly versatile QD-based semiconductor lasers

typically operate in the 1.1 < λp < 1.3 µm range where GaAs is effectively trans-

parent and only two-photon absorption is possible. An illustration of excitation

and relaxation processes in the optical pumping of LT-GaAs is given in Figure

1.8, but these processes are generally similar to most low-temperature-grown

semiconductors and defect/trap-implanted PC materials for this application.

In the general case, the PC material(s) will absorb the pump photon via sin-

gle photo absorption (SPA) and an electron is promoted from the valence band

(VB) to the conduction band (CB). Alternatively, lower photon energies may

be absorbed by the material defects (DA) which allows an additional channel of

electron promotion to the CB. The electron may then be rapidly trapped by the
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ionised As+
Ga defect states. The donor states here may finally then be emptied

via recombination into either the VB or the VGa acceptor level. All bandgap-

engineered PC materials for ultrafast carrier modulation operate on this general

principle, including the relatively novel QD-based PC structures which are pre-

sented in this work. This method of charge carrier excitation and trapping forms

the basis for the ultrafast PC THz sources described in the following section,

which is also the main subject of this work.

1.2.4 Photoconductive Switches and Antennas

In the 1980’s, there was rapid development of lasers and semiconductor technol-

ogy for both CW and pulsed EM wave emission and in 1983 a defining devel-

opment in modern THz optoelectronics was reported by David Auston, working

at Bell Laboratories at the time. Up to this point, he had been an impor-

tant contributor to the establishment of important optoelectronic methods such

as: electronic switching and gating [83]; sampling [84, 93, 94]; and microwave

modulation [95]. The work published in 1983 was a study of the ps time-scale

photoconductive response of semiconductor materials in transmission lines to ul-

trashort laser pulses, and is the seminal work for what became known as the

“Auston Switch” [96]. The basic concept of this device is shown in Figure 1.9.

Note that the circuit model represents the photoconductive gap in the trans-

mission line as both: a time-varying capacitance q(t), somewhat analogous to

Hertz’s early spark gap generator; and also a time-varying conductance, which is

because the incoming gating signal is a time-varying pulse and the conductance

of the gap is directly proportional to the pulse energy.

The photoconductive switch (PCS) is now a well-established method of detec-

tion of optical signals and conversion to electronic signals. Typically, a PCS is

gated by an incident optical signal with photonic energy higher than the energy

bandgap of the switch’s active semiconductor material. This principle is further

developed in the case of ultrafast PCAs, the basis of which is the control of the

PCS behaviour via the optical signal, whereby the rapidly changing optical sig-

nal is represented as accurately as possible in the electronic response of the PCS.

This ultrafast electronic response may then be utilised as a THz signal only if
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Figure 1.9: The Auston Switch concept. (a) is a schematic diagram of a
thin photoconductive switch in a transmission line; (b) microstrip electrodes
showing incident, reflected and transmitted waves; and (c) is the correspond-
ing equivalent circuit model. l - photoconductive gap length; w - microstrip
line width; d - photoconductive semiconductor film depth. Reproduced from

Auston, 1983.

the optical and corresponding electronic signal is modulated at a high enough

frequency, as discussed in Section 1.2.3.

The seminal research into PC THz devices [97] involved semiconductor materials

which were optically pumped by laser sources with high peak power, ultrashort

pulsed outputs as discussed above but modern PCA systems are based on both

pulsed and CW optical pumping of PCS devices. Broadly speaking, in each case

the performance of the THz PCA depends on: the speed and efficiency of the

PC material/structure; the spectral and temporal characteristics of the pump

beam; and the nature of the integration of antenna (switch) electrodes and E-

field with the active PC medium. As the PCA is optically gated, electron-hole

pairs are generated and a DC bias is applied across the device electrodes. The

bias across the PC gap provides an E-field that can accelerate charge carriers,

enhancing carrier velocities and accelerating the rate of carrier capture. This

method also allows PCA operation analogously to a traditional Hertzian dipole

antenna, as the periodic gating of the PC gap and tuning of the metallic contact
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Figure 1.10: Schematics of (a) the general principle of PCA operation and
(b) generation, diffusion and capture of carriers throughout defective photo-
conductive switch semiconductor. (c) is a more in-depth view of the diffusion
of charge carriers through the host lattice and defect sites, and (d) is a still
more in-depth schematic of the excitation and relaxation of carriers through-
out available states in the semiconductor material (LT-GaAs here), including

the defect trap states.

Figure 1.11: Equivalent circuit models for (a) wide-gap pulse-regime and
(b) fine-gap CW-regime photomixer PCAs, respectively. PG – photo-gap.

features may be thought of as similar in principle to the spark gap generated

discussed in Section 1.1. The generated THz wave may be ‘captured’ by the high

dielectric constant PC medium and radiated into free space, optionally assisted

by focussing from a Si lens abutted to the ‘rear’ facet of the PCA structure. This

concept is sketched in Figure 1.10. Equivalent circuits for both pulsed and CW

PCA devices are also given in Figure 1.11, as discussed in the following sections.

In practice, the optical pump beam is focused to the central gating spot between
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the antenna contacts and the time-averaged photoconductance of the PCA in-

creases. As the resistance across the PCA is minimized, the apparent optical

beam absorption is maximised and the location of the optical spot is assumed

then to be optimal. The PCA conditions may then be further adjusted via the

bias level applied across the antenna contacts, which will enhance the E-field

within the structure and subsequent carrier movement and capture. This gen-

erally increases the observed THz output signal power in accordance with the

following equations:

PTHz ∝ V 2
Bias, (1.2.4.1)

PTHz ∝ P 2
Optical, (1.2.4.2)

where VBias is the applied voltage across the PCA contacts and POptical is the

optical pump power. Importantly, this relationship is accurate only until satura-

tion behavior is observed at higher optical pump fluence and/or PCA bias, which

is strongly affected by the conditions of the PC material (such as energy level

saturation and charge screening) and the nature of the multi-layer PC structure

in the active region, where appropriate. In this section, the design principle and

performance of the THz PCA is discussed, to the extent that is relevant to the

work presented in this thesis.

1.2.4.1 Pulsed and Time-Domain Antenna Systems

The seminal THz optoelectronics research was conducted using fs pulses from a

mode-locked laser which switches the device by generating a photocurrent over

the fs timescale. This allowed the device to re-emit a corresponding EM pulse

in the temporal domain and the Fourier transform of the waveform described

a broadband THz signal [97, 98]. This method allows the generation of rela-

tively high-power broadband THz output signals above 100 µW at an optical

pump power of several hundred milliwatts, and the bandwidth is determined by

the pulsewidth of the pump signal. This output power is 2 orders of magni-

tude greater than that expected from the current most efficient CW systems.

THz PCAs pumped by pulsed laser systems generally do not suffer from thermal

breakdown associated with CW-regime devices because the high pump Pp is ef-

fective over a timescale too short to initiate the runaway thermal effect. However,
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pulsed systems are still generally limited by the need for relatively powerful and

bulky ultrafast laser systems and the control of THz bandwidth is rudimentarily

based upon the pulse width of said lasers. An excellent comparison of recent

state-of-the-art pulsed PCS’s and CW operating conditions can be found in [99].

The equivalent circuit of a pulse regime PCA is given in Figure 1.11(a) [100],

where the time-varying circuit bias V (t), current I(t) is applied over the cir-

cuit’s photogap (PG) gate with impedance Z(t) and corresponding conductance

Gopt(t). The time-varying antenna voltage Va(t) and impedance Za(t) are also

indicated and this relatively simple potential divider-type equivalent circuit is

considered in the design of pulsed PCAs.

In pulse-regime THz PCA systems operation, an ultrashort gating pulse (τpulse .

150fs) enables switching of the PCA over time-scales potentially as low as this

duration, depending on the speed of the electronic response of PC material or

structure. The emitted THz electric field amplitude is dependent upon the real

component of this photocurrent Jreal as described by the following equation [101]:

ETHz ∝
δJreal(t)

δt
. (1.2.4.3)

The nature of the photocurrent response is typically ultrafast at the rising edge

with a slower decay which is defined by the photocarrier relaxation dynamics of

the PC medium, which is sketched in Figure 1.12. If the output pulse waveform

can be measured with respect to time, it is then possible to extract frequency

information by taking the Fourier transform of the temporal waveform. Addi-

tionally, by including a chemical or material sample in the THz beam path or

as a reflecting element, the recovered THz waveform can then include spectral

information of the sample. This is THz TDS and will be briefly outlined in this

section, as this work includes TDS characterisation of PCA devices.

THz spectroscopy uncovers vast layers of valuable information that is almost

impossible to extract any other way and is a unique method of determining the

spectra of a huge variety of light molecules and chemical compounds. High-

resolution molecular THz spectroscopy makes it possible to study very diverse

objects, from the biological to the cosmic scales - including the absorption and

emission spectra of chemicals and molecular transitions ranging from human

tissue to stars, the light from which is composed predominantly of THz radiation

[102, 103]. Recent years have brought the practical application of THz radiation
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Figure 1.12: Sketch of the typical PCA photocurrent response trend to an
ultrafast optical pump pulse, and corresponding waveform of the emitted THz

field.

far beyond the limits of research laboratories. Radiation in the THz range is

non-ionizing, which indicates expansive prospects for its application in medicine

– for example, as implemented instead of X-rays in diagnostics. THz TDS and

imaging is still a rapidly developing area of medical diagnostics. Despite the fact

that the waves of this range are absorbed by water molecules, THz radiation is

well established as a diagnostic method in dermatology [104], dentistry [105], and

tablet analysis [2].

This technique involves both the generation and detection of THz signals using

ultrafast PCAs, in a so-called coherent system. The ultrafast pulse pump beam

is first split into two halves by a 50:50 beamsplitter. The transmitter (emitter)

antenna is then excited by the pulse, the appropriate antenna bias is applied

and the THz field is emitted. The THz beam is then directed to the rear-facet

of the receiver (detector), which is also excited at the front facet by the other

half of the pump beam. A photocurrent is generated in the detector antenna,

which is biased by the electric field of the incoming THz pulse. If the THz pulse

and detector optical pump arrive together, the convolution of the pump beam

and the THz field effects allows the relative field amplitude to be examined by

measurement of the detector antenna photocurrent or E-field. Varying the delay

between the THz signal emission and detector pump pulse therefore allows the

entire THz waveform to be extracted. It should be noted at this point that

a major advantage of pulsed TDS systems is the inherently broadband working

THz spectrum which is automatically achieved by using ultrafast signals and fast

Fourier transform (FFT) analysis. Further experimental descriptions of such a
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system are given in Section 5.3, including demonstrations of this technique for

the purposes of testing the devices used in this work.

Considering this, it is intuitive that shorter optical pump pulses allow a broader

THz spectral output – limited of course by the antenna photocurrent response

time. The peak spectral power in the THz output pulse will be dependent on the

overall response of the PCA, not just the pump pulse, which also includes the

effects generated by the PCA electrode geometry. Such is the case with antenna

devices in general, and resonant frequency characteristics of a THz antenna may

be engineered by applying fundamental antenna principles to the microanten-

nas which are used with these devices. Traditionally, simple antenna contact

geometries such as co-planar stripline (CPS) and bow-ties are used in the more

straightforward PCA tests. CPS antennas tend to be used when characteris-

ing the PC material of the PCA as the THz output signal in this case depends

primarily on the charge modulation properties of the material, rather than the

antenna contact geometry. Some studies have shown that the PC gap of a CPS

antenna can slightly influence the PCA peak frequency response [106], for ex-

ample, but the difference is typically relatively small. Hertzian dipole antennas

have also been extensively used to refine the resonance response of PCAs, in

both pulsed and CW regimes. A plot showing the calculated resonant frequency

fres of dipole antennas of length Ldipole over a GaAs-based substrate of refractive

index nGaAs is given in Figure 1.13, which is estimated according to the general

condition given by the following equation:

fres ≈
c

2× nGaAs × Ldipole
. (1.2.4.4)

An enlarged view of the 0–3 THz frequency range is given in Figure 1.13(inset)

as this is typically the THz spectral region of interest for much of the work

presented in this thesis. These principles are introduced here as they are the basis

for some of the design methods discussed in Section 4.1. Tuning the frequency

response of a pulsed THz system is usually somewhat limited to the confinement

of the peak frequency and narrow-band operation is inherently either not possible

or inefficient. Narrowband operation may be achieved by implementation of a

frequency-domain CW system, as discussed in the following section.
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Figure 1.13: Theoretical resonance frequency of conductive a dipole antenna
over a GaAs-based semiconductor substrate.

1.2.4.2 Continuous Wave and Frequency-Domain Antenna Systems

CW THz systems tend to be more complex than pulsed systems. This is because

specific engineering of the laser pump system, the PCA semiconductor and the

metallic antenna properties is required, with a wider range of considerations than

the pumped system. CW systems are based on the principle of DFG via either

optical parametric oscillation/conversion or photoconductive heterodyning (pho-

tomixing). The DFG method considers the superposition, or beating, of two off-

set optical modes generates a (down-converted) beat signal in the THz frequency

range. This is used in both NLC- [107, 108] and PCA-based [109, 110] systems

and PCA-based systems will be discussed here as the basis for this work. CW

THz systems may also be operated in the coherent emission/detection regime

similarly to pulsed systems but with the major advantage of tunability of the

narrowband THz frequency which is used. This allows specific frequency-domain

applications such as ultrahigh-speed communications and spectroscopy of par-

ticular chemicals [111] while enabling the system to avoid particular absorption

frequencies of air, for example, which is achieved by tuning of the optical pump

beam as discussed in this section.

Signal heterodyning techniques are now mature, and the method of superim-

posing two oscillating signals in a mixer device for analysis of a down-converted

resultant signal has been applied for the purpose of THz DFG in devices based
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on sub-ps PC materials for two decades now [99, 109, 112–114]. Instead of mix-

ing incoming radiation with a local oscillator source, the active region in a THz

photomixer is based on a material with high absorbance in the IR region and/or

high nonlinear susceptibility, which is optically pumped by a dual-wavelength

laser beam. The equivalent circuit of a CW regime PCA is given in Figure

1.11(b) [115], where the time and frequency-dependent circuit current I(ω, t)

flows through the antenna with radiation resistance Ra(ω). The effects of the

photomixer gap are modelled in the dashed box as a time- and frequency de-

pendent gap resistance R(ω, t) and capacitance C which is caused by the very

close distance of the electrode features that are typically used. This capacitance

is one of the major limitations of CW PCA devices as discussed in the following

paragraphs and this equivalent circuit model is always considered in the design

of CW PCAs.

The laser signal may be set up by spatially combining two coherent optical beams

[113], or by using a single beam generated by a coherent multi-mode source

[116–120]. The resultant difference frequency between the two optical modes

will be in the THz range and as the PC material absorbs the pump beam it is

optoelectronically modulated at this frequency. A more in-depth discussion of

the CW optical pumping systems for THz PCA devices specifically used for this

work is given in Section 3.3. An example of a tunable dual-mode THz beat pump

signal generated as part of this work is shown in Figure 1.14(a), and a sketch

of the wave superposition principle is also given in (b). The optical spectra

in this figure is obtained by using an ultrabroadband QD LD laser chip in a

‘double-Littrow’ configuration, discussed in Section 3.3.3.

The optical pump source in PCA-based CW THz systems typically comprise of

two narrow-linewidth IR laser modes of wavelengths somewhere between 800-

1550 nm. Each mode will have an energy above the bandgap of the photomixer

active material, and their longitudinal wavelengths should be offset by say a few

nm, depending on the spectral range they are at, whilst maintaining a suitable

spatial overlap particularly as they are incident on the photomixer active layer.

The modulation of electronic polarity within the active region will switch it

electronically essentially between a conductive and non-conductive state, and

this THz electrical signal is loaded by the integrated metallic antenna. The

design of the photomixer device itself is relatively complex, and a great deal of
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Figure 1.14: (a) example of a tunable dual-mode laser pump beam generated
from a QD LD; and (b) a sketch of the basic principle of wave superposition

for obtaining THz DFG.

work is going into a wide range of optimisations with the aim of improving the

optical-THz efficiency of such devices.

The design and operational considerations for such devices begin with the defi-

nition of the optical pump beat profile, the power of which is esimated using the

following equation:

Pi = Popt + 2
√
mP1P2[cos (2π (f1 − f2) t) + cos (2π (f2 + f1) t)], (1.2.4.5)

where Popt = P1+P2 is the time-averaged incident optical power from both modes

and m is the spatial mixing/overlap factor for the two modes. This demonstrates

one of the advantages of using a single laser for the generation of both pump

modes, as m can be fixed towards unity much easier than a combined beam from

two separate lasers. The sum frequency power variation expressed in Equation

1.2.4.5, cos[2π (f2 + f1) t], may be neglected as this modulation frequency is far

beyond the upper frequency response range of the PCA. We can then derive

an expression for the time-varying photocarrier density n(t) as in the following
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equation [109]:

n(t) =
ηePoptτ

hfaveALa

(
1 +

2
√
mP1P2 sin (ωt+ φ)

Popt
√

1 + ω2τ 2

)
, (1.2.4.6)

where ηe is the external quantum efficiency (photocarrier pairs generated per

incident photon), τ is the photocarrier recombination time, hfave is the photon

energy, fave ≡ f1 ≈ f2, ω = 2πfave is the angular optical mode frequency,

φ = arctan (1/ωτ), La is the depth into the PC surface which is optically pumped

and A is the PC area which is pumped. We may then consider the difference-

frequency output power Pω when at maximum, achieved only when m = 1 and

P1 = P2 = Popt/2, to be in the form described by the following equation:

Pω = 1
2

(VBGopt)
2 RL

[1 + ω2τ 2][1 + (ωRLC)2]
, (1.2.4.7)

where VB is the applied PCA bias, RL is the effective load resistance of the

metallic antenna, C is the antenna electrode capacitance and Gopt represents the

time-varying conductance, which is a function of the photocarrier density. The

main results of this expression are that one can expect the THz output power from

a CW THz PCA to: vary quadratically with the applied PCA bias and the optical

pump power; vary linearly with antenna load resistance (or radiation resistance);

and to decrease as the carrier lifetime and/or RC-constant of the PCA increases

[109]. The form of the THz output trend described by these equations therefore

typically depends strongly on the geometry of the metallic antenna integrated

with the PC material. This is because very fine features and short PC gaps are

normally used for the purpose of increased PC gain and output powers tend to be

dominated by electrode capacitance in the now commonly-employed sub-µm-gap

finger contact PCAs.

At the heart of CW THz PCA research is also the issue of the growth, blend

and structural conditions of ultrafast materials. Research effort is still ongoing

to develop and improve materials with optimal characteristics as discussed pre-

viously, which must be considered more rigorously than in pulsed systems. This

is because the electrical response of the PCA must follow the rapidly oscillating

THz beat pump – whereas a PCA in a pulsed regime may rely to some extent on

the initial fast response to the pump rising edge to generate the THz signal. CW

THz radiation has been generated from materials such as LT-GaAs [109] and
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GaAs with incorporated layers of self-assembled quantum-dot (QD) nanoislands

[121, 122], as well as narrower bandgap materials such as: LT-GaBiAs [123–125];

InGaAs [126], LT-InGaAs [87, 127, 128], InGaAs with incorporated QDs [129–

131] and InGaAs with dopants such as Fe [132]. The inclusion of In or Bi, for

example, within the alloy blend allows the material to operate with optical pumps

with up to telecoms-range wavelengths, whilst still retaining relatively high gain,

and the inclusion of QD gain layers allows an extra degree of wavelength, gain

and carrier trapping time tunability as discussed further in Chapter 2.

These materials all operate as effective THz photomixers at room temperature

and allow the production of very compact THz sources, but are limited by crucial

factors such as thermal breakdown [133] under modest CW pump power (∼
50 mW , depending on the thermal conductivity of the blend/structure) and

quantum efficiency roll-off as the operating frequency increases above 1 THz due

to carrier lifetime and RC-time factor constraints. Thermal conductivity of the

active layer may be improved by inclusion of Al within the blend or multi-layered

structure [134], for example. Heatsinking is improved by running the device at

liquid nitrogen temperatures also, which allows the device to be pumped at higher

power and thus to achieve higher THz output power [133] but this is not practical

for the intended application(s). The quantum efficiency of the active region may

be improved in many different ways, most notably by strengthening and further

homogenising the electric-field throughout the depth of the active layer(s) using

electrodes deposited over the entire active region depth, rather than just on the

surface. Roehle et al. achieved enhanced THz efficiency of photomixer devices

etched in a mesa-structure with contacts laid over various active layer depths

[135], for example. Other attempts have been made to confine the optically active

photomixer region to the layer surface where the E-field is strongest by using a

buried distributed Bragg reflector (DBR) underneath the active layer [134, 136–

138] to reflect the pump signal back and forth between the layer surface and the

DBR and increase the effective absorption length, but the thermal constraints of

the material(s) still apply and output powers are not particularly enhanced any

more than with the inclusion of the thermal-conditioning Al-based layers.

Optimisation of the photomixers internal E-field characteristics leads into the

investigation of antenna electrode structuring. Not only is the distribution of

field strength within the active layer important, but the design of the antenna
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electrode structure itself is crucial to its optoelectronic performance and the

nature of the THz output signal. Early PC THz antennas were predominantly

micron-scale Hertzian dipole antennas with 5 − 10 µm PC gaps. This gave

limited performance in the CW regime and since then, enhanced THz output

has been investigated with the use of broadband-emission, higher power antennas

such as self-complimentary spiral [133, 139] and circularly-toothed log-periodic

designs [140–142], as well as traditional bow-tie designs. Examples of different

broadband, CW microantenna designs used in this work are presented in Section

4.1.2.

Antenna structures like these allow the generation of broadband THz radiation

to just beyond 1 THz. Beyond this, there is a signal power fall-off due to car-

rier lifetime and RC constraints and achievable output powers are typically up

to around a few µW . The use of resonant dipole and dual-dipole structures

allows higher powers to be generated around the specific respective resonant

frequencies up to and beyond 2 THz [143] but this involves careful design and

production of more detailed, sub-µm ‘interdigitated’ contact fingers which span

the PC antenna gap. A periodic inductive ‘choke’ structure separated by a quar-

ter resonant wavelength along the length of the antenna feed line, which can

counter-act the capacitive effect of the electrode fingers and enhance the radia-

tion efficiency. Interdigitated finger contacts were produced as part of this work,

and presented in Section 4.1.4. The inductive choke features help balance the

capacitive effects at the design frequency which otherwise would allow generated

THz signals to ‘leak’ down the bias lines. The interdigitated fingers are nor-

mally etched by electron beam lithography, as the finger and inter-finger gap

width are generally sub-micron. The reason for this is manifold: to enhance the

quantum gain of generated photocurrent and improve coupling to the antenna

for re-radiation – photocarriers must travel through the highly inter-atomically

inconsistent crystal with very short lifetimes; thinner fingers reduce the amount

of pump signal which is blocked over the active area; and capacitive effects are

reduced if smaller electrodes are used while working at such a short separation.

Sub-µm interdigitated-finger PCA gaps are also implemented at the heart of

broadband emission structures for improved gain [140].
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1.3 Summary and Conclusions

Presented in this chapter was a brief overview of the developments in technolo-

gies used for the generation and detection of EM signals which are relevant to

the principles of current THz systems. The discovery and exploration of new

regions of the EM spectrum have been introduced, from the first observation

of IR radiation itself to the implementation of ultrafast optoelectronic signal

emission and detection techniques for sophisticated sub-mm spectroscopic appli-

cations. This includes: ultrafast pulse laser systems; nonlinear down-conversion

of coherent light in NLCs; ultrafast electronic signal modulation materials; and

pulsed and CW PCA devices. PCA-based methods are potentially the most el-

egant solutions to the challenge of both THz signal generation and detection.

This is because they offer inherent output signal parameter configuration such

as frequency tunability and function over a range of driving conditions by which

the performance of the system is controlled, such as tunable DFG laser pump-

ing. Additionally, complete and tunable THz transceiver systems may be de-

veloped using all-semiconductor components operated at low power and room

temperature. The current limitations in such systems are signal power – which

is relatively low when compared with current record output powers from QCL-

[144, 145] and NLC-based [80] THz sources – and optical pump restrictions. Both

of these factors were motivations for the work presented in the following chapters.
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Chapter 2

Semiconductor Quantum Dot

Materials

The basis of this work is the exploration of basic THz system applications of

quantum dot (QD)-based semiconductor materials and devices. This chapter

outlines some important and relevant concepts regarding the production, material

properties and applications of QDs as implemented in ultrafast optoelectronics

and subsequently explores the motivations for this work.

2.1 Growth and Material Characteristics

QD semiconductor materials may be grown using molecular beam epitaxy (MBE).

The MBE growth technique is now mature, having been invented in the late

1960’s at Bell Laboratories, USA [1, 2], but is still a demanding and compli-

cated science. The MBE system is used for high-precision deposition of binary,

tertiary and quaternary blended semiconductor alloys, and is essentially an ad-

vanced vacuum deposition system. This is done by ejecting atomic beams of the

respective materials from heated ‘effusion’ cells towards the central target wafer,

where they form over the surface in layers potentially as thin as a single atom.

The deposition progress may be monitored using methods such as reflection high

energy electron diffraction (RHEED).
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MBE is now a very effective and widespread method of semiconductor quantum

well (QW) structure production [3] due to the precision and configurability of

deposition and has been used in the development of the optoelectronics field

in general for decades now. The ultra-high degree of uniformity and surface

smoothness achieved using MBE deposition is ideal for the production of multi-

layer semiconductor heterostructures, as well as pure crystalline bulk. It was also

observed in the late 1980’s that “nanoclusters” of semiconductor alloys could also

be formed by depositing a layer with excessive strain over a different alloy blend

[4].

The induced strain ε at a lattice-mismatched boundary between two alloys is

given by ε = (aL − aS) /aS where aL is the larger overlayer lattice constant and

aS is the smaller underlayer constant. If grown carefully, the boundary strain

may be small enough to allow deposition of the top layer, but large enough to

encourage the reordering or ‘self-assembling’ of nano-scale islands of the top alloy

[5]. These quasi-zero-dimensional islands became known as quantum dots. This

happens because the contraction of InAs atoms in a planar layer into separated

cluster sites is energetically favourable and the strain within the dots themselves

is significantly reduced.

QDs are formed after the initial wetting layer has been deposited over GaAs.

The wetting layer blend is then continually deposited up to a few nm depth,

during which point the QDs will be formed, after which the GaAs capping layer

may be introduced. This encourages the formation of a dilute InGaAs ‘surround-

ing’ lattice layer as shown in Figure 2.1. This dilute InGaAs layer surrounding

the QDs is then considered the effective wetting layer of the structure and is

approximated in practical terms as a QW, with QDs within it. As such, this

configuration is similar but not identical to the so-called dot-in-well (DWELL)

configuration, in which QDs are intentionally placed within existing InGaAs and

capped with InGaAs [6, 7]. The growth thickness of the wetting layer is limited

to the point of formation of lattice dislocations, which occurs when the thickness

reaches a scale of roughly 1/ε. In general, the critical thickness hc for which

coherent lattice growth is possible is given by Equation 2.1.0.1. If the larger aL

overlayer goes beyond the critical thickness, the strain may increase to the point

where it is forced to relax by completely dislocating from the underlayer, which

would of course make the structure very inefficient in terms of carrier transport
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and general optoelectronic performance.

hc =
aS
2ε
. (2.1.0.1)

The wetting layer is an InxGa1−xAs tertiary blend and has an intermediate lat-

tice constant between the InAs:GaAs boundary alloys. Once the wetting layer

thickness (WLT) has been reached, GaAs may once again be deposited over

it. This top GaAs spacer layer may be grown up to tens of nm’s depth, upon

which another QD layer may be deposited, and so on. This method is known

as the Stranski-Krastanow (S-K) growth regime, and these are the production

constraints which were considered specifically in the design of materials for the

PCA InAs:GaAs QD structures in this work. The wetting layer tertiary blend

is limited by these parameters and an Indium content of 15% was used in all

structures (In0.15Ga0.85As). An alternative method for the creation of InAs QDs

within GaAs is to deposit a relatively low volume of InAs over the GaAs seed

layer such that the required thickness for QD self-assembly is not reached, after

which point multiple further GaAs host and thin InAs layers are deposited over

this. This means that S-K growth of the QDs never occurs, but the increasing

strain in the multi-layer lattice leads to the necessity for energetic relaxation of

the thin InAs layers and QDs are formed within the host lattice without the sur-

rounding wetting layer [8]. This method is known as sub-monolayer deposition,

as the QD material layer is thinner than that required for self-assembly during

their growth. This method was not used for the structures tested in this work,

however, so is not discussed in significant detail here. It is worth noting, how-

ever, that QDs grown in the sub-monolayer regime have been shown to exhibit

improved thermal management and faster carrier capture times compared with

those grown in the S-K regime [9–11] – so this could be an important direction

in the future research into efficient QD-based THz PCA devices.

QDs are often referred to as ‘designer atoms’ because they exhibit relatively

discretised energy levels and are highly configurable in their properties. The

nano-scale size of the dots means there is some significant degree of quantum

confinement of excitons in all three spatial dimensions, compared with the con-

finement in one direction that is exhibited by semiconductor QWs, for example.

By considering the 3D confinement conditions mathematically via established
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Figure 2.1: Diagram of epitaxial deposition of mismatched semiconductor
alloys to form InAs:GaAs QDs. WLT – wetting layer thickness.

quantum mechanical concepts, it is possible to ‘tune’ the energy band struc-

ture of the dots by varying the dot size [12] and layer thickness [13]. QDs

typically form with pyramidal physical profiles with dimensions on the order

of (15− 25) × (15− 25) × (5− 15) nm (base width × base length × height),

but this can be controlled somewhat by deposition conditions. In a simple ap-

proximation, the energy structure of each dot may be estimated by considering

the quantum exciton confinement in each dimension using the time-independent

Schrödinger equation (TISE) for the electron wavefunction Ψ, represented as

follows:
−h2

8π2m

δ2Ψ

δx2
= (E − V ) Ψ, (2.1.0.2)

where h is Planck’s constant, m is the effective mass of the electron, E is the

energy, V is the well (dot) potential, and 0 ≤ x ≤ d is the position along the

single axis under consideration. Taking the dot edges x = 0 and x = d as

boundary conditions and considering V = 0 here yields a periodic function when

the TISE is solved for Ψ, shown below:

Ψ = A sin

(√
8π2mE

h2
x

)
+B cos

(√
8π2mE

h2
x

)
, (2.1.0.3)

where B then immediately goes to 0. Considering the 0-potential at the bound-

aries, we can see that the function within the sin() component must equal an

integer number of π, i.e. nπ and satisfy the following equation:√
8π2mE

h2
x = nπ. (2.1.0.4)
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We can then solve for the energy state as a function of the respective level n

which yields the following:

En =
n2h2

8md2
, (2.1.0.5)

where d is the width of the potential well (dot) in this dimension. In a QD, we can

extend this to represent the energy structure all three independent dimensions

in the following way:

En =
h2
(
n2
x + n2

y + n2
z

)
8md2

. (2.1.0.6)

Extending this result for optoelectronic considerations, we consider that the en-

ergy different between electrons and holes with effective masses m∗e and m∗h,

respectively, may be considered as follows:

∆E =
hc

λ
= EBG +

h2
(
n2
x + n2

y + n2
z

)
8m∗ed

2
+
h2
(
n2
x + n2

y + n2
z

)
8m∗hd

2
, (2.1.0.7)

where EBG is the QD bandgap energy. Finally, if we include the exciton effect of

the motion and Coulomb force between carrier pairs, we obtain the full general

expression for the energy band structure experienced by photons absorbed or

emitted from the QD as shown below:

∆E =
hc

λ
= EBG +

h2
(
n2
x + n2

y + n2
z

)
8m∗ed

2
+
h2
(
n2
x + n2

y + n2
z

)
8m∗hd

2
− e2

8rπεr
, (2.1.0.8)

where r is the separation between respective excitons in each pair and εr is the

dielectric constant or relative permittivity of the PC medium.

The result of the QD energy structure described above is that the density of

states (DOS) in a QD is relatively low. The DOS ρ(E) defines the number of

states N which may be occupied at given energy level, normally defined in atomic

studies by the electron degeneracy. The DOS in a volume V of semiconductor

material given by Equation 2.1.0.9 and is generally confined only to the energy

levels determined by the dot material and dimensions.

ρ(E) =
1

V

δN

δE
. (2.1.0.9)

An important consequence of this is illustrated in Figure 2.2. Bulk semicon-

ductors exhibit carrier movement (or lack of carrier confinement) in all three

dimensions, and as such the band structure simply shows an increasing DOS
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Figure 2.2: Illustration of the density-of-states distribution of: (a) 3D (bulk)
semiconductor; (b) 2D (QW) heterostructure; (c) quantum-wire; (d) ideal QD;
and (e) ‘real’ QDs. ECB – conduction band energy level; EGS – ground state

energy level; EES – excited state energy level.

with increasing energy. QWs exhibit carrier confinement in one dimension, and

a stepped DOS at the QW interface is observed. So-called “quantum wires” ex-

hibit carrier confinement in two dimensions, and the DOS is confined to specific

energy levels but with some smearing at the band edges due to the compar-

atively broad potential width in the unconfined direction. Ideal QDs exhibit

carrier confinement in all three dimensions as discussed, and the discrete energy

levels with well-defined DOS are formed. However, in real QD structures the

DOS at each energy level is smeared over a Gaussian-type distribution do to the

slight variation in deposited dot sizes inherent to the S-K growth regime.

The S-K growth regime is the predominant method by which low-bandgap semi-

conductor QDs may be integrated within a photoconductive structure. The op-

tical, mechanical and thermal properties of such QD-based structures are still
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being explored and they include a wide range of performance benefits and new

applications in the optoelectronics field in general. These applications, predom-

inantly to LDs and ultrafast EM signal management are discuss in the following

sections with particular emphasis on their implementation as THz PCAs as this

is the subject of this work.

2.2 Applications of Quantum Dot Materials

The reliable and repeatable deposition of QD-based structures is a major advan-

tage of the MBE system, and has enabled the development of a broad range of

devices and concepts. The use of QD-based semiconductors is quickly becom-

ing ubiquitous in research and in commercial products. This stems from their

inherent “customisable” properties and performance, and the early demonstra-

tions of QD materials in heterostructure lasers and SESAMs was arguably the

most important influence in the widespread use of them today. Engineering of

QD LD properties is generally done by the configuration of such parameters as

the QD size, density and number of layers in the gain volume. Engineering of

QD properties for charge carrier control generally involves configuration of QD

layer number, layer location with respect to the laser cavity modes and layer

periodicity to name a few. However, all QD parameters listed here apply to

both applications – in fact, in the case of ultrafast QD LDs both applications are

utilised simultaneously. This section discussed such applications and how this

relates to this work.

2.2.1 Quantum Dot Laser Diodes

An interesting development in laser diode technology was the incorporation of QD

gain medium into the laser structure. The first demonstration of LDs utilising a

QD-based gain medium was in 1994 [14, 15]. A major design goal at this time

was to improve the lasing threshold and gain, and to reduce the limiting thermal

rollover effects exhibited by LDs. The general principle was to consider a limited

volume of isolated gain islands implanted within the laser volume, which would

mean optically stimulating only a small amount of material at any given instant.

Exceptionally low current density lasing thresholds were indeed demonstrated,
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for example at 26 A/cm2 for a single-layer InAs:GaAs QD LD with output λp at

1250 nm [16]; and as low as 17 A/cm2 for a three-layer InAs QD LD with cleaved

HR/HR facets with output λp at 1.3 µm [17]. Extremely high differential gain

of 10−12cm−1 and gain saturation of 1.5× 105cm−1 has been demonstrated from

InAs:GaAs LDs [18], making them far superior to QW LDs in terms of lasing

efficiency. It has also been shown that the lasing threshold current in a QD LD

gain medium can be almost completely insensitive to temperature compared with

QW and bulk semiconductors [19, 20]. This is due to the low number of available

states near to the ground and excited state lasing levels which may be thermally

populated.

As the DOS is relatively low and distributed over a narrow range around the

ground- and excited-states (GS and ES ), it is also observed that gain saturation

in the GS occurs at a relatively low injection current. As states in the GS are

filled, this quickly leads to lasing in the ES as the Fermi level increases and

the gain in the ES overtakes the GS gain. The gain will generally saturate

at a much higher level while lasing at ES energies due to the higher carrier

degeneracy and a proportionally higher optical power may be achieved than GS-

only lasing [21]. For example, if the LD is driven at a relatively low current

density the output beam may be of peak wavelength λp ≈ 1250 nm and output

power up to roughly 40 mW . Increasing the driving current density will begin to

saturate the GS. Losses will slowly increase as the current is increased, which will

begin to populate the ES levels and a small signal is observed at the ES output

wavelength around 1185 nm. Further current increase will further populate the

ES and increase ES gain such that simultaneous lasing at λp1 ≈ 1185 nm and

λp2 ≈ 1260 nm is observed, with no significant emission at any wavelengths

between these. The balance of gain and output power between ES and GS

energies then increases towards the ES and lasing becomes fully dominated by

the ES wavelength. This inherently dual-wavelength operation has been exploited

for the purposes of THz optical pump signals in several ways, notably for the

electrically-tunable generation of multiple simultaneous dual-mode pumps from

a single QD LD [22]. This is discussed further in Section 3.3, as are the other

optical systems and methods that were used in the generation of THz pump

signals in this work.

Among these methods is the utilisation of an ultrabroadly-tunable QD LD. In this
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LD, the gain bandwidth is extremely broad due to the inhomogeneous broadening

of energy states exhibited by the dot layers. QDs which are implanted in layers

of increasingly larger dot-size allows the DOS profile to extend over an extremely

wide range, allowing efficient lasing over a peak wavelength of roughly 1122 nm−
1324 nm from a single LD [23]. This was useful for this work as implemented

in an ultrabroadly-tunable dual-wavelength optical signal which was capable of

pumping QD PCA structures at a tunable THz difference frequency over an

optical energy range which covers both the GS and ES regions [24], as discussed

in Section 3.3.

2.2.2 Ultrafast Charge Carrier Modulation

QDs implanted within semiconductors have been shown to exhibit ultrashort

carrier lifetimes [25], as they can act as mid-gap trapping and recombination

sites within a photoconductive medium which is optically excited. This has been

utilised in a variety of applications, most notably in SESAMs and passively/hy-

brid mode-locked QD LDs, as discussed in the following sections.

2.2.3 Quantum Dot Semiconductor Saturable Absorber

Mirrors

SESAMs have been used in the passive mode-locking and sub-ps chirp compen-

sation in the external cavity of solid-state lasers since the early 1970’s [26], and

QD-based SESAMs have been demonstrated for this use since the late 1990’s

[27–29]. QD SESAMs are usually produced in a heterostructure deposited over

a semiconductor substrate and distributed Bragg reflector (DBR) with high re-

flectivity at the laser wavelength, but may also be used in transmission mode by

excluding the DBR. A SESAM may be characterised primarily by factors such

as the optically-influenced range of reflectivity and the ‘speed’ of the response

[30].

The reflectivity may be characterised by: the difference in unsaturated and satu-

rated reflectivity (modulation depth); the incident optical power density required

to saturate the mirror; and the non-saturable losses (NSL), which is exhibited

in real systems as losses in the SESAM material which do not contribute to
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the modulation of the SESAM reflectivity. NSL should be minimised as far as

possible as any cavity losses will affect the lasing efficiency of any system detri-

mentally, and is particularly low in QD-SESAMs due to the control of QD ‘defect’

implantation and the confinement of the DOS distribution [31]. The effective re-

flectivity is determined by saturation of the absorber, which in turn is determined

by the relative excitation of the absorbing medium at the laser wavelength(s).

As such, QD-SESAMs are typically used in laser systems operating in the wave-

length range ∼1030-1400 nm and the SESAM heterostructure is designed with

pump wavelengths in mind. A cavity structure is normally configured, which

is either resonant or anti-resonant at the pump wavelength and the placement

of the QDs in the cavity is designed with reference to the pump waveform [32].

This is done so as to configure the effective level of QD excitation and subse-

quent saturation level. QDs are particularly effective in this application because

the modulation depth may be controlled by the absorber dot density (via MBE

growth parameters such as temperature [31, 33]) and the effective optical fluence

incident across the dot layers may be controlled via the cavity design and pump

field enhancement.

Regarding the speed of the SESAM response, the ultrafast carrier capture dynam-

ics exhibited by QD nanostructures is ideal for this application, and modulation

of laser pulses to pulsewidths below 1 ps is readily achievable [25]. Addition-

ally, the considerable reduction of NSL is achieved in QD-based SESAMs due to

the high quality of the heterostructure epitaxial layers and the use of QDs in-

stead of lattice defects for carrier lifetime control. Monitoring of the modulation

speed of SESAMs such as these is made relatively simply by the use of a pump-

reflective-probe technique. The pump beam excites carriers in the SESAM and

the probe beam is incident and reflected from the SESAM at some angle. The

time-dependent intensity of the reflected beam is then scanned and monitored

using a time-of-flight beam delay line. Intuitively, it is observed that as the pump

beam fluence is increased, the recombination time of the SESAM decreases due

in part to the increase in saturable losses.
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2.2.4 Ultrafast Pulsed Quantum Dot Laser Diodes

As discussed previously, a QD gain medium allows a broad gain bandwidth in the

1.03− 1.4 µm wavelength range and it can also exhibit ultrafast carrier recombi-

nation times. These characteristics enable the implementation of QD structures

for the generation of high-power, ultrashort pulsed LD devices operating at these

longer wavelengths [34–38]. The high output powers and ultrashort pulsewidths

of signals generated by these semiconductor lasers, in addition to their relatively

good beam quality and long operational wavelength makes them ideal candi-

dates as the driving mechanism in a wide range of THz pulse generation systems

based on both increasingly relevant, telecoms-wavelength PCAs as well as NLCs.

Additionally, as these ultra-compact devices are designed with the active com-

ponents such as a SESAM, spatial filtering waveguide, gain section and mirror

facets monolithically integrated, the entire pump system is extremely compact,

low power and need only include a few standard additional conditioning optics

such as an optical isolator and coupling lenses [35, 38].

As discussed in Section 1.2.1.2, the use of a SESAM within the cavity of an

LD can enable the generation of ultrashort optical pulses in the device. The

operating principle of the SESAM is the ultrafast excitation, saturation and

recombination of carriers within the PC SESAM structure. This is assisted by the

use of dopants and mid-gap carrier capture sites throughout the SESAM which

allows carriers to relax must faster than recombination in a more homogeneous

crystalline structure. This may be enhanced even further with the use of a p-n

junction across the absorber, which increases the movement and capture rate

of charge carriers [39]. It follows then, that the ultrafast carrier modulation

exhibited QD structures can be utilised in the absorber section of QD LDs to

modulate sub-ps pulses in the cavity similarly to the method applied to QW LDs.

The performance of mode-locked QD LDs to date is impressive. The character-

istics of various QD LD device structures and configurations includes: temporal

pulsewidths as low as 390 fs [40]; peak powers on the order of 17 W [41, 42];

and repetition rates between 281 MHz [37] and several hundred GHz (e.g. [43]).

Interestingly, Simultaneous mode-locking of both GS and ES wavelength pulses

have also been demonstrated [44]. This makes these LD systems excellent can-

didates for use in THz optical pump systems, and a variety of two-section QD

LD devices are tested in this work as discussed in Chapter 3.
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The basic two-section QD LD layout is to use a straight waveguide between

HR/AR cleaved facets, and a gain:absorber length ratio between 6:1 and 4:1.

A variation on this is to replace the HR facet with an altered AR facet which

utilises an angled waveguide to further reduce the reflectivity of this facet to

around 10−5. Another configuration was a tapered gain section and a (usually

parallel) absorber section [41]. The parallel waveguide acts as a spatial filter

within the cavity while the tapered section uses the increasing width of the

gain medium to amplify the optical power. Tapered lasers may be designed in

three different ways: fully index-guided, fully gain-guided or a combination of

both designs. Such devices are now established as reliable semiconductor device

configurations for the generation of high power, ultrashort optical pulses [45–47].

Gain-guided two-section tapered devices like these have demonstrated high peak

output powers exceeding 17 W and enable the generation of Fourier-limited 0.672

ps pulsewidth optical signals [41].

2.2.5 Application to Terahertz Photoconductive Anten-

nas

Recently, research into efficient ultrafast photoconductive materials and struc-

tures for ultrafast laser [25] and THz [48–51] applications has included the inves-

tigation of optically-pumped QD-based semiconductor structures with the pri-

mary function of utilising layers of implanted QDs as the photocarrier lifetime-

shortening mechanism. The basis of this theorem is partly to take advantage of

the high crystalline quality structure offered by MBE growth of all semiconduc-

tor materials in the device. This can potentially allow the production of a highly

efficient, ultrafast device without introducing compromises between factors such

as carrier mobility, PC gain, resistivity and carrier lifetimes as would normally

be made in bulk-type PC THz materials. The use of essentially defect-free GaAs

crystal layers in an InAs:GaAs QD structure allows carrier mobilities across the

active region similar or higher to a bulk LT-GaAs structure but not as high as

QD-free bulk GaAs [52], which is to be expected. It has been shown previously

that QDs deposited within or over GaAs can efficiently shorten photocarrier life-

times and generate THz signals when the structure is pumped by ultrafast opti-

cal pulses with wavelength 800 < λp < 895 nm [53] and THz-range photomixing
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Layer Material Repeats Thickness Comment
(nm)

8 LT-GaAs 1 30
7 GaAs 40 35 Active region
6 In0.15Ga0.85As 40 5 Active region
5 InAs QD 40 0.8 Active region
4 GaAs 1 35 Spacer layer
3 AlAs 25 100.46 DBR
2 GaAs 25 85.79 DBR
1 GaAs 1 100 Buffer layer
0 GaAs 3” SI substrate

Table 2.1: Epitaxial layer profile of QD-based antenna semiconductor
“Structure 1”. SI – semi-insulating.

operation of PCAs has been demonstrated using ErAs:GaAs nanoisland-based

structures pumped at 800 nm using two Ti:Sapphire lasers [49].

These concepts and early results encourage the further development of QD-based

THz PCA devices and this is the basis of this work. The PCA structures used in

this work are InAs:GaAs QD structures of varying dot layer number and DBR

reflectivity range, but are kept consistent in their material and layer thickness

parameters. The epitaxial profile of each tested QD structure used in this work

is given in Tables 2.1–2.3, and photoluminescence (PL) and optical reflectivity

spectrum for each structure is shown in Figure 2.3.

Structure 1 described in Table 2.1 is the measured PL spectrum from a 40-layer

QD structure which has a 25-layer DBR centred around 1180 nm wavelength.

Structure 2 described in Table 2.2 is a 25-layer structure with DBR centred

around 1220 nm wavelength. Structure 3 described in Table 2.3 is a 40-layer

structure with DBR centred around 1220 nm wavelength. The PL spectrum of a

QD-based structure is normally measured using a calibration sample of the same

QD parameters but no additional features such as the DBR, shown in Figure

2.3(a,c). The PL spectrum shown in plot (e) is measured directly from the final

heterostructure of Structure 2, and the effects of the DBR are recognisable by

the enhancement of emission around the centre design wavelength of 1220 nm.

Figure 2.4 indicates the photocarrier dynamics in a multilayer structure con-

sisting of three different possible semiconductor absorption materials, which can

be very complex but effectively consist in charge carrier escape and/or capture
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Layer Material Repeats Thickness Comment
(nm)

Post-growth As2 overpressure,
anneal 550◦C, 10 mins

9 LT-GaAs 1 30 Grown at 190◦C
8 GaAs 1 10 Spacer layer
7 GaAs 25 36 Active region
6 In0.15Ga0.85As 25 4 Active region
5 InAs QD 25 0.8 Active region
4 GaAs 1 75 Spacer layer
3 GaAs 30 89 DBR
2 AlAs 30 104 DBR
1 GaAs 1 300 Buffer layer
0 GaAs 3” SI substrate

Table 2.2: Epitaxial layer profile of QD-based antenna semiconductor
“Structure 2”. SI – semi-insulating.

Layer Material Repeats Thickness Comment
(nm)

Post-growth As2 overpressure,
anneal 450◦C, 10 mins

9 LT-GaAs 1 30 Grown at 200◦C
8 GaAs 1 10 Spacer layer
7 GaAs 39 35 Active region
6 In0.15Ga0.85As 40 4 Active region
5 InAs QD 40 0.8 Active region
4 GaAs 1 170 Spacer layer
3 GaAs 30 88.9 DBR
2 AlAs 30 104.5 DBR
1 GaAs 1 500 Buffer layer
0 GaAs 3” SI substrate

Table 2.3: Epitaxial layer profile of QD-based antenna semiconductor
“Structure 3”. SI – semi-insulating.
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Figure 2.3: Photoluminescence and optical reflectivity spectrum of: (a-b)
Structure 1; (c-d) Structure 2; and (e-f) Structure 3.

Figure 2.4: Sketch of the different possible mechanisms of charge carrier
generation and movement between layers and materials in a QD structure

grown in the Stranksi-Krastinow regime.

between the different materials. This plot is generated by custom simulation

software which calculates refractive indices and energy bandgaps of the struc-

ture throughout the entire heterostructure depth, as discussed further in Section

4.1.1.

It should be noted that the values given here for the bandgap and refractive in-

dex of the InAs QD layers are typically 2–3 times higher than the levels given in

this plot due to dot strain effects in the multi-layer heterostructure [54], but are

still necessarily lower than the bandgap energies of the wetting layer and GaAs
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spacer matrix. Carrier generation in GaAs barrier layers and subsequent capture

into InGaAs capping and QD layers has already been demonstrated for different

ultrafast optoelectronic applications such as the SESAMs discussed previously

[53] and ultrafast lasers [41]. Presented in this work are also experimental inves-

tigations into the behaviour of similar InAs:GaAs structures operated in different

charge transport regimes. The aim of this is to test the capacity for carrier escape

specifically from InGaAs capping layers and the potential for ‘inter-dot’ carrier

release and capture between adjacent QDs and QD layers when pumped around

peak InAs ground and excited state energies. Ultrafast carrier relaxation has

previously been demonstrated in QD-SESAMs pumped at longer wavelengths

corresponding to absorption energies of the implanted QDs [25]. In these pre-

liminary tests, pump wavelengths up to 1280 nm were employed using broadly

tunable InAs:GaAs QD diode lasers in the CW dual-mode regime, some results

of which are presented in Section 5.1.

Previous experiments have shown that different excitation energies in struc-

tures similar to this will involve a range of processes which occur over different

timescales. The timescales of these processes depend upon which layer or ma-

terial is optically excited; which layer/material charge carriers relax to; and the

level of optical excitation applied [55, 56]. In the case for THz antenna devices

there is the additional factor of the electric field applied across the active region,

which contributes considerably to the movement of charge carriers particularly

regarding movement speed and capture times [39], as discussed above and in

Section 1.2.4.

Differential reflection measurements on QD layers of ∼100 nm vertical separation

(periodicity) indicate sub-ps carrier capture from the GaAs bulk into the wetting

layer of the QDs and a carrier capture time into the QDs themselves of ∼1.5

ps [57]. The periodicity of embedded QD layers has been shown to strongly

influence the carrier capture time [58] and periodic 40 nm spacing of QD layers

in structures such as those used in this work should theoretically enable the

modulation of charge carrier relaxation down to timescales of roughly 450 fs.

Carrier capture and recombination times in such InAs:GaAs QD structures have

also been shown to be strongly dependent on the deposition depth of QD layers

in terms of the number of dot monolayers (ML) [32]. Put simply, a higher ML

number is likely to result in a higher number of potential carrier capture sites [59]
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and higher dot density associated with higher QD layer depth also increases the

inter-dot carrier capture probability [60] – both effects typically contributing to

faster exciton capture and recombination. However, the S-K growth of QDs and

the corresponding dot and carrier capture site density is not so straightforward as

to mean that more MLs yield more ’useful’ QD material in this sense. It should be

noted that well-ordered QDs may begin to form once the appropriate InAs layer

thickness is deposited [61] (depending upon the deposition conditions), but after

formation the amount of material incorporated properly into the formed dots will

saturate [62–64]. After this point, dislocations will begin to form as more material

is added and the dot ensemble will exhibit less efficient thermal dissipation and

carrier transport, potentially leading to an overall decrease in carrier generation

and capture rate. Because of this, an optimal dot layer thickness should be

chosen so as to maintain well-ordered QD structures whilst achieving a relatively

high areal dot coverage. The structures used in this work are produced with

InAs dot layer thickness of ∼2.3 ML, which should be high enough to support

significant dot layer density without risking a high density of dislocations.

Ultrafast carrier processes in low-bandgap QD structures are governed by both

radiative and non-radiative recombination and relaxation processes. It is ob-

served that radiative recombination processes in InAs:GaAs QD structures (with

no externally-applied E-field) pumped at wavelengths .800 nm can occur over

timescales of several ps to hundreds of ps [65]. These timescales are determined

by processes such as simultaneous state-filling of QD energy levels, subsequent

energy-dependent exciton recombination and diffusion of carriers from GaAs

spacer layers into the dots. As such, the timescales of PL recombination are

dependent on the respective energy of the occupied dot level and subsequent

emission, indicating a faster recombination time from excited states than from

the ground state. Radiative recombination times are also strongly influenced

by the photoexcitation power and availability of relaxation channels in this case,

where increasing optical pump power leads firstly to saturation of the dot ground

states and subsequently higher states as the power is increased [66].

Regarding non-radiative relaxation, the predominant processes of interest here

are Auger effects [67] and step-wise (intra-dot) relaxation of excitons through

subsequent QD energy levels. Again, such processes are intuitively dependent on
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available intraband relaxation channels and phonon interaction [68]. The differ-

ence between carrier capture and relaxation in this case is defined by whether

photocarriers are considered as mobile. Intra-dot processes are then not con-

sidered to be derived from mobile carriers, whereas capture (and also radiative

recombination) of carriers generated in the barrier layers is considered as such.

Intra-dot carrier processes may be investigated by resonant excitation of QD

states, for example. In such a regime, intra-dot relaxation time reductions of

2.8 ps to 1.5 ps with increasing optical pump power, and 4.7 ps to 1.5 ps with

increasing temperature (from 4 K to 300 K) have been demonstrated [69] and

tend to support the Auger-based theory. As such, it was postulated that a many-

layer InAs:GaAs QD structure could provide the necessary number and density of

carrier capture sites and relaxation channels to support the ultrafast switching

processes necessary for implementation in an optically-pumped ultrafast PCA

device. Such a structure could potentially exhibit the ultrafast capture of mobile

carriers generated in higher-bandgap spacer and wetting layers into QD layers

and additionally exhibit ultrafast carrier intra-dot relaxation when pumped at

lower photon energies corresponding to QD GS and ES PL peaks. Additionally,

the suppression of PL emission from the structure may be assisted by the config-

uration of an optical cavity which is anti-resonant at the emission wavelength by

utilisation of a DBR beneath the active region and inter-facial reflection at the

structure-air boundary. Indeed, in this work measurements were carried out by

optically pumping PCA structures with DBRs and consisting of different num-

bers of QD layers and hence different availability of carrier relaxation channels,

the results of which are presented in Chapter 5.

It should be noted, however, that the operation of a PCA device in particular is

based on the generation of photocurrent and the movement of charge carriers.

Therefor, the mobility of carriers within the structure and between generation

and capture sites is a prime concern in this application. The nature of inter-

dot processes must be considered in the pumping of such structures at resonant

QD energies. Such processes are governed by carrier escape from QD sites into

the barrier layers, which is in part dependent on the relative energy mismatch

between the QDs and wetting and spacer materials and potential tunneling be-

tween them. Previous experiments conducted using similar In0.5Ga0.5As:GaAs

QD structures have demonstrated carrier recombination times reaching nearly 1

ns when excited from the QD GS into the barrier [56]. However, the experiments
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in this case did not include investigation of the dynamics of carriers excited from

higher dot energy levels, and no external E-field was applied. Application of

an E-field across the QD layer region of an InAs:GaAs heterostructure under

IR excitation has been previously demonstrated to enhance the movement and

subsequent capture rate of charge carriers through such a structure to the extent

that an increase the PL intensity at the respective QD energy levels is observed

[70]. This has also been utilised as the carrier lifetime shortening mechanism in

similar InAs:GaAs QD structures, to the extent that sub-ps carrier capture in

an un-biased structure is not possible but is made possible in a biased structure

[50] – an effect which is not observed in more homogeneous, bulk semiconductors

grown at low temperatures. The extent of these effects are explored further in

this work, and discussed in Chapter 5.

2.3 Summary and Conclusions

In this chapter, the production and application of InAs:GaAs QD semiconductor

structures was discussed, with particular emphasis on QD structures and appli-

cations in SESAMs and LDs. A description of the S-K growth regime was given,

which is the basis of QD layer production. The method of QD bandgap engineer-

ing was described with application to the design of structures with controllable

optical absorption and emission properties. The ultrafast charge carrier modu-

lation of multi-layered QD-based heterostructures was also discussed, which is

fundamental in the design of efficient SESAM structures and a key concept in

the interpretation of the main results presented later in Chapter 5.
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O. Vatel. Self-organized growth of regular nanometer-scale Inas dots on

GaAs. Applied Physics Letters, 64(2):196–198, 1994. doi: http://dx.doi.

org/10.1063/1.111502. URL http://scitation.aip.org/content/aip/

journal/apl/64/2/10.1063/1.111502.

[63] N.P. Kobayashi, T.R. Ramachandran, P. Chen, and A. Madhukar. In situ,

atomic force microscope studies of the evolution of InAs three-dimensional

islands on GaAs(001). Applied Physics Letters, 68(23):3299–3301, 1996.

ISSN 0003-6951. doi: 10.1063/1.116580.

[64] T. J. Krzyzewski, P. B. Joyce, G. R. Bell, and T. S. Jones. Scaling behavior

in InAs/GaAs(001) quantum-dot formation. Phys. Rev. B, 66:201302, Nov

2002. doi: 10.1103/PhysRevB.66.201302. URL http://link.aps.org/

doi/10.1103/PhysRevB.66.201302.

[65] K. Neudert, F. Trojnek, K. Kuldov, J. Oswald, A. Hospodkov, and P. Mal.

Ultrafast photoluminescence spectroscopy of InAs/GaAs quantum dots.

physica status solidi (c), 6(4):853–856, 2009. ISSN 1610-1642. doi: 10.1002/

pssc.200880597. URL http://dx.doi.org/10.1002/pssc.200880597.

[66] R Heitz, A Kalburge, Q Xie, M Grundmann, P Chen, A Hoffmann, A Mad-

hukar, and D Bimberg. Excited states and energy relaxation in stacked

InAs/GaAs quantum dots. PHYSICAL REVIEW B, 57(15):9050–9060,

APR 15 1998. ISSN 0163-1829. doi: {10.1103/PhysRevB.57.9050}.

[67] F Adler, M Geiger, A Bauknecht, F Scholz, H Schweizer, MH Pilkuhn,

B Ohnesorge, and A Forchel. Optical transitions and carrier relaxation

in self assembled InAs/GaAs quantum dots. JOURNAL OF APPLIED

PHYSICS, 80(7):4019–4026, OCT 1 1996. ISSN 0021-8979. doi: {10.1063/

1.363361}.

[68] J. Siegert, S. Marcinkeviˇ cius, and Q. X. Zhao. Carrier dynamics in

modulation-doped InAs/GaAs quantum dots. Phys. Rev. B, 72:085316,

http://link.aps.org/doi/10.1103/PhysRevB.50.11687
http://link.aps.org/doi/10.1103/PhysRevB.50.11687
http://scitation.aip.org/content/aip/journal/apl/64/2/10.1063/1.111502
http://scitation.aip.org/content/aip/journal/apl/64/2/10.1063/1.111502
http://link.aps.org/doi/10.1103/PhysRevB.66.201302
http://link.aps.org/doi/10.1103/PhysRevB.66.201302
http://dx.doi.org/10.1002/pssc.200880597


Chapter 2: Semiconductor Quantum Dot Materials
78

Aug 2005. doi: 10.1103/PhysRevB.72.085316. URL http://link.aps.

org/doi/10.1103/PhysRevB.72.085316.

[69] T. Muller, F. F. Schrey, G. Strasser, and K. Unterrainer. Ultrafast in-

traband spectroscopy of electron capture and relaxation in InAs/GaAs

quantum dots. Applied Physics Letters, 83(17):3572–3574, 2003. ISSN

0003-6951. doi: 10.1063/1.1622432.

[70] Evgenii S. Moskalenko, Mats Larsson, K. Fredrik Karlsson, Per Olof Holtz,

Bo Monemar, Winston V. Schoenfeld, and Pierre M. Petroff. Enhancement

of the Luminescence Intensity of InAs/GaAs Quantum Dots Induced by an

External Electric Field. Nano Letters, 7(1):188–193, 2007. doi: 10.1021/

nl062417u. URL http://pubs.acs.org/doi/abs/10.1021/nl062417u.

http://link.aps.org/doi/10.1103/PhysRevB.72.085316
http://link.aps.org/doi/10.1103/PhysRevB.72.085316
http://pubs.acs.org/doi/abs/10.1021/nl062417u


Chapter 3

Laser Pumping of Terahertz

Systems

In this chapter, the design and implementation the optical driving schemes used

for testing devices is discussed. Several different laser systems were employed,

including: laser diodes; solid-state lasers; and optical parametric oscillator sys-

tems. This includes both pulsed and CW laser systems, utilising well-established

pumping methods as well as novel regimes. Section 1.2.4 gives a more in-depth

description of the implementation of optical pumps in ‘full’ THz systems, so de-

scriptions in this chapter are confined as much as possible to the optical systems

presented here only.

3.1 Laser Measurement and Control Systems

The various equipment and experimental setups used in the driving of laser sys-

tems are discussed in this section and the characterisation of their optical signals

is described. The systems used in this work were driven electrically in the case

for laser diodes and optically in the case for Ti:Sapphire lasers. Laser systems

were controlled in each case via beam alignment elements and thermal stabilisa-

tion, using different methods for each system type. There were several important

signal parameters requiring different measurement techniques, predominantly in-

cluding: the optical power and spectrum; temporal optical pulsewidth (where

appropriate); and pulse repetition rate (where appropriate).

79
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3.1.1 Laser Control Systems

Each laser system used in these experiments was tested ultimately for their use

in an effective, stable, efficient THz transceiver system, and must be stable and

predictable in their operation. To this end, a high degree of thermal and/or

electrical control was employed in the driving of every laser system presented

here. In each case, the laser gain medium must be kept thermally stable so to

avoid any changes in refractive index, physical dimensions and spectral gain, for

example, as much as possible during operation. In the case for semiconductor

lasers, there was the additional constraint of electrical driving stability, as fluc-

tuation or noise in the gain current can significantly affect the output power and

wavelength, which in turn may lead to energy drift effects particularly in external

feedback cavity setups.

The Ti:Sapphire system used in this work was driven optically by a solid-state

green pump laser at 532 nm wavelength (Finesse), which in turn was kept ther-

mally and electrically stable using a separate drive/control unit (Laser Quan-

tum). The pump laser was initially set to an output power of 5.3 W, at which

point an optimal alignment through the Ti:Sapphire crystal was achieved using

simple beam steering optics placed before the Ti:Sapphire and compression cav-

ity. The Ti:Sapphire crystal itself was additionally kept thermally stable using a

water cooling system (NanoTherm3TM ) at a fixed temperature setting of 20◦C.

The pump laser power was then reduced to 4.6 W to maintain the optimal con-

version state in the crystal cavity and the system was then left for at least 20

minutes to ensure that again a state of thermal stability was reached.

In the case for all LDs, the chips were maintained at a steady temperature

using a thermoelectric cooler (TEC) controlled by either a high-precision bipolar

temperature controller (ICE-BLOC TC-4 [1]) provided by M2 Lasers [2], or a

unipolar temperature controller (LDD1-1T-D) with a temperature stability of

0.1◦C provided by AlphaLas [3]. For each LD, the gain current was delivered

using either a laser diode current driver (DD70) with a current noise level of

<0.01% provided by M2 Lasers, or by the LDD1-1T-D unit that was also used

as the TEC controller. It was found that the TC-4 and DD70 TEC and current

controllers were most stable and had a more sophisticated software-based control

suite, and so they were predominantly used. In the case for two-section QD LDs,
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the reverse bias voltage was applied to the absorber section using a Thurlby

Thandar PL330 power supply unit.

For all laser systems, the optical power was measured using either a ThorLabs

S121C Si photodiode or S144C InGaAs photodiode detector head, which was

monitored using ThorLabs’ corresponding PM100D power meter. The S121C is

used to measure the power at optical wavelengths of 400–1100 nm and the S144C

is used at wavelengths of 800–1700 nm.

3.1.2 Optical Spectrum Analyser

As discussed in Section 1.2.4, the operational optical spectral range of our laser

pump system was a crucial factor in the pumping efficiency of our photoconduc-

tive antenna devices. The spectrum of our laser systems were measured using a

compact A.P.E. USB-interface “waveScan” spectrometer.

This system operates on the principle of spectral separation and measurement

using a diffraction grating, shown in Figure 3.1. The diffraction grating is ro-

tated continuously at a rate of 6 Hz, which is controlled and tracked with high

precision by the on-board drive electronics. The output from this was focussed

to a Si-based photodetector and an optical intensity measurement was taken con-

tinuously throughout the rotational scanning. This allows measurement of the

intensity of small portions of the optical spectrum over the full effective spectral

range of the grating and detectivity range of the photodetector. The resolution

of each measurement is therefore determined by the temporal window over which

each intensity measurement is made, and how accurately this can be coordinated

with the rotation of the grating. This constitutes a comparatively simple, high

refresh-rate spectrometer with spectral resolution around 0.2 nm and spectral

analysis range of 800-1600 nm. As such, the waveScan unit was sufficient for

alignment and tuning of optical systems presented in this work.

3.1.3 Autocorrelation System

The effectiveness of pulsed-laser-driven photoconductive THz systems is based

fundamentally on the speed of the ultrashort driving laser pulses (see Section
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Figure 3.1: Schematic of the A.P.E. “waveScan” optical spectrum analyser
basic operating principle. DG - diffraction grating; PD - photodetector.

1.2.4.1), so in the case for pulsed laser systems, the output signals must be

characterised in terms of their temporal pulsewidths. For this, a Femtochrome

FR-103XL rapid scanning auto/crosscorrelator system based on SHG autocorre-

lation was used.

This type of system operates by splitting the test beam into two parts, applying

a pre-determined variation to the time-of-flight of one part, then recombining

it with the first (reference) part to monitor the time-varying interference be-

tween the two parts and thereby retrieve the temporal structure information

of the pulse. The time-of-flight variation was applied using a rotating parallel

mirror set, the interaction between the delayed beam and the reference beam

was achieved by combining the beams in a nonlinear crystal and monitored by a

photodetector, and the determination of time-of-flight variation and calibration

of output signal temporal scale was achieved using a micrometer delay line on

the reference beam as shown in Figure 3.2. The input beam (shown in red) was

either free-space or fibre-coupled. RM1 and RM2 rotate at a continuous speed

and provide the varying time-of-flight delay over a scan range determined by

the alteration in beam path length during rotation. The split beam was recom-

bined in the NLC and the second harmonic signal generated was analysed at the

photomultiplier (PMT). The PMT output signal was monitored using an oscil-

loscope and it was found that 1 ms on the oscilloscope timebase corresponded

to 19.1 ps in ‘real-world’ beam time-of-flight, calibrated by altering the delay-

line path length and monitoring the shift in the pulse profile on-screen. As the
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Figure 3.2: Optical schematic of the FR-103XL auto/crosscorrelator system.
PLBS - pellical beamsplitter. M1 and M2 - stationary metallised mirrors. RM1
and RM2 - rotating mirrors. RR - retroreflector. CCM - concave mirror. NLC

- nonlinear crystal. PMT - photomultiplier.

delay-line length was increased by say 1 mm (equal to a time-of-flight change of

(1× 10−3) / (3× 108) ≈ 3.33ps) using the micrometer control, the correspond-

ing temporal shift in the pulse peak position (in ms) on the oscilloscope could

be read. This FR-103XL system was capable of resolving temporal beam fea-

tures to <1 fs over an optical wavelength range of 800-3000 nm. The scan range

was >185 ps and the PMT detector could detect a signal of minimum power

Pav × Ppeak = 10−7 W 2.

3.1.4 Radio Frequency Spectrum Analyser

The pulse repetition rate of a laser system is determined by a multitude of crucial

features in the layout of the cavity itself and conveys important information

regarding the nature of the output signal. For example, the duty cycle of a

pulsed laser system is inherently related to the repetition rate and associated peak

and average powers; and the distribution of signal peaks in the radio frequency

(RF) operating spectrum of a mode-locked laser strongly indicates the system’s

mode-locking stability. The pulse-to-pulse stability of a laser pump source for

THz systems is of high importance in the stability and accuracy of the system

as a whole, as artefacts such as timing jitter can introduce phase shifts and

subsequent spectral measurement errors in the generated THz signals. The RF

spectrum analyser used to measure laser outputs in this work was a Rohde and

Schwarz RSP Spectrum analyzer FSP-40.
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Figure 3.3: System schematic of the RF spectrum analyser. IF - intermediate
frequency. LO - local oscillator. The fast photodiode shown here is a separate
unit which connects to the system input, and the filtered output signal is

plotted on a small LCD screen on the system housing.

This system operates essentially on the principle of heterodyning (mixing) of

an incoming pulse signal with a locally generated oscillating signal and a basic

system schematic is shown in Figure 3.3. The incoming optical pulse train was

sent via fibre to a 29 GHz D-15 Newport fast photodiode detector, which converts

the optical signal to a varying electrical signal. This signal was then mixed with

the sweeping local oscillator source, and the resulting intermediate frequency

(IF) at each mixed frequency interval was amplified and this narrowband GHz

frequency amplitude was recorded and displayed at the corresponding location on

the RF spectrum plot. This means that an optical input pulse with a very well-

defined fundamental pulse repetition rate at say 1 GHz would be represented as a

very narrow peak at the 1 GHz, with further harmonic peaks at consecutive 1 GHz

intervals thereafter, and any additional spectral features (e.g. sidebands) would

be caused by interference modulation within (most likely) the optical cavity or

drive system of the laser source.

3.2 Ultrafast Laser Systems

Ultrafast lasers provide the most effective pump signals for THz systems. The

reasons for this are manifold as discussed in Section 1.2.4.1, but this is predom-

inantly because of the high peak pump powers which can be introduced into

the photoconductive emitter and corresponding high optical-to-THz conversion

efficiency, as the emitted THz output power is a superlinear function of optical

pump power (see Equation (1.2.4.2)). For this reason, various different pulsed

laser systems were considered in the development of the systems presented here,
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as a significant aspect of this work was investigation of the possibility to opti-

cally pump THz PCA devices over different wavelengths in the same setup (see

Section 4.1) and the conversion efficiency in these cases should be as high as pos-

sible. This section outlines the characteristics of the pulse-regime optical pump

systems used for the various experiments presented here.

3.2.1 Ti:Sapphire Lasers

An in-depth description of the operation principles of Ti:Sapphire systems in

general is given in Section 1.2.1. The Ti:Sapphire laser used in this work was

provided by M2 Lasers (Sprite). The system was relatively compact and stable,

and provides a reliable pump signal for systematic testing of photoconductive

devices based on InxGa1−xAs, LT-GaAs and GaAsBi semiconductor materials as

the operating wavelength λpeak ≈ 810 nm (≈ 1.56 eV ) is readily absorbed in such

tertiary blends throughout the entire 0 ≤ x ≤ 1 range. The custom Sprite laser

was pumped by a green CW laser (Finesse) operating at 532 nm wavelength and

4.6 W power. The mode-locked output pulse repetition rate was frep ≈ 99.5MHz

and pulsewidth τp ≈ 100 fs. The compression optics in this system were based

on a prism pair, knife-edge and rear reflector as discussed in Section 1.2.1 and

Figure 1.4. This output beam had an average power which could be varied

between 4 mW and 320 mW using an optical neutral density (broadband) filter

with corresponding peak powers between roughly 400 W and 32 kW. Exemplary

optical, autocorrelation and RF spectrum are given in Figure 3.4, showing a

broad optical output spectrum with ∼ 70 nm bandwidth; ultrashort pulse with

a FWHM of ∼ 97 fs; and RF linewidth of ∼ 0.1 kHz.

3.2.2 Ultrafast Quantum Dot Diode Lasers

For generating high power ultrashort pulses in these experiments, various dif-

ferent diode laser devices were used and device descriptions are given here with

exemplary optical, autocorrelation and RF spectral characteristics, where appro-

priate. A more in-depth description of two-section, QD-based ultrafast pulsed

diode laser principles and properties is given in Section 2.2.4. As described,

these devices were operated much like traditional laser diodes but with a gain
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Figure 3.4: Exemplary (a) optical; (b) autocorrelation (time-domain); and
(c) RF spectrum for the “Sprite” Ti:Sapphire laser system.
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Figure 3.5: Configurations of the various different QD LD chips tested. (a)
single-section with straight-waveguide and HR/AR facets; (b) single-section
angled waveguide with high-AR/AR facets; (c) two-section with straight-
waveguide and HR/AR facets; (d) two-section angled waveguide with high-
AR/AR facets; (e) tapered waveguide gain section and straight waveguide
absorber section; and (f) is a cartoon of the general layout of devices over
their gain medium. La - absorber length; Lg - gain section length; Lc - laser

chip length; θ - waveguide angle.

medium which extends the gain bandwidth over 200 nm in the 1.1−1.3 µm range

[4], with the addition of a saturable absorber section that acts as an ultrafast

time-varying mirror within the laser cavity to engage optical mode-locking with

ultrashort temporal pulsewidths. A range of different LD device configurations

were investigated, summarised in Figure 3.5, including a range of structural laser

layout as well as QD layer numbers, QD size/material variation and different

external cavity configurations. The structure variations included a range of laser

chip lengths (Lc); gain/absorber length (Lg/La) ratios; and when angled waveg-

uides were used, θ was typically 7◦. Presented here is data pertaining to the

tuning of these devices with the aim of implementation as ultrafast pulse pump

sources for THz systems.

The simplest configuration was a two-section device with a straight waveguide, a

highly-reflective (HR) and an anti- reflective (AR) facet, 10 QD gain layers, and a

gain:absorber section ratio of 4:1. This chip type was used predominantly for the

characterisation of volume Bragg Grating (VBG) elements [5] in the CW regime
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as discussed in Section 3.3, and also served as an effective device in pulsed tests.

This was simply because there were more variations of this chip type available

than any other and these had a variety of operational characteristics such as:

repetition rates of 5–20 GHz [6]; average output powers up to 200 mW; and gain

bandwidths centred around either or both ground- and first-excited-state wave-

lengths [5, 7], which was extremely useful for multi-wavelength tests. Various

tapered gain section devices were also tested with different lengths, gain:absorber

ratios and QD layer numbers. Exemplary mode-locked RF, optical and autocor-

relation spectrum of a mode-locked 8 mm tapered two-section QD LD are given

in Figure 3.6.

The output pulse performance data is presented here as an example of the

pulsewidth shortening behaviour which was achieved by altering the reverse bias

across the absorber section of these devices, and was crucial in the process of

configuration as effective pulsed pump sources. The figure indicates a mode-

locked pulse repetition rate at 10 GHz and that as the reverse bias was increased

and gain current was reduced, the pulsewidth can be gradually reduced to a few

picoseconds FWHM in this sample, but has been demonstrated to below 1 ps [8].

The RF linewidth of the mode-locked pulse in this case was also somewhat broad,

but can be reduced and ‘cleaned’ with further tuning and improved alignment of

the cavity. The only variation in angled-waveguide laser chips was whether they

were one- or two-section, i.e. CW or pulse regime, and all such samples were

chirped-gain medium type.

To gain further insight into the practical interpretation of the achievable output

pulse performance from mode-locked QD LD’s, mathematical evaluations of the

temporal pulse properties were often conducted. For this, output pulse autocor-

relation spectra were firstly modeled using either Gaussian, Lorenzian or sech2

power fitting curves as described in Equations 1.2.1.3-1.2.1.5. This was done to

recover accurate estimation of temporal pulse FWHM and corresponding TBWP,

which in turn allows some evaluation of the extend of pulse broadening through

chirp effects. As typical examples of this process, the fitted output pulse curves

for the Ti:Sapphire laser and a tapered two-section QD LD are given in Figure

3.7.

These autocorrelation spectra indicate firstly that each pulse is closely modeled

using a Gaussian pulse profile, and also that the Ti:Sapphire exhibits a much
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Figure 3.6: Example (a) RF and (b,c) autocorrelation spectrum taken from a
tapered two-section QD LD, indicating a 10 GHz mode-locked pulse repetition
rate and output pulsewidth which is electrically tunable down to a few ps in

this case.
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Figure 3.7: Exemplary autocorrelation spectrum taken from (a) the
Ti:Sapphire laser and (b) a tapered two-section QD LD, with mathematically-

fitted pulse models shown in red.

shorter pulsewidth compared with the QD LD, as was typically the case. The

pulsewidth of the QD LD output in this example was estimated by the fitting

program (Origin Pro) as 3.93 ps. This pulsewidth is essentially too long to be

used efficiently as an optical pump signal in THz systems for two main reasons.

Firstly, this length of optical excitation will tend to ‘smear’ most of the sub-ps

photocarrier generation and relaxation processes in the THz PCA, inhibiting THz

EM pulse generation. Additionally, a more rigorous mathematical evaluation

of the pulse reveals that Fourier-transformed signal frequency spectrum of the

changing electric field δE/δt results in a peak spectral amplitude at sub-THz

frequencies that rapidly decays before reaching the & 300 GHz range of interest.

For comparison, plots of the temporal evolution of the pulse power derivative

δP/δt from both the Ti:Sapphire laser and the same QD LD are given in Figure

3.8. Plot 3.8(c) here is given simply as a clearer comparison of the relative pulse

power derivatives with respect to time for each output pulse signal. The x-axis

here is normalised to the maximal and minimal extents of the pulse profile in

time, taken as the minimum and maximum x-axis points in the fitted curves

(red) shown in Figure 3.7; and the y-axis is the calculated derivative δP/δt of

the normalised Gaussian-fitted pulse power profile. As such, this was plotted as

a demonstration of the difference in δP/δt for each pulse only and any temporal

overlap between features of the two curves are not relevant – the Ti:Sapphire

pulse has essentially been ‘stretched’ in time to allow for a clearer graph. Plot

3.8(d) here shows the Fourier transform power spectrum (black curve) of the

mode-locked QD LD optical pulse power derivative shown in plot (b).

It can be seen from Figure 3.8(c) that the value of the pulse power derivative
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Figure 3.8: Derivatives of the pulse power with respect to time for (a) the
Ti:Sapphire laser and (b) a tapered two-section QD LD. For reference, (c) is
a ‘time-normalised’ plot of the un-normalised power derivatives of the fitted
pulse profile from each system. (d)(black curve) shows the calculated Fourier
transform frequency power spectrum of the derivative of the mode-locked QD
LD output pulse in plot (b); and (d)(red curve) shows the power spectrum of

the same pulse profile compressed to exactly half the FWHM.

for the mode-locked tapered QD LD output is relatively low compared with

that of the Ti:Sapphire laser. It should be noted that the field amplitude of

the THz output signal in a pulse-regime PCA-based THz system is related to

the generated PCA photocurrent as in Equation 1.2.4.3 and the time-dependent

optical pump power P (t) as below:

ETHz ∝
δP (t)

δt
. (3.2.2.1)

As such, it is reasonable to infer that this particular LD sample is less effec-

tive than the Ti:Sapphire laser as an optical pump source for a PCA-based

THz system. The peak Fourier-transformed spectral power amplitude of the

Ti:Sapphire when calculated using the same methods is at roughly 3.9 THz and

shows a gradual power decay over tens of THz, which is in stark contrast to the

power spectrum of the mode-locked QD LD optical pulse as shown in plot 3.8(d).

This frequency power spectrum plot represents the relative optical pump efficacy
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across the expected maximum working THz spectral range of a PCA-based THz

source pumped by this particular LD. As such, these results and evaluations

build a picture of the actual practical effectiveness which may considered in the

design of a THz source (and by extension a complete THz transceiver system)

and the relative efficacy of the LD pump system may be evaluated. As further

demonstration of this, the red curve in plot 3.8(d) is the resultant calculated

frequency bandwidth of an optical pulse of exactly half the temporal pulsewidth

(2 ps) of the QD LD pulse corresponding to the black curve. Indeed, the peak

spectral power is at effectively double that of the black curve, indicating that a

reduction of the pulsewidth by only a factor of two in this case can extend the

working spectral range of the system to twice the THz frequency. This would

of course still be limited by the active PC materials in the PCA for a real THz

system, but it is observed that continuously decreasing the optical pulsewidth

yields a continuously increasing THz spectral bandwidth.

Similar mathematical evaluation techniques of generated ultrafast EM output

waveforms are typically applied for the analysis of PCA performance in THz

systems, as applied in Section 5.3.2 for the devices presented in this work. It is

worth noting in this case that several of the two-section QD LD’s used in this

work had previously been demonstrated to exhibit optical pulsewidths around 1

ps, but the complexity of the laser monitoring systems and the subsequent GVD

that was likely induced in the pulses made identification of such signals difficult.

As such, the lowest measured optical pulsewidths from all two-section QD LDs

were on the order of 2 ps and were not transform-limited upon measurement at

the autocorrelator.

Two-section pulsed devices involve overall perhaps the simplest optical setups

regarding LD pump sources due to the monolithic integration of fundamental

features and ‘direct’ thermal or electrical control of output signal properties (see

Section 2.2.1), but the scope for further configuration of these devices, particu-

larly in the CW regime, is considerable and some of the implemented external

cavity setups for dual- and multi-mode operation is discussed in the next section.
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3.3 Dual- and Multi-Mode Laser Systems

As discussed in Section 1.2.4.2, the generation of CW THz signals in PCA-based

systems is based upon the photomixing principle and use of dual-modal optical

pump signals. The generation of such optical pump signals for THz photomix-

ers has been accomplished in several different ways. This includes: systems of

tunable multiterahertz difference frequency generation via two-wavelength LD

arrays [9]; spatial combination of two pulsed Ti:Sapphire lasers or CW LDs [10];

single monolithic dual-longitudinal-mode LDs [11]; spectral tuning of a single LD

using gratings and an etalon [12]; dual-mode tuning of a single LD using single

[13] and/or multiple (“multiplexed”) VBGs in an external cavity [5, 14]; and

tunable systems using a single LD in a ‘double-Littrow’ configuration [15, 16].

Described here is the configuration of several different optical systems, all based

on laser diodes, which were implemented in this work as dual-mode optical pump

sources.

3.3.1 Dual Distributed Feedback Laser Setups

Discussed earlier (Section 3.2.1) was the use of the Ti:Sapphire laser a high-

power pulsed pump source operating at optical wavelengths readily absorbed

by the entire InxGa1−xAs tertiary blend range, and the traditionally employed

CW ‘alternative’ at this wavelength range is the two-distributed feedback (DFB)

laser pump system [10]. This was constructed using a pair of DFB laser diodes

provided by G. Erbert of the Ferdinand-Braun-Institut [17] which operated at

wavelengths around 847 nm and 850 nm [18], the difference frequency between

which could be tuned in the range 0.76–1.31 THz by varying their operating

temperature using a thermoelectric element as shown in Figure 3.9. The output

from each LD was collected and collimated by an aspheric lens, then refocussed

by similar apsheric lenses to be introduced into a 2:1 polarisation-maintaining

fibre splitter/combiner. This allows a high degree of spatial overlap between the

two beams to be achieved before collection, refocussing and introduction to the

PCA active region. The CMOS camera was employed with a telescopic zoom lens

here to precisely monitor the focussed pump beam alignment to the appropriate

location between the PCA contacts.
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Figure 3.9: Optical schematic of the two-DFB LD optical pump system.
ASL - aspheric lens; TEC - thermoelectric coolers; BS - beamsplitter; QD
PCA - quantum dot photoconductive antenna. Shown insets are the respective

operating wavelengths and zoomed view of example antenna contacts.

3.3.2 Multiplexed Volume Bragg Gratings

VBGs are essentially customisable Bragg gratings which are ‘implanted’ through-

out the volume of a small photothermorefractive (PTR) glass window using ma-

terial doping and holographic writing techniques. PTR glass is a silicate glass

doped with Ce, Ag, F and Br and is photosensitive. Under UV holographic expo-

sure and a thermal development process, a refractive index change was induced

in the window volume within the features defined by holographic pattern, which

may be designed as successive planes throughout the window to form a Bragg

grating [19], hence it is referred to as a “volume Bragg grating”. VBGs have

been shown to exhibit exceptional stability as wavelength modulators in external

feedback laser systems [20], giving stable operation over a wide range of operat-

ing temperature for example. It is also possible to develop more than one Bragg

grating throughout the glass volume, each designed to reflect a different narrow

optical wavelength, and these so-called ‘multiplexed’ VBGs may be designed to

reflect two specific closely-spaced wavelengths when they are interlaced within

the window. This essentially creates an external cavity optical feedback element

which allows laser operation at two simultaneous wavelengths, which constitutes
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VBG Label λ1 λ2 Difference Frequency
(nm) (nm) (THz)

VBG 1 977 980 0.9400
VBG 2 1177 1182 1.0782
VBG 3 1257 1262 0.9456
VBG 4 1180 1260 16.1421

Table 3.1: Volume Bragg gratings used in dual-wavelength laser system tests.

a fixed dual-mode optical pump signal with a different frequency at a pre-defined

THz value.

In the systems used here, four different VBG elements were used, characterised

by their respective reflected wavelengths. A summary of the VBGs used, their

peak reflected wavelengths and respective modal difference frequencies is given

in Table 3.1.

All VBGs are referred to as reflection VBGs when operated in this regime. VBGs

2–4 had a diffraction efficiency of 15±1% and window dimensions around 4×3×
4 mm. VBG 1 was effective at a different wavelength range than the others, has a

diffraction efficiency of 30% and was used in external feedback configuration with

a 150 µm broad area stripe quantum-well InGaAs–GaAs LD in the CW regime.

This broad stripe LD could be driven at gain currents up to 3 A, generating

an output power up to 2 W. VBGs 2–4 were effective at longer wavelengths

corresponding to the spectral gain regions of the various QD LDs used here,

which typically were driven at lower gain currents between 40 mA and 1.5 A

and generated output powers between 30 mW [5] and 1.7 W [14], depending on

the LD type being used. Exemplary optical spectral outputs are given for each

case in Figure 3.10, with corresponding LD type, operating characteristics and

output powers indicated. Additionally, a table at the end of this chapter fully

summarises the range of LD’s used and corresponding characteristics.

3.3.3 Tunable Double-Littrow Configuration

Described here is the novel use of ultrabroadly-tunable QD-based laser diodes as

a dual-mode CW optical pump source for driving a THz PCA. As discussed in

Section 2.2.1, configuration of the operational wavelengths, or gain bandwidth,
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Figure 3.10: Exemplary optical spectrum from different QD LDs operating
in an external cavity setup with the various VBGs presented here. (a) Broad
stripe InGaAs/GaAs QW LD through VBG 1; (b) 2-section QD LD through
VBGs 2 + 3; (c) 2-section QD LD through VBG 4; and (d) is a schematic of
the beam propagation through either one (A) or two (B) VBGs. θ and ϕ are
the angles used when tuning VBG retroreflection alignment; ASL - aspheric

lens.

of QD-based LDs is engineered in part by the semiconductor deposition/growth

process during production of the device. Using standard MBE techniques, the

material grower may deposit layers of QDs with a range of physical sizes, dot

density and layer spacing, for example. Much of the work presented here was

related to the configuration of QD LD-based setups in a so-called ‘chirped gain

bandwidth’ device [4]. This method involves the deposition of multiple layers

of QDs with a variety of dot dimensions, allowing a broad range of operational

energies/wavelengths. This solution was a highly versatile one as it was opera-

tional and tunable over a very wide spectral range at long (near telecoms-range)

wavelengths by utilising the inhomogeneous broadening of the QD gain medium

[16]. A one-section device with highly anti-reflecting end facets was employed in

this case in a double-Littrow configuration as shown in Figure 3.11, such that two

longitudinal modes may be circulated and continuously tuned whilst maintaining

a single multi-mode output beam via extraction from the opposite facet of the

device. Exemplary optical spectrum from this setup is also shown in Figure 3.11.
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Figure 3.11: Tunable double-Littrow configuration of a chirped QD LD.
(a) shows the optical schematic, CQDGC - chirped quantum dot gain chip,
ASL - aspheric lens, BS - beamsplitter, DG - diffraction grating; (b) example
broadly separated simultaneous dual-mode operation; (c) plots the the ultra-
broad gain bandwidth; and (d) is graph (b) replotted on the same axes for

further comparison.

As discussed in Section 3.2.2, these ultra-broadband chirped gain chips are ex-

tremely versatile and may be produced as two-section devices which could po-

tentially be used for ultrashort pulse operation in a dual-wavelength or dual-

repetition-rate regime, discussed further in the next section.

3.4 ’Hybrid’ Dual-Mode Pulsed Regimes

The spectral and temporal operational versatility of QD-based ultrafast LDs as

discussed so far also allows scope for ‘hybrid’ pump systems, which may take ad-

vantage of both of these elements to produce a highly efficient optical solution.

Two-section tapered devices such as the one shown in 3.5(d) may be configured

in an external cavity setup to provide an extra degree of output tunability. Pre-

sented here firstly is a method involving the use of VBGs as external feedback

elements, the novelty of which was the implementation of the system in simulta-

neous dual-wavelength and pulsed regime.
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A VBG may be used in an external cavity configuration with a two-section QD

LD to allow the generation of ultrashort pulses of dual-wavelength light, which

provides a method for producing high peak power dual-mode pump signals to

PC and EO THz emitters. This is particularly advantageous in PCA devices

as ultrashort pulses with high peak powers impart significantly lower thermal

energy to the device, thereby reducing the risk of thermal breakdown, whilst still

imparting very high optical pump energy and hence high THz output power as

discussed in Section 1.2.4.1. Optical schematics and some exemplary performance

data of tapered two-section QD LDs in this configuration are given in Figure

3.12. The two ‘effective’ optical modes of the VBG at 1257 nm and 1262 nm

wavelengths can be resolved, although with significant sidebands, and a typical

temporal pulse FWHM of around 13 ps was acheived. As such, the operating

conditions of such a system are so far demonstrably not fully suited to immediate

application as a pulsed THz system optical pump source. However, this proof

of concept was encouraging enough to merit further work on such configurations

as an ultracompact, hybrid pulsed dual-mode optical pump source such as this

could prove to be a fascinating and effective solution.

This main advantage of the setup would theoretically be the ability to generated

a narrowband THz frequency signal via DFG in a photomixing antenna with

high conversion efficiency without encountering the usual thermal constraints of

a photomixer device. The THz difference frequency would be fixed by the VBG

reflected modes but a suitable VBG may be pre-configured for a particular THz

frequency of choice, for example in applications where only a specific chemical

with a known THz spectral fingerprint is to be analysed or detected. It is likely,

however, that further work will need to be done specifically regarding the spatial

and temporal overlap of the optical modes. Interestingly, it was observed that the

two different modes pulsed at two slightly offset repetition rates; around 9.75 GHz

and 10 GHz as shown in plot (d), which may be due to the optical dispersion

through the laser chip material [21]. This could indeed confirm the separate

operation of the two wavelengths as two separate pulses from the same cavity

but whereas this would be a disadvantage in terms of DFG and photomixing

applications, this could potentially be utilised instead for example as an optical

source as part of an ultrafast “asynchronous optical sampling” (ASOS) system

[22]. This is because the system utilises two optical beams with slightly offset

pulse repetition rate as the delay scanning mechanism. For this to be feasible,
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Figure 3.12: ’Hybrid’ ultrafast pulsed dual-mode optical pump system based
on a two-section QD LD and a multiplexed VBG in an external cavity config-
uration. (a) shows the optical schematic of the full characterisation setup and
typical (b) optical, (c) autocorrelation and (d) RF spectrum from the system
are given. A - absorber section; G - gain section; TC - temperature controller;
ASL - aspheric lens; VBG - volume Bragg grating; HWP - half wave plate;
SMF - single-mode fiber; FS - fiber splitte; OSA - optical spectrum analyzer;
PC - personal computer; Autoco - autocorrelator; Osc - oscilloscope; PD -

photodetector; RFSA - RF spectrum analyzer.
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Figure 3.13: Exemplary output characteristics of a pulsed two-section ultra-
broadband chirped QD LD. (a) shows the full gain bandwidth achievable and
(b) shows the typical variation in temporal pulsewidth. Reproduced from

Nikitichev et al., 2012a.

the temporal pulsewidth(s) of the modes in this setup would both of course have

to be reduced to below 1 ps, which would also involve a broadening of the optical

wavelength FWHM of each mode.

Broadly tunable QD LDs such as the devices described in Section 3.3.3 above

may also be configured as two-section devices, potentially enabling the device

to produce ultrashort pulses while operating over a very broad spectral range

[23]. Figure 3.13 shows an exemplary gain bandwidth of such a device in a ‘tra-

ditional’ Littrow configuration, indicating operation over the wavelength range

1.18−1.32 µm and (b) shows the typical range of output pulse durations demon-

strated over this tuning range. The variation in pulsewidth with optical wave-

length is significant and generally is on the order of tens of picoseconds, but this

could conceivably be reduced with further optimisation of the QD attributes and

additional external cavity configuration.

This system was also tested in a dual-mode, double-Littrow configuration simi-

lar to the setup described in Section 3.3.3 above. The goal of this work was to

generate either: an ultrashort circulating optical pulse with two distinct opti-

cal wavelengths; two circulating ultrashort optical pulses at two distinct optical

wavelengths; or two circulating ultrashort pulses at the same optical wavelengths

at continuously tunable, distinct repetition rates. It was found that stable mode-

locking operation of a single pulse could be achieved whilst one tuning ‘arm’ of

the setup dominated the QD chip gain, but obtaining stable mode-locking oper-

ation from the two separate arms simultaneously was more difficult. Tests did

show, however, that when the two tuning arms were locked to the same optical

wavelength and cavity length, a mode-locking regime could be achieved. Figure
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Figure 3.14: Modelocking of a two-section QD LD in the double-Littrow con-
figuration showing: (a) the optical schematic; (b) free-running mode-locked op-
tical spectrum; (c) free-running mode-locked autocorrelation trace, Gaussian
pulsewidth ∼ 6.82 ps; and (d) double-Littrow RF spectrum. ASL - aspheric
lens; BS - beamsplitter; DG - diffraction gratings; L1 and L2 are the lengths

of cavity arm 1 and arm 2, respectively.

3.14 gives exemplary data from such a setup, with RF spectrum showing the

achieved fundamental mode-locking repetition rate at 630 MHz, corresponding

to the return trip time in the ∼ 23 cm dual external cavity.

To clarify, the cavity length in this setup was the defined by the external cavity

formed by each diffraction grating as an end-mirror component and each cavity

arm was made identical in length. In this case, a straight-waveguide two-section

QD LD was used with a gain current of 130 mA and a reverse bias applied to the

absorber section of 4.2–4.3 V. It was possible to achieve two distinct circulating

pulses offset at slightly tunable repetition rates. The benefit of stable operation

in this regime would be the possibility to configure a complete THz transceiver

system using only a single QD LD as the pump source in an ASOS-based sys-

tem as mentioned earlier. However, further tests are required to establish the

stability of pulses in this regime. Theoretically, there is some minimum carrier

relaxation time required between pulse formations and so there may be some

periodic occurrence where at least one pulse cannot be resolved, for example, if
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it arrives at the gain medium simultaneously or too soon after a pulse from the

other tuning arm. This may be countered by further optimisation of the QD gain

for ultrafast carrier capture, and controlled to some extent by the level of reverse

bias applied to the chip’s absorber section, but this limitation will always be in

place due to the fundamental mode-locking principle in such semiconductor LD

devices.

3.5 Summary and Conclusions

In this chapter, descriptions of the laser systems used in this work were given. The

characterisation systems which were used to measure laser output characteristics

were firstly described. These signal characterisation processes were necessary

in the evaluation of a laser system’s suitability as an optical pump for THz

systems. Optical, autocorrelation and RF characteristics were presented, where

appropriate, and many of the experimental optical pump systems presented in

this work were evaluated based on their spectral, temporal and mode-locking

stability performance. It was shown that the most effective (pulsed) optical

pump system is the Ti:Sapphire laser due to the very low pulsewidth, extremely

stable mode-locking, narrow Rf linewidth (low jitter), practical peak wavelength

(absorbed by all InxGa1−xAs) and high power range. LD-based pump systems

were also investigated, and were shown to be very practical in their application as

dual-wavelength CW optical pumps, conceivably practical as pulsed sources and

a very interesting solution as a ‘hybrid’ combination of the two regimes. Many

of these systems were implemented in the tests which are reported in the main

results in Chapter 5.
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Chapter 4

Quantum Dot-Based Terahertz

Photoconductive Antennas

Discussed in this chapter are the the methods of generating THz EM signals

which were used in this work. This refers primarily to the methods of optical

pumping of photoconductive THz antenna devices using the ultrafast pulsed or

multi-modal CW laser systems discussed in Chapter 3, but also described here

are the relevant details in the process of designing and producing such antenna

devices. There is still currently a great deal of research dedicated to the design of

THz antennas in almost every aspect of the device, ranging from the semiconduc-

tor lattice engineering of the active photoconductive medium to the geometrical

considerations of the radiative integrated metallic antenna contacts and subse-

quent outcoupling of THz EM beams. Presented here are design considerations

for the semiconductor materials in our novel QD-based photoconductive antenna

structures; optoelectronic simulations of such structures when pumped over a

broad range of optical wavelengths; example simulations for metallic microan-

tenna design; methods for reproducible production of antenna devices; and their

implementation as part of a complete THz source or transceiver system.

4.1 Photoconductive THz Antennas

As discussed in Section 1.2.4, photoconductive materials and structures are gen-

erally designed with the optical pumping scheme in mind. This means that the

106
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design of the active medium must take into account factors such as the pump

wavelengths; pump powers; beam shape and/or size; number of pump beams;

and temporal pulsewidth or CW beat frequency. In particular, the medium ide-

ally should readily absorb the pump beam and be capable of switching between

a state of near-insulator to a state of high conductivity and then, importantly,

return to the non-conductive ‘off’ state — all within a period significantly lower

than 1 ps. This is now possible in many semiconductor materials, but achiev-

ing these operational characteristics will typically involve considerable thermal

constraints in the device and some limitations on the range of optical pump

wavelengths (and hence limitations on the laser systems) which can be used to

pump it. These limiting factors are in fact still the major obstacles to be over-

come in the development of photoconductive THz antennas, and this has been

the motivation for the work presented here.

4.1.1 Quantum Dot Structure Design

The properties of QD semiconductor materials are discussed in depth in Chapter

2 and their potential for use specifically in THz photoconductive antennas are

discussed in Section 2.2.5 – discussed here are only the specifics of the structure

designs used in the antenna devices developed as part of this work and brief

explanations for such designs.

Three different QD structure designs were used in this work, characterised pri-

marily by the number of QD layers throughout the active region. All semicon-

ductor structures were grown by MBE in the S-K regime, with a very thin (30

nm) top layer of LT-GaAs to take advantage of the high electrical breakdown

field threshold, and the ‘active’ QD layer region was immediately beneath this.

Tests were carried out using three different structures, each comprising of either

25 or 40 layers of InAs QDs. In all cases, the QD layers were each capped by 4–5

nm In0.15Ga0.85As wetting layer and separated by 35–36 nm GaAs spacer layers

— giving a total active region depth between 1−1.7 µm over either twenty-five or

forty 40 nm PC sections. This is comparable with active region depths of more

well-established PC antenna structures previously demonstrated (for example

see [1] and [2]. Beneath the active generation layer, a ‘spacer’ layer of GaAs

was grown, followed by an AlAs/GaAs DBR of either 25 or 30 layers. This was
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used for several reasons: to reflect the pump beam when at longer wavelengths

not absorbed by the GaAs and only partially absorbed by the wetting and QD

layers; to allow scope for full optical cavity-type optimisation of the structure;

and also to act to some extent as a long-pass filter and reduce the ‘leaked’ IR

beam power at the output.

The epitaxial layer scheme of each structure type was introduced in Section 2.2.5

and Tables 2.1–2.3. Structure 1 was grown by Innolume GmbH [3], Germany, and

included 40 QD layers and a 25-layer DBR centred around 1180 nm wavelength.

Structure 2 was grown by the EPSRC National Centre for III-V Technologies at

the University of Sheffield [4], UK, and included 25 QD layers and a 30-layer DBR

centred around 1220 nm. Structure 3 was grown by Innolume and included 40

QD layers and a 30-layer DBR. The QD layer periodicity, deposited QD material

properties, QD size and wetting layer blends were intentionally kept as similar

as possible between structures.

There were effectively three different semiconductor materials in these structures,

integrated in distinct layers throughout the active region, and so the correspond-

ing variation in energy bandgap and refractive index was simulated using a cus-

tom software package, written in C++ language. Details of the software package

can be found in Appendix A, and is referred to from herein by it’s working title

‘Opto-InGaAsP’. This was done because the incoming optical pump beam will

experience these distinct layers sequentially, and the difference in layer proper-

ties at each interface could potentially affect the pump beam significantly. These

properties are summarised in Figure 4.1, which also includes a sketch of the vari-

ance of material bandgaps with structure depth. This gives some indication of

the various possible charge carrier generation, relaxation and capture processes

that could occur between adjacent layers in the active region, discussed in more

detail previously in Section 2.2.

The Opto-InGaAsP program was used to further simulate the expected behaviour

of a broad range of optical pump signals within the device structures. It was ex-

pected that pump beams at wavelengths around 850 nm and below would be

strongly absorbed by the active region and that any cavity optimisation of the

region would have only a small overall effect. For pump wavelengths above this,

the beam is not completely absorbed by the relatively small absorptive material

volume (i.e. the cumulative In0.15Ga0.85As and InAs QD volume) and so the
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Figure 4.1: Variation in PC structure bandgap(s) throughout a 25-layer QD
antenna structure. (a) shows the calculated bandgap distribution throughout
the whole structure, with top surface zoomed inset; (b) shows the correspond-
ing refractive index variation throughout the structure; and (c) is a sketch of
the different possible mechanisms of charge carrier generation and movement

between layers/materials.

returned beam intensity post-DBR and subsequent cavity behaviour becomes

important. Some exemplary simulations of the evolution of pump beam prop-

agation and structure cavity configuration are shown in Figure 4.2. Structure

cavity configurations were considered similarly to the design of QD-SESAMs dis-

cussed in Section 2.2.3. Plot (c) in this Figure 4.2 gives some indication of the

considerable difference in pump beam intensity throughout the structure volume

when either a resonant or anti-resonant cavity is considered, with respect to the

pump beam wavelength(s). As such, it should be noted that these designs were

each anti-resonant for the longer pump wavelengths of interest around the 1200

nm range. It is evident that there are significant phase shifts at sequential layer

interfaces through the QD layer region, but the overall wave profile is relatively

unaffected due to the comparatively low volume of InAs and In0.15Ga0.85As. The

small dips and peaks occurring periodically (every 40 nm) in the waveforms cor-

respond to QD locations and the effect on the pump beam phase as it passes

through the material interfaces at each of these regions.
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Figure 4.2: Example simulated antenna structure cavity configurations and
pump beam propagation at different pump wavelengths. (a) shows a dual-
mode pump beam of average wavelength 1216.5 nm through Structure 1; (b)
the Ti:Sapphire pump beam through Structure 3; and (c) a dual-mode CW

beam at around 1216.5 nm average wavelength through Structure 2.
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Post-growth PL spectrum were measured from each structure type, shown earlier

in Figure 2.3. These plots show both the structure PL and the optical reflectance

spectrum which gives a good indication of the effective reflectivity of the DBR

beneath the QD region. The calculated reflectivity of the DBRs show that they

were >99% reflective around 1180 nm wavelength in Structure 1 and >99%

over the 1180–1260 nm range in Structures 2 and 3. The ground state emission

of the QDs in each case is around 1260 nm (≈ 0.98 eV ); first excited state

around 1180 nm (≈ 1.05 eV ); and second excited state around 1111 nm (≈
1.12 eV ). The observed relative PL intensities were modulated by the presence

of the cavity due to the DBR as described previously, and indicate the effective

wavelength enhancement of the cavity as shown in Figure 2.3(e). However, the

calibration samples grown without DBR indicate the ‘true’ PL spectrum of the

QD materials and were used as a measure of the inherent PL emission spectrum

of each sample. These characteristics allowed testing over the important energy

range of 0.98− 1.12 eV to investigate the effects of pumping at energies specific

to different QD states for example, which is also the emission range of the QD

LD pump systems presented previously in Chapter 3. Together with these pump

systems, it was postulated that an all-QD-semiconductor THz signal generation

and detection system could be configured. This could potentially constitute the

basis for an ultracompact THz transceiver system.

According to the observed dependence of carrier lifetimes on QD layer periodicity

[5], it is reasonable to assume that electron lifetimes can be potentially reduced

down to ∼ 0.45ps in the structures tested here. This depends on the nature of

charge carrier generation and movement, which in turn is determined by factors

such as the optical pump energy and fluence [6, 7] and the lateral E-field applied

across the active region [8, 9] as discussed in Section 2.2.5.

To investigate the influence of microantenna geometry on device performance,

Ti/Au metallic contact antennas in various geometries were integrated over the

top surface of all PC structures, the design and production of which is described

in the next section.
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4.1.2 Microantenna Design

As discussed previously (Section 2.2.2), sub-picosecond charge carrier capture

times are readily achievable using QD-based PC structures — but the generation

and propagation of THz EM signals from an ultrafast switch depends also on

the nature of the signal emitter/radiator element which is integrated with the

structure. In this case, we refer to the metallic antenna integrated over the top

surface of the PC structure.

As in the case for radiative signal antennas in other applications, microantennas

for THz PCA devices are designed with the principles of the resonant current-

loading frequencies and radiation resistance in mind (see examples of both broad-

band [10] and narrowband [11, 12]), with the additional contributing factors and

limitations from the ultrafast PC structure that it is bonded with. In gen-

eral, however, relatively simple antenna configurations were used here, including:

CPS; Hertzian-type dipoles; bow-ties; and log-spiral or log-periodic ‘toothed’ ge-

ometries. In each case, the antenna is loaded and gated by the photocurrent

generated by the incoming pump beam, which is focussed to the appropriate

loading point located typically in the very centre of the antenna between the

two contacts. An overview of the microantenna geometries tested here is given

in Figure 4.3. Figure 4.3(g) here is one of many custom experimental designs

which operate at multiple resonant frequencies, defined by the variety of dipole

and inductive choke lengths along the antenna profile; and (h) is an example of

an exported dipole antenna design under simulation testing, discussed in Section

4.1.3. Most antennas typically used here were for broadband THz signal gen-

eration, indicated by their lack of distinct geometrical resonance features. The

three-turn, self-complimentary log-spiral and log-periodic geometries 4.3(d-e) are

typically used in the CW regime. This is because they feature very small pho-

toconductive gaps (. 5 µm) which improve photoconductive gain and also a

self-complimentary geometry which allows a relatively large emitter area with a

well-defined output signal polarisation (circularly for spirals, linearly for toothed

geometries [13]) to be produce. Further optimisation of these geometries for CW

operation can be made by developing sub-µm-scale interdigitated metallic ‘fin-

gers’ across the PC gap — thereby decreasing the effective gap width to around

0.4 − 0.8 µm and increasing the PC gain considerably. This is useful in the

CW regime as it compensates for the relatively low optical-to-THz conversion
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Figure 4.3: Overview of THz microantenna designs taken by the LayoutEd-
itor software. (a) is the coplanar stripline design; (b) dipole; (c) bow-tie; (d)
three-turn spiral; (e) log-periodic toothed; (f) dual-dipole; (g) custom multi-
frequency tri-dipole; and (h) is an example exported dipole design situated in

a full EM simulation.

efficiency imposed by CW optical pumping and associated thermal constraints.

It does, however, involve an additional specialist production step (see Section

4.1.4.2) and also imposes restrictions on the tolerable antenna voltage level be-

fore device failure, as the avalanche breakdown voltage limit defined by the top

surface material still applies.

As microantennas were produced using lithography techniques (see Section 4.1.4),

the actual design was done using printed circuit board design software package,

LayoutEditor [14]. This software allows CAD-like precision design and editing of

metallic contact features to be prepared for etching onto photo-lithographic mask
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Figure 4.4: Example design of a THz antenna array for production over a
3-inch semiconductor wafer.

plates, which in turn were to be formed over the surface of the PCA semicon-

ductor structures. It includes multi-layer design capability and import/export in

the necessary ‘.gds’ file formats used in mask production. A notable example of

the use of this design software is given in Figure 4.4, which shows the design of

an array of antennas for production over an entire 3” semiconductor wafer. The

antenna arrangement is symmetrical about the central horizontal axis (but fea-

tures were not simply mirrored about this axis) and different types are labelled

and arranged in rows. Mask features were arranged as such so that a selection of

different antenna geometries could be removed easily as a single section from the

wafer if necessary. The outer ring of small features represents the outer circum-

ference of the 3” semiconductor wafers used and is there to assist the alignment

of the laser cleaving process.

Exemplary properties of the actual output signals generated by the devices de-

scribed here are given in Chapter 5. Indeed, they were typically broadband THz

signals but for the purposes of future work in more specific frequency-domain

systems and also to explore and confirm the expected behaviour of all microan-

tennas, computer simulations were run and are discussed in the next section.
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Parameter Symbol Value Unit
Relative permittivity εr 12.94

Material density ρmat 5320 kg/m3

Thermal conductivity K 54 W/K/m
Heat capacity C 0.33 kJ/K/kg

Table 4.1: Relevant material specifications of the lossy GaAs substrates used
in PCA EM simulations.

4.1.3 Simulation

PCA simulations were conducted using CST Microwave Studio EM simulation

software [15]. This software was used to import microantenna designs and model

their EM behaviour using a finite element method as metallic objects over semi-

conductor substrates. Once the microantenna .gds files were imported, they were

scaled appropriately and assigned their metallic properties, for example as highly

conductive gold, and an object thickness is chosen. A substrate is then generated

with user-defined dimensions and the appropriate material is assigned to it. In

these simulations, typically a “lossy” GaAs substrate is used. This means that

all the relevant characteristics of a ‘non-perfect’ GaAs substrate were assigned

to the block of material used in the simulation such as the relative permittivity,

thermal and electrical conductivity and heat capacity. Material parameters for

the lossy GaAs substrates used are summarised in Table 4.1:

The substrate thickness should represent asaccurately as possible that of the

real antenna structures, as this affects the far-field radiation pattern of the THz

output signal, for example, amongst other effects.

An excitation signal is then defined, which will be applied to the antenna, and

a power “port” can be connected to monitor several relevant parameters such as

antenna voltage, current and as such the subsequent signal frequency response of

the microantenna-over-semiconductor may be retrieved. Excitation signals can

include a variety of energetic inputs such as a single ultrashort electrical pulse or

an incoming plane wave at a particular direction and polarisation. Figures 4.5–4.8

gives some exemplary simulation results of antenna resonance properties and 3D

simulation diagrams for four different microantenna types: (Fig 4.5) a 2 mm-long

CPS antenna; (Fig 4.6) a 100 µm-long dipole antenna; (Fig 4.7) an ‘ideal’ tuned

55.4 µm dual-dipole antenna similar to the designs presented in [11]; and (Fig 4.8)
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a 5 µm-gap log-periodic antenna. Antennas as presented over visible substrate

‘bricks’ in some of these figures, but this is for visual clarification of the simulation

setup. Antennas were in fact generally situated over semi-infinite GaAs planes

or within a pure GaAs surrounding medium for the purposes of reducing the

simulation time and complexity without sacrificing numerical accuracy.

The two main parameters of interest are plotted here: the scattering parameter

(S-Parameter) and radiation resistance. The S-Parameter, or more specifically

the “reflection coefficient” in this case, is used in the measurement of the return

loss of the antenna. This is a common figure of merit in transmission line anal-

ysis and can provide information on the passage of the electrical signal through

the microantenna. The signal applied across the antenna terminals experiences

some loss in transmission and some degree of reflection as it propagates through

different material interfaces and impedances. This loss and reflection is gen-

erally frequency-dependent, even in ‘broadband’ antenna designs, so simulating

this phenomenon can help further characterise the expected frequency-dependent

performance of the PCA devices. This was typically sampled at frequency in-

tervals of roughly 3 GHz over the 0.05–3 THz range of interest and the sample

frequency with the lowest return loss essentially indicates the highest signal reso-

nance and gives it’s ‘resonant operating frequency’. The return loss of a resonant

antenna, in dB, may be estimated as:

RLinput = 20 log10|S11| , (4.1.3.1)

where S11 is the only S-matrix parameter for each simulation as only one input

signal port is used here. The radiation resistance is an estimate of the microan-

tenna load resistance (Vant/Iant) as an EM radiating circuit element, as discussed

in Section 1.2.4. A range of resonance features appear in all antenna tests, which

must be accounted for particularly in the interpretation of experimental results

later.

The CPS antenna results shown in Figure 4.5 were essentially dominated by

modulation features which were caused by contact length at the low frequencies

and contact width at around 1.65 THz, and other than these features there is

relatively little enhancement of any specific operating frequencies. The dipole

antennas tested in these examples had resonant frequencies at around 0.34 THz

for the 100 µm dipole antenna as shown in Figure 4.6. Figure 4.7 indicates at
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Figure 4.5: Simulated electrical response of a 50 µm-gap CPS antenna. (a)
shows the 3D simulation layout; (b) shows the obtained S-Parameter; and (c)

shows the radiation resistance data over the 0.05–3 THz range of interest.
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Figure 4.6: Simulated electrical response of a 100 µm-length, 10 µm-gap
dipole antenna. (a) shows the 3D simulation layout; (b) shows the obtained
S-Parameter; and (c) shows the radiation resistance data over the 0.05–3 THz

range of interest.



Chapter 4: Quantum Dot-Based Terahertz Photoconductive Antennas
119

Figure 4.7: Simulated electrical response of an ‘ideal’ tuned dual-dipole
antenna. (a) shows the 3D simulation layout; (b) shows the obtained S-
Parameter; and (c) shows the radiation resistance data over the 0.05–2 THz

range of interest.
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Figure 4.8: Simulated electrical response of a broadband, log-periodic
toothed antenna. (a) shows the 3D simulation layout; (b) shows the obtained
S-Parameter; and (c) shows the radiation resistance data over the 0.05–3 THz

range of interest.
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resonant response predominantly located around 0.83 THz for the tuned 55.4 µm

dual-dipole antenna, as expected from Equation 1.2.4.4. Strong modulating har-

monics were also observed at low frequencies and a large response around 1.1 THz

due to the geometries of the long lengths and narrow widths of the Au antenna

feed lines, but in practice the low frequency harmonics would not give these sharp

peaks due to the roughness of the ‘real-world’ etch and surface features. The ra-

diation resistance plot for the dual-dipole antenna as shown in Figure 4.7(c) is

calculated after the structure has been simplified to remove such features not

relevant to the basic design principle and gives an idea of the intended resonance

properties of the design. This resonance curve is much more simple and indicates

a much clearer resonance enhancement at the design frequency, and is typically

observed in real devices [11]. Low-frequency resonance behavior is also observed

in the log-periodic antenna as shown in Figure 4.8, where multiple strong reso-

nance features were observed which correspond to the different tooth lengths and

the inner bow-tie geometry, but a more constant response over the THz range of

interest is also observed as expected.

4.1.4 Production

4.1.4.1 Antenna Metallisation and UV Lithography

Production of metallic microantennas over semiconductor substrates was done

using standard UV photolithography and wet etching of surface Ti/Pt/Au fea-

tures, and a post-process anneal to increase Ohmic contact between antenna

metal and GaAs surface. First, the contact metals were deposited using an Ed-

wards Auto-306 electron-beam sputtering system. This system allows several

metals to be deposited sequentially in a single chamber without breaking vac-

uum, and so typically the metallisation recipe was either:

• 40 nm Ti + 210 nm Au or,

• 25 nm Ti + 40 nm Pt + 100 nm Au

in order from the bottom-most surface layer upwards. Initially, Ni was used in

place of Ti and the overall thickness of the contact layer was around 300 nm,

as it sufficed for the production of early sample characterisation — then later a
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smaller overall contact thickness of 165 nm was used as critical feature dimen-

sions decreased towards ∼ 2 µm, and Ni was replaced with Ti and Pt was added

because the Au was found to be diffusing through the Ni barrier. Ti was used in

each case because it enables a high degree of metal-semiconductor (M-S) adhe-

sion whilst still adequately preventing softer metal diffusion from above. These

details are mentioned here because Ohmic M-S contact production methods is in

fact an area of research unto itself (e.g. see [16] which includes work determining

Ohmic and Schottky contact properties of Au/Ti over doped GaAs substrates),

and naturally the electrical contact and lateral current movement between termi-

nals of an ultrafast photoswitch or PCA will affect the performance considerably

[17]. The GaAs used in these structures is undoped, and M-S contact properties

are simpler in this case compared with doped GaAs photoswitches. After met-

allisation is complete, the lithography process is used to define the microantenna

pattern to be etched. The process for this was as standard:

1. Cleaning of metallised substrate, acetone + DI water + isopropyl alcohol

(IPA)

2. Spin-coating of S1813 G2 positive photoresist over substrate at 4000 rpm

for 60 seconds

3. Softbake at 115◦C for 60 seconds

4. UV exposure of antenna pattern through UV mask using a Karl Suss MJB3

alignment system for 21 seconds at 4 mW/cm2 fluence

5. Development in MF-319 developer for 60 seconds, with some sample agita-

tion

6. ‘Hard’ bake at 120◦C for 3 minutes

7. Etching of resultant antenna features into metallised surface

8. Acetone bath to remove residual photoresist over surface

9. Rapid thermal anneal (RTA) in an East Star labs RTP-300 RTA oven at

410◦C for 3 minutes

The antenna feature etching in this case may be done using different methods.

‘Dry’ processes such as reactive ion beam etching and chemically-assisted ion
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beam etching were trialled as high-definition, non-isotropic methods of metallic

feature definition. The definition quality of antenna features that were achieved

using such methods was indeed very high, but the ion beam had difficulty remov-

ing the Ti under-layers and so the method was abandoned. A lithographic lift-off

process was also trialled. This involved similar processing steps as outlined above,

except the metallisation was done instead of etching after the antenna pattern

was UV-exposed and developed. The exposure pattern in this case was of the

opposite ‘polarity’ – the antenna features were defined as the region of the sam-

ple not covered by photoresist. This meant that after metallisation, an acetone

bath could be used to lift and remove the photoresist and metal surrounding

the central antenna. However, this method was relatively difficult to repeatably

achieve accurate results with and so was also abandoned. ‘Wet’ chemical etch-

ing processes were then generally used for the samples prepared for this work.

These methods were perhaps less sophisticated and offered less accurate defini-

tion of very fine antenna features than the dry methods, but allowed some extra

degree of control and could selectively remove Ti surface layers with relatively

little effect on the Au top layer. This could be achieved using different blends

and water-diluted concentrations of hydrofluoric acid, which also determined the

vertical etch rate. Etching of the Au top layer could be done using a potassium

iodide solution.

An example of a finished log-periodic THz PCA device is given in Figure 4.9.

All devices defined using UV lithography were made with Ohmic contact to the

substrates and smallest feature sizes down to ∼ 2 µm. An additional step was

made in some samples to add sub-µm interdigitated contact fingers to the central

photo-gap spot, which was done using electron-beam lithography as described in

the next section.

4.1.4.2 Electron Beam Lithography and Imaging

For the production of high-gain CW regime PCA device contacts, sub-µm contact

finger features were defined and etched over pre-defined log-periodic and log-

spiral antennas using electron beam writing facilities at the University of Leeds.

The preparation process was as follows:
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Figure 4.9: ’Finished’ log-periodic toothed antenna with a 2 µm photocon-
ductive gap.

1. Cleaning of PCA surface, acetone rinse for 5 minutes then IPA rinse for 5

minutes

2. Spin-coating of methyl methacryllate (MMA) copolymer at 2500 rpm for

45 seconds

3. Bake at 150◦C on hotplate for 10 minutes

4. Spin-coating of polymethyl methacrylate (PMMA) 950 A4 at 4000 rpm for

45 seconds

5. Bake at 180◦C on hot plate for 10 minutes

6. E-beam writing done using a JBX 6300FS at 100kV mode 6 with 100pA

probe current

7. Develop in methyl isobutyl ketone (MIBK):IPA (1:3) for ∼1 minute

8. Rinse in IPA and blow dry

9. Metal deposition: Ti 25nm + Au 90nm

10. Lift off procedure using Acetone

The samples were then annealed to improve the M-S contact using the RTP-300

RTA oven. Alignment of the writing pattern is absolutely crucial, as the 8×6 µm
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Figure 4.10: Sub-µm interdigitated finger design for high-gain CW PCA
devices.

working area of the finger pattern must be placed at the existing electrodes’ cen-

tre as accurately as possible. This was assisted using alignment cross-hairs which

were deposited around the centre of the existing antenna contacts in the previ-

ous UV lithographic process. A relatively ‘standard’ [18] interdigitated finger

design was used, which consisted of five 7.2 µm-long fingers of 0.2 µm-width and

separated by 0.8 µm across an 8 µm initial contact gap, as shown in Figure 4.10.

To confirm the accuracy of the sub-µm feature production and placement over

PC gaps, scanning electron microscope (SEM) images were taken of the relevant

PCA samples. SEM imaging was conducted at the Wellcome Trust laborato-

ries at the University of Dundee [19] by mounting samples on Hitachi stubs

using double-sided carbon adhesive tabs and examined in a Hitachi S-4700 FEG

scanning electron microscope. The scanning electron microscope operated at an

accelerating voltage of 15kV for the work presented here, and examples of the

images taken are presented in Figure 4.11. For ease of alignment and to account

for any inaccuracy in the larger, pre-defined antenna structure below, the fingers

were designed in the LayoutEditor software first with large contact pads at the

base of each finger set. It can be seen that the fingers could be deposited very

accurately aligned with the bases at the edges of the larger contacts with only

a very slight offset towards one contact. This could mean that the PC gaps

at the tips of one set of fingers were closer to the antenna edge that the other
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set, potentially leading to a concentration of the PCA E-field at this side and

additional high-precision E-field analysis tools are required to measure this. The

afore-mentioned alignment cross-hairs are also visible around the finger area in

Figure 4.11(a) here.

4.1.4.3 Custom Antenna Mounts

Additionally, some effort was put into the mounting of test antenna structures.

This was necessary as the samples must be situated in housing which is mechan-

ically stable so as to avoid misalignment of the pump-beam during testing and

must also include an effective method of stably abutting the hyperhemispheri-

cal high-resistivity float-zone (HRFZ) Si collimating lens to the rear facet of the

sample. We took the opportunity here to develop several iterations of our custom

sample housing to include stability, versatility and the ability to change samples

as conveniently as possible. Some examples of the design and use of our custom

mounts are shown in Figure 4.12, the designs of which were assisted by Tomasz

Kruczek. Initially, systems consisting of two copper plates and a copper-coated

PCB plate were used to hold the sample and press the Si lens to the rear facet

with springs. It became apparent that significant control of the Si lens X-Y lo-

cation on the sample facet was needed for optimisation of THz signal collection

and output beam collimation, so a more versatile design was made using Auto-

CAD design software and printed by a 3D acrylonitrile butadiene styrene (ABS)

plastic printer. This included small sliding Si lens mounting brackets within the

housing which were spring-loaded and pushed in both X and Y directions using

external threaded plastic screws. This material was considered ideal for use in the

use of custom components in THz systems also because they are also relatively

transparent at the frequency range of interest, ∼0.1–3 THz [20].

4.2 Experimental Setups

In this section, an overview of the experimental setups used in this work is

presented. This includes the methods of driving PCA devices and generating THz

optical and electrical signals. The methods presented here were based mainly

on the application of the optical pump signals discussed in Chapter 3 and also
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Figure 4.11: SEM imagery of the sub-µm metallic fingers produced over
CW PCA contacts. (a) is a wide view showing the situation of the fingers in
the antenna centre; (b) is a zoomed view showing the placement of the finger
base pads over the existing contacts; and (c) is a further zoom showing the

fine-structure of the overlapping metal contact materials.
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Figure 4.12: Examples of custom PCA device testing mounts. (a-c) were
made from a copper-coated PCB board and thin copper plates with apertures
for both the Si lens and the THz output beam; (d-f) was the latter iteration
of the mount, which was designed in AutoCAD then printed in ABS plas-
tic. (f,top) is the outer housing and (f,bottom) is the inner lens translation

brackets.

discuss the equipment used to power and measure the response of the PCAs

under testing.

Figure 4.13 shows a general schematic of the test setups used in this work. The

optical pump signal is collected from the laser system being used and applied to

the PC gating gap of the PCA. A beamsplitter is placed before the PCA focusing

optics to part-off enough of the optical beam power to continuously monitor its

optical, temporal and/or RF properties during pumping of the device. The

optimal focus and alignment of the pump beam must then be obtained, which is

monitored in several ways. Primarily, the resistance across the antenna contacts

was monitored, as the optimal pump focusing condition was generally achieved

when the antenna resistance was at a minimum. However, some of the antenna

geometries under testing include some complicated features, and several local

resistance minima will be found before the global minimum is achieved. This

was assisted in some cases with the use of a CMOS camera and a beamsplitter,
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Figure 4.13: Schematic of the experimental setup for the pumping of test
PCA devices and generation of THz signals. ASL - aspheric lens; BS - beam-
splitter; PCA - photoconductive antenna; PSU - power supply unit; OSA -
optical spectrum analyser; RFSA - radio frequency spectrum analyser; Autoc.

- autocorrelator; PC - computer system.

Figure 4.14: 50 µm-gap CPS antenna deposited over QD Structure 2:
(photo)resistance as a function of Ti:Sapphire laser pump power.

which allowed real-time optical monitoring of beam alignment using a zoom lens

(see Figure 3.9).

Once the pump beam is aligned optimally, continuously increasing the optical

pump power will alter the PCA (photo)resistance in a trend similar to those

presented in Figures 4.14–4.16. Figure 4.14 shows the resistance trend in a 50 µm-

gap CPS antenna deposited over QD Structure 2 as a function of Ti:Sapphire

laser pump power.
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Figure 4.15: 5 µm-gap log-periodic antenna deposited over QD Structure 1:
(photo)resistance as a function of dual-DFB LD system pump power.

Figure 4.16: Log-periodic antenna with 0.2 µm contact fingers separated by
0.8 µm gaps over QD Structure 3: (photo)resistance as a function of tunable

InAs:GaAs QD LD pump power.

Figure 4.15 shows the resistance trend in a 5 µm-gap log-periodic antenna de-

posited over QD Structure 1 as a function of dual-DFB LD system pump power.

Figure 4.16 shows the resistance trend in a log-periodic antenna with 0.2 µm

contact fingers separated by 0.8 µm gaps on QD Structure 3 as a function of dual-

wavelength InAs:GaAs QD LD pump power operated at an average wavelength

of 1220 nm.

Additionally, an example of CMOS camera-assisted alignment of the pump beam

with the PCA photo-gap is given in Figure 4.17. The bowtie antenna in this case

was pumped by a CW InAs:GaAs QD LD modulated for dual-wavelength output

at 1257 nm and 1262 nm using VBG 2.

To confirm that the contact between the metallic antenna and the PC structure
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Figure 4.17: CMOS camera-assisted alignment of the pump beam with
the PCA photo-gap (left), with corresponding antenna design for clarification

(right).

Figure 4.18: I-V characterisation of a 5 µm-gap bow-tie PCA over QD
Structure 3.

was Ohmic after annealing, I-V tests were made of many different PCA config-

urations. Figure 4.18 shows an example of an I-V sweep of a 5 µm-gap bow-tie

PCA over QD Structure 3. This was done in a sealed, dark test environment

using a Kiethley 4200-SCS Semiconductor Characterization System. A bias volt-

age was applied across the PCA contacts and swept between -10 V and 10 V in

most cases – for PCAs with sub-µm photogaps, -5 V to 5 V was used to avoid

the risk of electrical breakdown. Measurements were made in 0.05 V increments

and swept in both directions. As Figure 4.18 indicates, there is some evidence

of slight hysteresis but overall the trend in current with respect to applied bias

is very much Ohmic in nature. This was found to be the case for all antennas

which were thermally annealed and tested.

The power supply unit (PSU) used to drive the antennas was a programmable

control unit (PLH-P [21]) provided by Thurlby Thandar, which could apply a

maximum bias voltage of 250 V across the contacts, to within an accuracy of

0.05%. The accuracy and precision of the applied PCA voltage may not be
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Figure 4.19: Screenshot of the PCA bias characterisation program.

as fine as the PSU, however, due to losses in the calbing and custom terminal

bonds at the PCA mounting assembly. This unit could also be controlled via

USB connection using the computer, and custom control software written in

LabVIEW. A useful method for characterising the THz output power trend from

the PCAs was to apply a sweeping voltage up to say 40 V in 1 V steps and

plot the output power at each step, which was accomplished using the control

program. Exemplary results taken using this software are given in Figure 4.19.

This software was developed with the help of Dr David Carnegie.

4.3 Summary and Conclusions

In this chapter, the design principles and production methods of custom QD-

based PCA devices were described. The epitaxial details of the InAs:GaAs semi-

conductor structures used in this work were described, as was the subsequent

integration of metallic microantenna contacts over these structures. Simulations

of the microantenna electrical responses were presented, including a discussion

of the expected resonance properties, where appropriate. The further work into

e-beam lithographic and imaging techniques were introduced. Additionally, the

custom mounting assemblies were presented.

Also discussed is the experimental setups which were used in the generation of

THz signals using the prepared PCA devices and the next chapter discusses the

main results obtained using such materials, devices and experimental setups.
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Chapter 5

Evaluation of Compact Terahertz

Transceiver Systems

In this chapter, the experimental methods and results obtained in the detection

and characterisation of THz signals are described. This includes an overview of

all detection methods tested, each of which is characterised by different signal

input limitations; different control conditions; and different levels of ‘practical-

ity’ and accuracy. Most systems were ‘direct’ detection methods that function

based on their sensitivity to a very broad range of IR and thermal energy. These

systems were used to directly measure the THz output signal power from a PCA

device under test and in this work, a low-temperature bolometer and a Golay

cell detector was used. One method, the ‘coherent’ detection scheme, was used

for further characterisation of devices in terms of their THz frequency perfor-

mance and is also the primary method used for the now commonly-employed

THz spectroscopic and hyperspectral imaging systems [1, 2]. This method will

be expanded on the most here, as it was both the most complicated but also

the most informative experimental system. It should be noted here that both

the bolometer (Section 5.1) and the Golay cell (Section 5.2) systems measure

the incoming energy as an average over a relatively long integration time due to

the required relaxation time of the active detection element, and were not able

to measure peak THz pulse powers or waveform information without additional

optical systems such as an interferometer.

136
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In all experiments, the output signal was monitored with the use of a SR830 lock-

in amplifier (LIA) system developed by Stanford Research Systems [3]. This

was connected directly to the output terminal of the detector system and an

appropriate chopping frequency was set using a Thorlabs MC2000 optical chopper

unit and a blade with a suitable number of slots. The chop rate was set by

the controller and both the target and actual chop rates were fed to the LIA,

which will then analyse the output from the connected detector at this chop

frequency. This is relevant because the chop rate of each system varies greatly,

was dependent upon the nature of the detector response and can significantly

affect the accuracy of the results if the chop rate was offset from the optimal

detectivity rate of the detector. This is generally the case for incoherent thermal

detector systems [4]. The LIA could also be controlled and monitored using

custom software written in LabVIEW, which vastly expanded and accelerated

our experimental results but was also necessary to operate the coherent detector

system, discussed in Section 5.3.

5.1 Low Temperature Bolometer Detection

The bolometer system used in this work was based on an ultra-sensitive doped

germanium semiconductor detector/absorber chip [5]. The effective temperature-

dependent resistance of the chip (given below) was accurately calibrated by the

manufacturer to give a corresponding read-out of the level of incident energy over

the chip surface.

R = R0 exp(A/T )1/2. (5.1.0.1)

The Ge chip is (carefully) soldered into a circuit with a balanced load resistor and

electrical connection to the chip is very specifically configured. The connection

leads (typically indium) that are directly in contact with the chip and the first

stage signal amplifier are held also in the ultra-cooled chamber to significantly

eliminate the amplification of microphonic noise in the wiring, and bandpass

filters are connected directly after this to eliminate all expected low-frequency

noise. In fact, the performance and sensitivity of such bolometer systems can be

generally improved if the entire detector chip enclosure can be surrounded by a

liquid helium (LHe) shield and LHe-temperature RF filters are used [6], which

was the case for the system used here.
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Parameter Value Unit
Bandwidth 2–2000 µm

Filtered bandwidth 0.05–7 THz
NEP 2× 10−12 W/Hz1/2

Optical Responsivity 780 kV/W
Chop rate 80 Hz

Table 5.1: Relevant technical specifications of the bolometer THz detector
system.

A composite Ge/Si bolometer provided by QMC Systems [7] was used for much

of the preliminary device calibration work. This was because of the accurate fac-

tory pre-calibration, exceptional sensitivity, and ultra-low noise-equivalent power

(NEP), offered by the LHe-cooled system. The NEP of a detector system repre-

sents the value of incident signal power which is equivalent to the noise level of

the system measurement so a THz detector for initial device testing and optimi-

sation should have an NEP level as low as possible. The technical specifications

of the bolometer system are summarised in Table 5.1.

Figure 5.1 shows a schematic section through the full system. The beam entrance

aperture was of 15 mm diameter, behind which was a feed horn that focusses

the incident beam to the chip active area of 9 mm2. The operating resistance of

the chip was 1–10 MΩ. The detector circuit features a low noise ULN40 pream-

plifier which is optimised for use with composite bolometer detector integration

as indicated previously. The system was cooled cryogenically, using both liquid

nitrogen (LN) and LHe. In preparation for operation, the LN reservoir within

system was first filled and kept topped up for roughly 12-17 hours to fully cool

the 77 K shielding. At this point, the LHe could be introduced to the central

reservoir with the abutted chip mount plate below. Several litres of LHe was

sacrificed in immediate insertion boil-off in this process just to bring the reser-

voir itself down to ∼ 4.2 K even before the He could be introduced in liquid

form. However, once the reservoir was filled it was possible to run the system

continuously with adequate LHe supply for up to several days at a time if the

LN was regularly topped up.

The entrance window of the bolometer system was fitted with a high density

polyethylene (HDPE) lowpass mesh filter which was designed specifically to

strongly attenuate EM signals outwith frequencies 0.05 . finput . 6.5 THz and
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Figure 5.1: Schematic section and photograph of the cryogenic bolometer
detector system. The “vacuum window” here is the signal entrance aperture.

Figure 5.2: Transmissivity plot of the bolometer entrance window HDPE
mesh filter.

the transmission plot for this is shown in Figure 5.2. Polyethylene and HDPE

are commonly used in THz optics because of the relatively high transmissivity at

commonly-used THz frequencies [8]. Once the system was cooled and running,

the output from the test PCA device was focused directly into the bolometer

entrance window. Either the optical pump beam or the THz output beam was

chopped at 80 Hz. The preamplifier circuitry was located on the side of the sys-

tem, the output from which was connected via BNC cables directly to the LIA

and the bolometer response was monitored either directly from the LIA display

or via the plotter software installed on the connected PC system. A basic sys-

tem schematic is shown in Figure 5.3, which was similar for tests using both the

bolometer and Golay cell systems.
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Figure 5.3: Schematic of the ‘direct’ generation and detection experimental
setup. ASL - aspheric lens; BS - beamsplitter; PCA - photoconductive an-
tenna; PSU - power supply unit; OSA - optical spectrum analyser; RFSA -
radio frequency spectrum analyser; Autoc. - autocorrelator; PC - computer

system; LIA - lock-in amplifier; Osc. - oscilloscope.

Semiconductor Antenna PC Gap Optical Figure
Structure Geometry (µm) Pump
LT-GaAs CPS 50 Dual-DFB 5.4
LT-GaAs CPS 50 Ti:Sapphire 5.5

Structure 1 CPS 5 Dual-DFB 5.6
Structure 2 LP 5 QD Double-Littrow 5.7

Table 5.2: Table of THz signal measurements presented here which were
taken with the bolometer detector system using different optical pump systems

and PCA types.

Figures 5.4–5.7 presented in the following sections show exemplary THz signal

output power trends measured using this bolometer system, including tests of a

range of PCA devices as summarised in Table 5.2. Note that descriptions of QD

Structures 1–3 are given in Section 2.2.5.

5.1.1 Signal Calibration Tests with LT-GaAs-Based An-

tennas

Figure 5.4 shows results obtained in the measurement of THz output power trends

from a 50 µm-gap coplanar stripline (CPS) LT-GaAs PCA pumped by the two

distributed feedback (DFB) LD system with average wavelengths around 848 nm.

The observed THz output power trend is quadratic as we would expect. In this

measurement, the frequency difference between the two optical signals was tuned
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Figure 5.4: Bolometer-measured THz output power trend from an 50 µm-
gap CPS LT-GaAs PCA pumped by the dual-DFB laser setup at three different

optical powers with increasing applied voltage to the PCA.

to 1 THz. The polarisation of the combined beam was closely monitored using a

linear polariser at the fibre output and the input polarisations of the beams were

equalised by using a half-wave plate at the fibre input from one of the LDs. The

absolute polarisation of the combined dual-mode beam is not a critical factor

here because the PC gap was much larger than the pump wavelength [9], but

they must both match to ensure electric dipole modulation in the same direction

for photomixing. The output power is relatively low here due to the very large

PC gap and subsequently low gain – 50 µm is well above the typically-used CW

PCA gap width. However, this setup was used in initial testing because the

commercially-available pre-mounted LT-GaAs THz PCA provided by TeraVil,

Lithuania [10] was a suitable reference sample. Moreover, such results could

be used to confirm the successful alignment of the pump system and allow the

straightforward replacement of PCA devices for further tests in the same setup.

Figure 5.5 shows results obtained in the measurement of the THz output sig-

nal power from the same 50 µm-gap CPS LT-GaAs PCA pumped using the

Ti:Sapphire laser. Again we observed quadratically increasing THz power trends

as the Ti:Sapphire pump power or PCA bias was increased. This was tested up

to a PCA bias of 60 V and average pump power of 50 mW, at which point a

THz output power just below 1.3 µW was observed. This is a typical perfor-

mance level from such a device, and corresponds to an optical-to-THz conversion
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Figure 5.5: Bolometer-measured THz output power trend from a 50 µm-gap
CPS LT-GaAs PCA pumped by the Ti:Sapphire laser with increasing applied

voltage to the antenna.

efficiency of 2.6× 10−5.

5.1.2 QD-Based Antenna Tests with Bolometer Detection

Figure 5.6 shows results obtained in the measurement of THz output power from

a 5 µm-gap CPS QD (Structure 1) PCA pumped using the two-DFB LD system.

These particular measurements were taken over a relatively modest PCA bias and

pump power range. As such, the measurement range does not indicate a proper

quadratic output trend but the results presented in this plot were repeatable and

averaged over multiple measurements to verify the accuracy of the plot. The

output power in these measurements is relatively low, but again this is due to

the highly unoptimised nature of the antenna contacts and the low expected

conversion efficiency of CW regime operation (see Section 1.2.4.2).

Figure 5.7 shows results obtained in the measurement of THz output power from

a broadband 5 µm-gap log-periodic QD (Structure 2) PCA pumped using a tun-

able QD LD in the double-Littrow configuration, and the corresponding optical

spectrum which was used for this test. Again, the use of a 5 µm-gap PCA of

any geometry is not optimal but the THz output power trend was repeatable and

quadratically increased with increasing PCA bias. Interestingly, it was found that
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Figure 5.6: Bolometer-measured THz output power trend from a 5 µm-gap
CPS PCA over QD Structure 1 pumped by the dual-DFB laser setup with (a)
increasing applied voltage to the PCA and (b) increasing optical pump power.

the highest conversion efficiency from this device was obtained while pumping

the structure at wavelengths between the peak QD ES PL energy and the pho-

tomixer cavity resonance peak at ∼ 1220 nm. This is perhaps further indication

that the higher degeneracy and gain saturation of the ES is better suited to sup-

porting carrier generation, relaxation and recombination mechanisms. Indeed,

it has been previously demonstrated that the fast component of carrier recovery

in such InAs:GaAs QD heterostructures may be further reduced by excitation of

the dots near the ES PL peak(s) [11]. This observation is in agreement with the

concepts of carrier dynamics in bandgap-engineered QD heterostructures that

were discussed in Section 2.2.5. These discussions indicated the likeliness of ac-

celerated ultrafast carrier dynamics when optically exciting carriers to excited
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QD states and applying a lateral E-field across the active volume. Such effects

are investigated further in Section 5.3. No observable THz EM signals were gen-

erated when the PCA was pumped around the QD GS energy. It is possible

that optical-to-THz signal conversion processes were initiated in this regime, but

carrier escape and recombination will likely have occurred over longer timescales

and the subsequent output signal power in this case may have simply been too

low.

Additionally, it is worth noting that throughout the PC heterostructure QD lay-

ers are not simply ‘bunched’ at the pump wave nodes (as might be the case for

QD-SESAMs) but are distributed periodically throughout the entire standing

wave of the internal PCA ‘cavity’ (see Figure 4.2). Therefore, some layers are

subject to higher optical excitation than others. If we consider that this effect

is crucial in the carrier dynamics for effective saturation control of ultrafast QD-

SESAMs as discussed in Section 2.2.3, we begin to see the possibility of QD layers

being saturated at different rates throughout the volume. Therefore, it is pos-

sible that some layers may be more susceptible to pump absorption and carrier

generation and others more susceptible to carrier capture and relaxation. The

variation in the layer-to-layer behaviour in this case would depend on the pump

wavelength (and corresponding standing wave pattern), the respective availabil-

ity of energy states in each layer, and would be most noticeable at the QD ES

energies due to their higher degeneracy and saturation fluence.

5.2 Golay Cell Detection

The Golay cell detector system used in this work was provided by Tydex, Russia

[12] and was based on the original principle developed in 1947 [13]. Generated

THz beams were focused and transmitted through the 11 mm entrance cone

aperture through a low-pass filter to remove any IR laser light. The beam was

then absorbed by an element immediately inside the entrance aperture which is

enclosed within a gas cell. When irradiated, the absorber passes heat to the gas

causing it to expand, which then acts on a membrane at the rear cell facet. The

deformation of the expanding membrane is monitored using a small light source

and photodiode pair which is located at the other side. This allowed extremely

sensitive monitoring of a very broad range of visible-to-THz frequencies, filtered
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Figure 5.7: Bolometer-measured THz output power trend from a 5 µm-
gap LP PCA over QD Structure 2 pumped by the tunable double-Littrow
QD LD setup with (a) increasing applied voltage to the PCA; and (b) shows
the corresponding optical spectrum of the tunable QD LD pump used in this

experiment.

by a mesh filter similar to the one used with the bolometer window. The trans-

missivity of the mesh filter used with the Golay cell is given in Figure 5.8. A

table of technical specifications for the Golay cell system is given in Table 5.3.

The optical responsivity of the system as given in Table 5.3 was the noted factory

value, but each system was calibrated independently by Tydex and so this value

was checked for this specific model by comparing identical THz system measure-

ments taken with the bolometer and the Golay cell. The corresponding optical

responsivity trend was obtained as shown in Figure 5.9. This yielded an effective

optical responsivity for this detector unit of & 300±45 kV/W , which is a factor of
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Parameter Value Unit
Bandwidth 15–8000 µm

Filtered bandwidth . 3 THz
NEP 1× 10−10 W/Hz1/2

Optical Responsivity ≥ 150 kV/W
Chop rate 15 Hz

Table 5.3: Relevant technical specifications of the Golay cell THz detector
system.

Figure 5.8: Transmissivity plot of the low-pass THz mesh filter used with
the Golay cell detector system.

two greater than the factory rating, even when taking the margin of uncertainty

into account. The calibration was repeated, again referring to the pre-calibrated

bolometer system values and still the same value was obtained. This respon-

sivity is large but not outwith reason, and so it was used for the conversion of

Golay response to THz input power for the measurements presented here. For

reference, the difference in responsivity between the Golay cell and bolometer de-

tector systems can be seen in Figure 5.10, where the responsivity of each system

is plotted as a function of incident THz signal power. Simply put, the response

from the bolometer system is always around three times greater than that of the

Golay cell at the same incident power level. This allows measurements of much

lower THz power levels and also means that the bolometer is considerably more

accurate at lower signal levels that would normally be approaching the NEP of

the Golay cell.

The Golay cell was much more convenient to use than the bolometer system

due to the room-temperature operation and acceptable NEP level – a minimum
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Figure 5.9: Re-calibration of optical responsivity data for the Golay cell
detector.

Figure 5.10: Comparison of theoretical optical responsivity trends between
the Golay cell and bolometer detector systems.

detectable THz signal level of & 0.1 nW should be sufficient to measure any ‘prac-

tical’ THz signal that was generated. This meant that many more experiments

were made using the Golay cell detector and an overview of these measurement

results is presented in the Figures 5.11–5.13 as described in Table 5.4.
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Semiconductor Antenna PC Gap Optical Figure
Structure Geometry (µm) Pump
LT-GaAs CPS 50 Ti:Sapphire 5.11

QD Structure 2 CPS 30 Ti:Sapphire 5.12
QD Structure 3 CPS 50 Ti:Sapphire HF 5.13
QD Structure 3 Dipole 10 Ti:Sapphire 5.14

LT-GaAsBi CPS 50 T2S QD LD 5.16

Table 5.4: Table of THz signal measurements presented here that were taken
with the Golay cell detector system using different optical pump systems and
PCA types. T2S QD LD – tapered-gain two-section quantum dot laser diode;

HF – high optical fluence.

5.2.1 Golay Cell Detection of LT-GaAs-Based THz An-

tenna Signals

Figure 5.11 shows an example of typical results obtained via the Golay cell mea-

surement of THz output power from a 50 µm-gap LT-GaAs CPS PCA pumped

using the Ti:Sapphire laser, in the same experimental conditions as the calibra-

tion tests made in Section 5.1.1. These were the first tests which were made

using the Golay cell detector to ensure that the system’s response exhibited no

unexpected non-linearity, for example. The resulting output trends are similar

as measured using the bolometer system and THz signal power quadratically in-

creases with PCA bias and optical pump power up to a level of 1.29 µW . Again,

this output power was measured when at an average pump power of 50 mW ,

indicating an optical-to-THz conversion efficiency of 2.6× 10−5, as before.

5.2.2 Golay Cell Detection of QD-Based THz Antenna

Signals

Figure 5.12 shows results obtained via the Golay cell measurement of THz out-

put power from a 50 µm-gap QD (Structure 2) CPS PCA pumped using the

Ti:Sapphire laser. It was generally found that this structure exhibited the high-

est optical-to-THz conversion efficiency, typically generating ∼ 0.9 µW output

power at an average pump power of 50 mW . This corresponds to a conversion

efficiency of 1.8× 10−5.
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Figure 5.11: Golay cell-measured THz output power trend from a 50 µm-gap
CPS LT-GaAs PCA pumped by the Ti:Sapphire laser with increasing applied

voltage to the PCA.

The conversion saturation is also visible in this plot as the PCA E-field increases

beyond ∼ 23 kV/cm. Structure 2 is the 25-layer QD sample and it was gen-

erally observed that conversion saturation was more common in this structure

when pumped using the Ti:Sapphire laser. This could be attributed to the faster

overall saturation of recombination sites than might be expected in the 40-layer

samples due to the lower number of dots. Conversion saturation with increas-

ing PCA E-field is an inherent part of the device operation. With reference to

the equivalent circuits shown in Figure 1.11, we see that the potential-divider-

type configuration of the PCA elements sets limits on the distribution of power

throughout the antenna. This is determined by the pump power-dependent con-

ductance of the PC medium and the corresponding balance between this and the

antenna admittance [14]. The applied PCA bias field is also subject to screening

effects by the generation of the photocarriers themselves, and their subsequent

spatial separation in the photo-gap. The electric field generated by the separa-

tion of charge carriers is oriented in the opposite direction to the applied bias

field and subsequently begins to screen it. If the bias across the antenna is in-

creased much beyond this point, regardless of the PC surface material properties,

the electrical breakdown of the photo-gap may then occur due to the build-up

of the E-field across it. Photocarriers which have been captured by QDs will

continue to screen the bias field until they recombine [14], which means that the

recombination rate, QD density of states and subsequently the number of dot
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Figure 5.12: Golay cell-measured THz output power trend from a 50 µm-
gap CPS PCA over QD Structure 2 pumped by the Ti:Sapphire laser with
(b) increasing applied voltage to the PCA; and (b) increasing optical pump

fluence.

layers in the structure will be primary factors in the saturation field level in a

QD PCA.

With this in mind, it is intuitive that optimisation of PCA characteristics would

preferentially involve increased tolerance to optical pumping rather than in-

creased tolerance to field breakdown threshold. The InAs:GaAs structures used

in these tests are ideally suited to strong optical pumping and indeed this is

indicated by Figure 5.12(b), which is a re-plotting of the data in (a) with respect

to optical pump power. The data indicates almost no evidence of saturation

specifically due to increasing pump power at these levels. An upper limit to the
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power generated at each respective pump power appears to be set by the E-field

upper limit of ∼ 26.67 kV/cm in this case, not the pump power level.

As such, the conversion performance of such QD PCAs was investigated while

pumping at increasingly higher optical power, as shown in Figure 5.13(a). The

average Ti:Sapphire optical power applied to a 50 µm-gap QD (Structure 3) CPS

PCA was increased up to 315 mW as the PCA bias was held constant and the

corresponding THz output power was monitored. Two different PCA bias levels

were tested, at 6 kV/cm and 8 kV/cm. Tests at the 6 kV/cm bias level were

made only up to a certain pump power as it was limited by the optical setup at

the time. The PCA performed much better than expected, exhibiting no signs

of saturation or breakdown. After these initial results, the optical scheme was

re-configured to enable the use of the full Ti:Sapphire optical power for pumping

the test PCA. The PCA bias was also increased to 8 kV/cm, and the device

was pumped up to the maximum achievable Ti:Sapphire output power, 315 mW.

Only slight signs of conversion saturation are observed at this extremely high

pump power. Even this is in some doubt, as the uncertainty associated with

the measurement of the Ti:Sapphire output power increases as the maximum is

approached. At this point, the pump power was reduced back to 10 mW and

the PCA continued to function as before. It should be noted that absolutely

no external thermal management of the PCA was applied in these tests. The

same PCA device was then re-tested using a pump power held constant at 240

mW, where THz output power was monitored with increasing PCA bias and

the output trend in Figure 5.13(b) was observed. Interestingly, this indicates

perhaps a more cubic-like output power function with respect to PCA E-field

which very rapidly increased towards 0.5 µW as a field strength of 9 kV/cm was

approached. It was just above this point, around 9.5 kV/cm, at which the PCA

electrically broke down.

Figure 5.14 shows results obtained via the Golay cell measurement of THz output

power from a 100 µm-length, 10 µm-gap QD (Structure 3) dipole PCA pumped

using the Ti:Sapphire laser. Quadratic THz output power trends were observed

with some saturation behaviour exhibited at E-fields above ∼45 kV/cm. There

are two important observations to note here. Firstly, the saturation E-field in this

case is around five times higher than that exhibited by the CPS-geometry anten-

nas, which have a photo-gap five times wider. It should be noted that the field
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Figure 5.13: Golay cell-measured THz output power trend from a 50 µm-
gap CPS PCA over QD Structure 3 pumped by the Ti:Sapphire laser at very
high optical pump fluence with (a) increasing pump fluence; and (b) increasing

PCA applied E-field.

enhancement level created by the five-fold reduction of the electrode separation

(Esurface ∝ Vbias/delectrode) would demonstrably be enough to initiate saturation

effects in the CPS antennas. As such, it is possible that the field-screening effects

usually associated with PCA charge carrier capture could potentially be reduced

and prevent breakdown in a QD structure. This could be explained in part by the

multi-level nature of the QD energy structures which effectively exhibit a variety

of electron degeneracies at each dot site which may be simultaneously ‘accessed’

by photocarriers, as discussed in Section 2.2.5. This allows for a broader range of

carrier occupancy and relaxation channels in each QD capture site than would be
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Figure 5.14: Golay cell-measured THz output power trend from a 100 µm-
long, 10 µm-gap dipole PCA over QD Structure 3 pumped by the Ti:Sapphire

laser with increasing applied voltage to the PCA.

in the defect sites that are implanted in bulk materials such as LT-GaAs. There-

for, the extent of carrier field screening effects may be more efficiently managed

provided there is an adequate density of QD capture sites. Indeed, as mentioned

previously it was observed that E-field-related conversion saturation and break-

down was reduced in QD structures with a greater number of layers (40 layers

compared with 25). These results suggest that more fundamental investigation

of this should be the subject of future work and future device optimisation. The

second main observation is that the strength of the E-field required for output

signal saturation appears to depend on the optical pump power in all QD PCA

devices. As the pump power is increased, the corresponding E-field level at satu-

ration also increases. The opposite scenario is normally the case for ‘traditional’

low-temperature grown semiconductors – lower field levels are required to sat-

urate the output power at higher optical pump powers, regardless of absolute

power level – and so this is an extremely interesting result.

This effect could be explained in part with reference to the analogy of QD-

SESAMs discussed in Section 2.2.3, where the increase in applied pump power

tends to reduce recombination times [15]. The rate of both radiative and Auger

recombination at high carrier densities or with additional p-type doping within

the dots has been shown to increase [16, 17], with a corresponding decrease in

radiative [18] and non-radiative [17] lifetimes and PL intensity. This effect is
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typically less significant in QDs than in bulk or QW medium (likely due to the

relatively low volume of active medium), and the dots deposited in the samples

tested here are undoped, but this effect should be present nonetheless and could

reasonably account for the observed dependence of the screening field on the

(photo)carrier-pair generation rate. With recombination times being reduced,

screening carriers are removed at a higher rate. This would mean that the sub-

sequent screening of the bias field will be reduced on average and a higher bias

may be applied before saturation is observed. This, coupled with the high carrier

mobility and comparatively high thermal conductivity of the InAs:GaAs struc-

ture, might explain the apparent demonstration of a THz PCA which operates

more efficiently the harder it is pumped. A more detailed evaluation of the sat-

uration behaviour can be made by considering the rate of change in the output

signal power with respect to the emitter E-field (δP/δE). Figure 5.15 shows

a plot of such data, which is the calculated derivatives of the curves in Figure

5.12(a). It was observed that the rate of change in output power increased lin-

early with emitter E-field, which is to be expected from a quadratic trend, and

that this occurred up to a certain point at each optical pump power. The E-field

level at which the derivative became a constant (saturation point) typically in-

creases with increasing pump power, after which point the derivative is observed

to actually decline. This plot further emphasises two main effects. Firstly, it

is clear that the stationary points in each curve (δP/δE = 0) are also observed

at increasingly higher E-field levels with increasing pump power. Secondly, the

curves actually go negative. This indicates that after the saturation point the

conversion efficiency of the QD structure begins to decrease as the PCA E-field

is increased, which is also evident in Figure 5.12(a).

This is likely due to screening effects specific to the QD medium as the typically-

employed bulk-type PC medium such as LT-GaAs tends to simply break down

soon after saturation effects are initiated and so this should be the subject of

further investigation. The carrier recombination processes which govern the con-

version saturation are different in bandgap-engineered QD structures than in

bulk low-temperature semiconductors, as discussed previously. It is possible that

the balance between charge carrier screening and PCA E-field may favour the

screening field if the optical pump is not strong enough to enhance recombina-

tion processes. Therefore, increasing the QD PCA E-field after saturation may
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Figure 5.15: Derivative plots of the THz output power curves in Figure
5.12(a) with respect to emitter PCA E-field.

simply encourage the build-up of captured excitons which have yet to recombine

and contribute to an increasing screening field.

This behaviour may also explain the seemingly ever-increasing THz output trend

observed in Figure 5.13(a), for example, and further investigation using a higher

power Ti:Sapphire laser would be useful in testing the upper pump power limit

and PCA behaviour near this limit. It should be noted that the output power

measured from the PCA in Figure 5.13(a) at the highest pump power level was

nearly ten times that when pumped at the modest 10−50 mW range, so further

testing with more optimal samples and antenna configurations could yield output

powers at least in the several µW range.

5.2.3 Golay Cell Detection of LT-GaAsBi-Based THz An-

tenna Signals

Figure 5.16 shows results obtained via the Golay cell measurement of THz out-

put power from a 50 µm-gap CPS LT-GaAsBi PCA pumped using the a tapered,

two-section mode-locked QD LD. The LT-GaAsBi device was used as a reference

sample for longer-wavelength optical pumping and was a commercially-available

pre-mounted THz PCA provided by TeraVil. LT-GaAsBi is a particularly in-

teresting semiconductor blend for integration in THz PCA devices. Bi does not

properly integrate with the alloy blend at normal MBE growth temperatures

around say 580◦C, but reducing the growth temperature to around 300◦C and

below allows a Bi percentage up to 10% to be integrated [19, 20]. Similarly to
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LT-GaAs as described in Section 1.2.3, the necessarily low growth temperature

and subsequent anti-site defect incorporation throughout LT-GaAsBi bulk allows

the material to exhibit ultrashort carrier lifetimes necessary for THz operation

[20, 21]. The relative volume of Bi incorporated into the blend is typically very

small and excess As atoms will most likely occupy predominantly Ga rather

than Bi antisites, which creates deep AsGa donor levels [21]. The bandgap re-

duction which results from the incorporation of Bi allows efficient optical-to-THz

signal generation when pumped at wavelengths up to 1.4 µm [22] and THz-to-

optical signal detection at pump wavelengths up to 1.55 µm [23]. This made

it particularly suitable for pumping via the longer-wavelength QD LDs oper-

ating at ultrashort pulsewidths, with the aim of developing an ultra-compact,

all-semiconductor THz transceiver system.

The performance of this setup was limited primarily by the optical pulsewidths

that were actually achievable using the two-section QD LDs which were available.

The QD LD samples available at the time of acquiring the GaAsBi PCA devices

exhibited minimum pulsewidths of 1.5–2 ps as discussed in Section 3.2.2. This

was a relatively long photoexcitation time for the PC structure and this meant

that any output signal generated by the PCA devices was very low, as it is

proportional to the derivative of the rise time of the pump pulse. This may

account for the very low output powers which were measured, but the output

trend with increasing PCA bias was of a typical quadratic form as expected and

even exhibited saturation behaviour at high PCA bias levels as would normally

be the case in a functioning device. To measure these low output power signals,

the automatic PCA bias control and measurement software was set to use a

very long integration (averaging) time at the LIA, and any EM and thermal

noise surrounding the experimental area was eliminated as much as possible.

This was repeatable across multiple LT-GaAsBi devices as shown in Figure 5.16,

so should be mentioned in this section as even these apparent proof-of-concept

results were rather promising. However, to validate the system it would be

interesting to further explore these THz output signals to evaluate their waveform

and frequency spectrum properties. This may be done using an interferometric

technique or coherent detection system, provided that the THz beam power is

high enough to do so, and should be considered in future investigations.
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Figure 5.16: Golay cell-measured THz output power trend from a 50 µm-gap
CPS PCA over LT-GaAsBi pumped by an ultrafast two-section tapered-gain

quantum dot diode laser with increasing applied voltage to the PCA.
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Figure 5.17: Schematic of the two-antenna coherent detection system. BS –
beamsplitter; PC – computer system; PSU – power supply unit; LIA – lock-in

amplifier.

5.3 Coherent Signal Detection

In the previous section, a relatively simple experimental setup for the ‘direct’

generation and detection of THz radiation from PCA devices was discussed.

In this section, the experimental setup and methods for both the generation

and detection of THz radiation using two PCA devices in a so-called ‘coherent’

detection scheme is described. This method relies on the optical pump phase

coherence between two PCAs and the THz wave which propagates between them.

This allows both an extremely sensitive method of detection and the ability to

map the waveform of the THz signal in the temporal and frequency domains,

as discussed in Section 1.2.4.1. A basic schematic of this experimental setup is

shown in Figure 5.17.

As discussed in Section 1.2.4.1, the operation of both the emitter and detector

antenna in a coherent scheme is of course dependent on the interaction of the

pump beam with the active PC medium and integrated antenna so the system

is still a reliable method for the testing of PCA devices for their optical-to-THz

conversion performance and efficiency. However, this method introduced the ad-

ditional parameter of the optical and THz pulse phase, which was predominantly

controlled using the delay line. In the following sections, the implementation of

this method is described and exemplary PCA characterisation data is given.



Chapter 5: Evaluation of Compact Terahertz Transceiver Systems
159

5.3.1 Complete Transceiver System

The results presented here are based on a coherent THz transceiver system using

the LT-GaAs PCA provided by TeraVil as the detector antenna, and a range of

test PCA devices as the emitter. The emitter voltage was varied in the same way

as before; either manually or automatically swept using the PSU voltage control

software described in Section 4.2. The system had a detection bandwidth, NEP

and optical responsivity which was essentially defined by the limitations of the

active PCA semiconductor material(s). The theoretical limitations on the signal

chop rate is predominantly given by the lower limit of the pump pulse repetition

rate because the relaxation time of the emitter and detector components are at

sub-ps scales due to the very nature of the ultrafast PC device physics. It was

found that using a high chop rate can help to eliminate low-frequency noise in

the output measurements, so typically chop rates in this system were between

∼ 250 Hz and 3 kHz.

Alignment was an even greater concern in this system for several reasons. Firstly,

the alignment of the pump beam at the emitter relative to the positive and

negative bias lines significantly affects the efficiency and movement of generated

carrier pairs [24] and therefore can affect the output signal properties. The

alignment and collimation of the outcoupled THz beam is then optimised using

the abutted Si lens and the beam must then be refocussed at the ‘rear’ facet of

the detector and aligned relative to the detector optical pump beam absorption

region and antenna contacts. Misalignment of the collected THz beam can cause

significant errors in the measurement of the signal power and frequency spectrum,

as the focussed semi-Gaussian beam is relatively broad and consists of a very wide

range of THz wavelengths with different focal spot limits [25]. Additionally, a

motorised translation stage formed the basis of the delay line and the alignment

of the retro-reflected pump beam through the line must be as constant and stable

as possible at the PCA emitter pump spot throughout the sweep of the required

delay length, which can be several cm.

Presented in Figures 5.18 and 5.19 are some exemplary THz signal measurements

taken by scanning the delay line to the location where the output waveform peak

was in phase with the detector pump and then sweeping the emitter voltage.

As such, these measurements do not represent actual emitted signal ‘power’, but

rather the peak amplitude as ‘translated’ by the photocurrent convolution within
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the detector antenna. Still, the output signal trends that were observed agreed

well with theoretical predictions, with THz signal amplitude increasing as the

emitter voltage or the pump fluence was increased.

Figure 5.18 shows coherent THz signal measurements made while pumping sim-

ilar 50 µm-gap LT-GaAs CPS emitter and detector PCAs using the Ti:Sapphire

laser. A more linear output power trend with increasing PCA bias is observed in

these measurements. This is because the photocurrent generated in each antenna

is similarly proportional to the pump power and the THz electric field incident

on the detector antenna is proportional to the bias field of the emitter antenna.

Plot (b) again shows initial quadratic output power trend with increasing pump

power and output saturation begins at around 40 mW .

Figure 5.19 shows coherent THz signal measurements made while pumping 50 µm-

gap QD (Structure 3) CPS emitter and 50 µm-gap CPS LT-GaAs detector PCAs

using the Ti:Sapphire laser. Interestingly, we observed a more sub-linear output

signal strength dependence on emitter bias. The difference in the respective

PCAs’ response to optical pumping, emitter bias and incident THz field at the

detector may account for the trends which were observed. For example, as dis-

cussed in the previous section, the optical-to-THz conversion in the QD PCA

emitter saturates at higher bias field when pumped at higher optical power –

but the response of the LT-GaAs detector PCA begins to saturate as the opti-

cal pump power is increased. As such, the resultant ‘efficacy’ of coherent signal

emission/detection in this configuration may primarily be a complicated balance

of these two competing factors. To investigate this further, a QD dipole emit-

ter PCA was set up in the same configuration and the results of these tests are

presented in Figure 5.20. The output trend with increasing optical pump power

is also shown in Figure 5.19(b). At lower pump powers, this indicates a more

linear dependence than the fully LT-GaAs coherent configuration and this slowly

saturates with increasing pump power. This more linear dependence and slower

saturation rate could be explained by the effect of only the LT-GaAs detector

PCA optically saturating, but we can also still see the bias field saturation effects

of the QD CPS antenna.

As presented earlier, the narrower photo-gap dipole antenna may be operated

at higher bias fields before output saturation is observed. In this case, it was

postulated that the inter-relationship between the QD emitter PCA bias field
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Figure 5.18: Exemplary THz signal peak output amplitude trends from a
50 µm-gap CPS LT-GaAs PCA emitter as detected by an LT-GaAs PCA
detector with (a) increasing emitter voltage and (b) increasing optical pump

fluence.

saturation and LT-GaAs detector optical pump saturation could be simplified.

Indeed, Figure 5.20(a) shows that this configuration exhibits a more linear out-

put power trend that is normally observed in the sub-saturated LT-GaAs-based

coherent system – most likely due to the significantly reduced bias field satura-

tion effects in the emitter. The output signal strength with respect to optical

pump power is plotted in Figure 5.20(b). It is interesting to note that this trend

is also a more linear form, compared with the CPS PCA emitter setup and the

two-LT-GaAs antenna setup. The slowly saturating output signal again could be

explained by the optical saturation of only the LT-GaAs detector PCA and, as
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Figure 5.19: Exemplary THz signal peak output amplitude trends from a
50 µm-gap CPS 40-Layer QD (Structure 3) PCA emitter as detected by an
LT-GaAs PCA detector with (a) increasing emitter voltage and (b) increasing

optical pump fluence.

hypothesised, there is no significant emitter bias field saturation effects observed

in this plot.

5.3.2 Frequency Response

In this section, a summary of THz spectrum measurements taken using the TDS

method as introduced in Section 1.2.4.1 is presented. To implement this, a high-

precision Thorlabs NRT100 motorised translation stage [26] was used for the

delay line base. This was actuated by a BSC101 single channel stepper motor
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Figure 5.20: Exemplary THz signal peak output amplitude trends from a
100 µm-length, 10 µm-gap dipole QD (Structure 3) PCA emitter as detected
by an LT-GaAs PCA detector with (a) increasing emitter voltage and (b)

increasing optical pump fluence.

controller, which in turn was controlled using custom software written in Lab-

VIEW. The software allowed complete control of the TDS parameters as well as

real-time monitoring of results within the same package.

The precision, accuracy and repeatability of the delay line movement was very

important and this setup allowed accurate minimum delay steps of 1 µm, which

corresponds to a path length increment of 2 µm and time-of-flight resolution

limit of 6.67 fs. This level of accuracy was not actually necessary, so typically

the smallest delay step size was 2 µm corresponding to a temporal resolution of

13.34 fs. Temporal resolution and accuracy sets important limits on the spectral

resolution of the resultant THz spectrum, as pulse-to-pulse jitter or offset will
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blur and skew the Fourier transform features of the waveform. The accuracy

of each consecutive delay step depends partly on the overall movement velocity

and acceleration of the stage so at each step the system was given adequate

time to settle as close as possible to the required position, which also gave the

opportunity to use long signal integration times at the LIA if necessary. Longer

integration times allow a more accurately-averaged signal measurement and it

was also found that multiple complete spectral measurements when averaged

would further increase the resultant S/N ratio of the obtained THz spectrum.

Example screenshots of the THz TDS software, including sample waveform and

FFT spectrum data, are presented in Figure 5.21. This software was developed

with the help of Dr David Carnegie.

Figures 5.22-5.24 show some typical results obtained in the THz TDS measure-

ments using a range of different PCA devices. Figure 5.22(a) shows the temporal

profile of the THz output signal generated and detected by the 50 µm-gap CPS

Lt-GaAs PCAs. This was measured at successive 6.67 fs intervals using the pump

delay line at the emitter antenna. A zoomed view of the main pulse is shown

inset, we can see the main peak at ∼ 32.5 ps and we can estimate from this a

FWHM of ∼ 600 fs. The FFT is taken over the entire temporal pulse length

of course, including the long ‘tail’ of the pulse up to 100 ps and beyond, and is

shown in plot 5.22(b). The spectrum has a noise floor around 2.5× 10−6 but we

can actually resolve spectral features to beyond 2.2 THz in this measurement.

We can check the accuracy and precision of such spectral features by comparison

with previously established measurements of THz spectral fingerprints of differ-

ent chemicals as discussed in the next section. The signal spike at 2.75 THz is

an example of an artefact that was occasionally observed after the FFT process

was run on the obtained waveform, and is likely indicative of small, repeated

inaccuracies in the delay line movement. This effect further emphasizes the im-

portance of precision and accuracy in the delay line control, as recurring errors in

sequential delay steps can emerge as resonant spectral features in the resultant

FFT data.

Figure 5.23(a) shows the temporal profile of the THz output signal generated and

detected by a 50 µm-gap CPS QD (Structure 3) emitter PCA and 50 µm-gap

CPS LT-GaAs PCA detector. A zoomed view of the main pulse is shown inset

and we can see the apparent main peak at ∼ 11 ps and this exhibits a FWHM
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Figure 5.21: Screenshots of the THz TDS software: (a) is the main pa-
rameter definition panel; (b) is the ‘results’ panel which shows the averaged
temporal THz waveform and normalised Fourier transform frequency power
spectrum; and (c) shows the “Settings” panel which was used to monitor back-
ground data such as the overall scan progress, current frequency spectrum

resolution, chosen spectrum cut-off frequencies and current LIA status.
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Figure 5.22: Exemplary output signals from a 50 µm-gap CPS LT-GaAs
PCA emitter as detected by an LT-GaAs PCA detector showing: (a) the
temporal signal waveform and zoom of the pulse (inset) obtained directly
via scanning the delay line and continuously reading from the LIA; and (b)
the corresponding signal frequency power spectrum obtained via FFT of the

temporal waveform.

of ∼ 600 fs. However, this is closely followed by a secondary, shorter pulse of

FWHM ∼ 500 fs that is generated 11.13 ps later. Multiple pulse features such as

these were typically observed from QD PCA emitters. It was postulated that this

could be due to the nature of the pump beam’s propagation through successive

layers throughout the active structure depth, shown for example in Figure 4.2.

These layers are deposited via MBE as discussed in Section 2.1, which is to say

they may be considered similarly to a QW superlattice – with the pump beam

experiencing multiple material layer interfaces of varying refractive indices and
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potential wells. It’s possible that the multilayer nature of the beam path conveys

a significant effect on the photocarrier dynamics. For example, the beam may

experience some degree of reflection as an nlow − nhigh interface is reached and

will also experience a very slight phase change through the barrier. Additionally,

the DBR beneath the active region was still effective to some small degree at

around the 810 nm pump wavelength so the beam may be retro-reflected and

re-excite the active region once more. The 11 ps delay between the two main

pulse peaks (at ∼ 11 ps and ∼ 22 ps) corresponds to a propagation distance

of 1 µm for an 810 nm pump beam in GaAs (nGaAs,810 ≈ 3.31). As such, this

hypothesis may be accurate as the structure cavity length is roughly 1 µm. The

extent of the effects of any retro-reflected optical pumping within the structure

cavity would depend partly on the optical pump fluence and whether it was high

enough to retain the necessary power required to excite enough photocarriers to

generate a measurable signal effect. This could be a subject for future work and

may potentially be used in a multi-THz pulse capacity if such an application

required it.

The plot in Figure 5.23(b) shows the corresponding THz FFT power spectrum

of this signal. We can see the appearance of water absorption features around

0.55 THz and 0.75 THz as we would expect, and we can also see many additional

features in the spectrum which may be the result of the complicated temporal sig-

nal profile signal. Each THz spectrum measured from a QD-based PCA emitter

exhibits absorption features around 0.3 THz and 0.4 THz for example, which pre-

sumably indicates some significant activity at this frequency in these structures

which does not occur in the LT-GaAs PCAs, for example. It is difficult to say

exactly what this may correspond to as results reported from THz spectroscopy

of semiconductor materials is at present extremely limited (e.g. [27]).

Figure 5.24(a) shows the temporal profile of the THz output signal generated

and detected by a 100 µm-length dipole QD (Structure 3) emitter PCA and

50 µm-gap CPS LT-GaAs PCA detector. Again, multiple main pulse features are

observed as well as strong secondary pulses roughly 111 ps later. The frequency

power spectrum shown in plot (b) again indicates many spectral features which

are ‘additional’ to those expected from water-vapour-only absorption of the THz

beam and so may be attributed to events within the QD PCA emitter. However,

the output power and S/N ration for this PCA were both much larger than the
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Figure 5.23: Examplary output signals from a 50 µm-gap CPS QD (Struc-
ture 3) PCA emitter as detected by an LT-GaAs PCA detector showing: (a)
the temporal signal waveform obtained directly via scanning the delay line
with main pulse area zoomed inset; and (b) the corresponding signal frequency

power spectrum obtained via FFT of the temporal waveform.

CPS antenna in Figure 5.23 and the relative absorbed power from water-only

interactions in the air is more prominent than these additional features. Note

also that the peak power frequency is confined to roughly 0.2 THz, which is due

to effects of the interaction between the fs pump beam and the resonant dipole

antenna geometry. This demonstrates the relative tunability of a THz PCA as

configured using antenna resonance features normally employed – the PCA is

operating as predicted. Again, the power spike at 1.675 THz is an artefact from

the delay line movement and FFT process and would be averaged out if multiple

scans were taken.
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Figure 5.24: Examplary output signals from a 100 µm-long, 10 µm-gap
dipole QD (Structure 3) PCA emitter as detected by an LT-GaAs PCA detec-
tor showing: (a) the temporal signal waveform obtained directly via scanning
the delay line and continuously reading from the LIA; and (b) the correspond-
ing signal frequency power spectrum obtained via FFT of the temporal wave-
form. Sections (i–iii) are marked in the waveform plot for separate spectral

evaluation.
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To further investigate the influence of the ‘multiple-pulse’ behaviour, evaluation

of the spectral characteristics of each main ‘section’ of the output waveform

was conducted, shown as (i)–(iii) in Figure 5.24(a). This was done because,

intuitively, any ‘parasitic’ signal features (likely to be caused by events other

than the primary optical pulse excitation of the PCA structure), for example,

could potentially interfere with the original ‘true’ waveform profile, and cause

corresponding artefacts in the Fourier spectrum. The rapidly oscillating (non-

smooth) spectrum obtained from QD PCAs in these experiments is likely due to

such pulse echoes and wave reflections. For example, the secondary set of features

in section (ii) of plot 5.24(a) occurs roughly 110 ps after the main pulse event,

which would correspond to a propagation distance of roughly 1 cm for a THz

wave through GaAs or HRFZ Si. This happens to be roughly the beam path

thickness of the HRFZ Si lens used at the PCA rear facet, and so reflections

at the Si lens boundaries may be the cause of such features. The Si lens was

abutted as carefully as possible to the PCA facet using small springs against

the back mounting plate, but we could not confirm the extend of the planar

contact between the two surfaces. To evaluate the overall effect this may have,

the corresponding FFT power spectrum of the signal in regions (i)–(iii) were

measured using software developed by Dr Andrei Gorodetsky.

This software was used because it included signal conditioning features such as:

0-offset, whereby the waveform 0-signal level offset was measured and reduced

to the true 0-point on the y-axis; waveform smoothing for FFT accuracy; and

arbitrary selection of waveform time boundaries. As such, the three temporal

regions of the output waveform from the QD dipole emitter PCA we analysed in

the frequency domain as presented in Figure 5.25.

The main pulse is defined as temporal period within Region (i) and the FFT of

this is given in plot (a). Region (ii) is the temporal region containing the ‘echo’

features. Region (iii) is the FFT measured across this entire ‘pulse + echo’ time

period. The FFT power spectrum of all regions are compared in plot (b). It can

be seen that the main pulse and echo FFT power spectrum are relatively smooth

and exhibit clear absorption features around the expected values from water

vapor absorption of the THz beam in the air in the laboratory. The amplitude

of the smaller ‘echo’ signal appears greater than the main pulse here, but the

spectra are plotted with a logarithmic y-axis as is usual for such data. As such,
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Figure 5.25: FFT power spectrum of extracted output signal waveform re-
gions from a 100 µm-long, 10 µm-gap dipole QD (Structure 3) PCA emitter
as detected by an LT-GaAs PCA detector showing. (a) shows the power spec-
trum of the ‘main’ pulse temporal region only. (b) shows power spectrum
from: the main pulse region (black); the secondary ‘echo’ region (red); and

over nearly the entire waveform (green).

the relative dynamic range (roughly defined as the bandwidth over which there

is a significant difference between the FFT frequency amplitude and the noise

floor) is the figure of merit here and it should be noted that the main pulse

waveform exhibits a S/N ratio in this plot which is several times greater than

the ‘echo’ signal at most frequencies. The FFT spectrum of the entire pulse

and echo period (region [iii]) exhibits the jagged and noisy profile which are

also observed in Figures 5.23(b) and 5.24(b). This spectrum is essentially the

resultant FFT of all ultrafast processes in the PCA behaviour, combined with
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the detected echoes and all such parasitic waveform effects. As such, to obtain an

accurate frequency power spectrum from these particular QD PCA devices, the

temporal range of analysis from signal outputs should be chosen so as to avoid

such artificial features. Additionally, more careful methods of Si lens mounting

should be employed in future – these calculations potentially demonstrate the

extent of the effect on final THz spectral measurements which may be caused by

improper device mounting.

With this in mind, measurements were made by taking temporal scans of THz

output signals over periods corresponding only to the ‘main’ pulse. Examples of

such measurements are given in Figures 5.26 and 5.27. This is the main output

pulse signal (i.e. ‘Region (i)’ as before) from a QD-based (Structure 3) dipole

PCA pumped by the Ti:Sapphire laser. We can see from the temporal plots inset

that there is still evidence of the pulse echo behavior in this sample, but it is

somewhat reduced (presumably due to better surface contact between the struc-

ture and the Si lens, for example). We observe that over these modest driving

conditions a scan of only the main pulse region of the signal will yield a much

smoother FFT power spectrum, but some spectral information is lost due to such

confinement of the scan [28]. As such, we can see that water vapor absorption

features that were previously very clear are now somewhat less distinct. This

is an example of the compromise that is typically made between the factors of

spectral resolution, S/N ratio, bandwidth and dynamic range [29] (which is a

more in-depth evaluation of ‘useful’ spectral power with respect to bandwidth)

when using such data processing techniques [28, 30].

Additionally, we can see from Figures 5.26 and 5.27 that at these ‘modest’ driving

conditions the THz signal waveform and corresponding FFT power spectrum

does not vary with either pump power or PCA E-field. With the exception of

the signal amplitude, we see that the extracted spectral features and waveform

are identical as both the pump power and PCA E-field is increased and this

is indicative that the PCA is not being driven to any particularly ‘extreme’

conditions in this case. It would be interesting to measure such signal data when

driving the PCA at both very low and very high optical pump power. However,

this would require an even more sensitive detection setup in the former case and

additional independent management of the emitter and detector beam powers

in the latter case. This is because the Ti:Sapphire pump beam would be split
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Figure 5.26: FFT power spectrum and corresponding output signal wave-
forms (inset) from a 100 µm-long, 10 µm-gap dipole QD (Structure 3) PCA
emitter as detected by an LT-GaAs PCA detector. The PCA is pumped at a

different optical power level in each plot.

Figure 5.27: FFT power spectrum and corresponding output signal wave-
forms (inset) from a 100 µm-long, 10 µm-gap dipole QD (Structure 3) PCA
emitter as detected by an LT-GaAs PCA detector. A different E-field is ap-

plied across the PCA in each plot.

into two components, each being several hundred mW in average power, but an

LT-GaAs PCA detector in this configuration would saturate and break down

when driven at pump beam powers above ∼ 60 mW for an extended period of

time. Hence, separate control of the pump power to the LT-GaAs detector in

this setup would be needed, which would necessitate the use of an optical filter

which may introduce further beam effects before the detector PCA and therefor

a disparity between the emitter and detector optical pump signal properties.



Chapter 5: Evaluation of Compact Terahertz Transceiver Systems
174

5.3.3 Spectroscopy and Materials Testing

The results from the coherent THz TDS system developed in this work were

evaluated partly via the comparison of previously obtained experimental and

theoretical THz spectral data of various different chemicals and materials. The

most convenient comparison could be made using the absorption spectrum of

water because the TDS experiments were conducted at room-temperature in air

and the water vapour naturally present in the test environment resulted in very

clear spectral absorption features. These features were present in each THz spec-

trum in Figures 5.22-5.24 predominantly at or around frequencies of 0.54 THz,

0.75 THz, 1.1–1.25 THz, 1.4 THz and 1.7 THz (for comparison, see [31, 32]).

As discussed in Section 1.2.4.1, absorption features like these are present in a

wide range of chemicals, including illicit and explosive materials [33], and iden-

tification of such materials for security purposes using THz spectral ‘fingerprint’

identification like this was part of the motivation for this work. Absorption of EM

waves in different chemicals at THz frequencies primarily results from resonant

frequency absorption via molecular rotational transitions in vibrational ground-

and/or excited-states, and so different chemicals may be identified ‘at a glance’

by examining the broadband transmission (reflection) spectrum as a THz beam

is passed through (reflected from) it.

Another main motivation was to develop a practical and efficient, ultra-compact

THz spectroscopy system for use in biomedical applications, such as the identi-

fication of cancerous cells in human tissue [34, 35]. During TDS system testing,

there were several biologists within the research group (Scott Palmer and Dr

Sergei Sokolovski) who were interested in the comparison and distinction of can-

cerous cells from healthy tissue. Although the THz TDS system presented here

was of high accuracy and resolution, the implementation of a TDS method is not

as trivial as simply passing the THz beam through the sample. Many elements

and parameters must be calibrated and configured, such as: knowledge and se-

lection of sample volume/thickness; estimate of expected frequency-dependent

absorption coefficient(s); and the consequential necessary THz frequencies and

power levels for adequate spectral distinction of different chemicals. Neverthe-

less, several THz TDS experiments were conducted using the Ti:Sapphire pump

laser and QD-emitter/LT-GaAs-detector – partly as a demonstration of the novel

QD-based transceiver system and also with the aim of potentially identifying the
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Figure 5.28: THz TDS transmission spectrum measurements from calibra-
tion tests of: (a) air and tyrosine; and (b) tyrosine after sample re-preparation
and using multiple averaged complete scans. Skeletal formula and ball-and-

stick molecular representation of tyrosine are also shown in (b,inset).

spectral fingerprint of tumorous cells. Some exemplary data from these tests are

given in Figures 5.28 and 5.30.

These were the first reliable calibration TDS measurements taken of chemicals

other than water vapour in air, and was conducted using both LT-GaAs CPS

PCA emitter and detector pumped by the Ti:Sapphire laser. Tyrosine is an amino

acid used by cells to synthesize proteins and can also be synthesized in the body

from phenylalanine. It is found in many high-protein food products such as meat,

cheese, nuts and seeds and is a polar molecule – making this common chemical a

suitable choice as a calibration sample. For this reason, THz absorption spectrum
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of tyrosine has been measured previously [36] and established results such as these

were used as a reference for the accuracy of our measurements. The calibration

method here was simple – to examine the obtained THz spectrum for evidence of

absorption features which were not present in the ‘air-only’ spectrum, specifically

at the frequencies of ∼ 0.53 THz, ∼ 0.66 THz, ∼ 0.83 THz and ∼ 1.33 THz.

Figure 5.28(a) shows the first obtained calibration spectrum that indicated the

presence of tyrosine, and the spectral locations where the additional features

from absorption in the spectrum are highlighted in the dashed circles.

A lot of preparation was made before the first measurable tyrosine spectral fea-

tures were observed because the volume of the sample and even the geometry of

the pile of dry tyrosine powder and subsequent scattering/refractive effects on

the THz beam had to be accounted for and optimised. Finally, a sample was

prepared by compacting a ∼ 3 mm-thick disk of powder into the sample dish,

the system was re-aligned and a 6-scan averaged transmission spectrum was mea-

sured, shown in 5.28(b). Again, the expected tyrosine absorption features may

just be resolved in the locations marked by the dashes circles. More information

on the sample preparation process for these tests is given below. The absorption

features of interest marked in both plots were only slight but indeed measurable.

This was at least demonstration of function, but it would appear that a clearer

THz spectral fingerprint should be taken using either: a thicker or denser pow-

der sample for further absorption of the THz beam; or a higher power/sensitivity

system. A plot of the signal temporal waveforms as transmitted through air with

and without the tyrosine crushed powder sample in the beam path is shown in

Figure 5.29.

This data conveys a lot of information about the sample, in particular the THz

absorption coefficient and pulse phase shift through the sample, which can be

used to determine the refractive index properties of the chemical at the detectable

THz wavelengths. In-depth THz spectroscopic characterisation of chemicals or

materials is outwith the scope of this work, but the occurrence and interpreta-

tion of these effects is intuitive. The THz beam will normally pass through the

experimental setup without the sample in the beam path, so the measured wave-

form in this case is unimpeded by propagation effects through anything other

than air (and maybe not even this, if the setup is enclosed in a dry N atmo-

sphere for example). Once the sample is placed in the beam path, there scan
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Figure 5.29: THz signal waveforms of the beam transmitted through air
only (black) or air + tyrosine (red).

is once again made and a delay in the arrival of the pulse is observed. This

delay corresponds to a frequency-dependent phase shift which may be measured

and the corresponding refractive index over the test THz spectral range may be

extracted. This is assisted by analysis of the frequency-dependent reduction of

spectral power across the test range, which directly conveys a measurement of

the absorption coefficient at the respective frequency.

Further calibration measurements were made using samples of common chemi-

cals such as tryptophan and IPA, and preliminary measurements of cell cultures

were even made when their preparation was completed at the biology lab. For

this work, HaCaT keratinocyte cells were initially obtained by Sergei Sokolovski

from the college of life sciences at the University of Dundee and grown to conflu-

ence on 35mm petri dishes (purchased from Becton Dickinson) using Dulbeccos

modified Eagle Medium (DMEM) from Invitrogen. HaCaT keratinocytes were

also grown to confluence in petri dish with a cover slip in an attempt to keep cells

within medium and alive during testing for a longer period. In this case, the cell

thickness was around 30 µm, cover slip thickness was 130 µm and the petri dish

thickness was ∼ 1 mm in all cases. HaCaT cells were also provided in cuvette

chambers in suspension in DMEM at concentrations of 1.3 × 105 and 1.3 × 106

per ml. H1299 lung cancer cells were obtained by Dr Sokolovski and either grown

to confluence in petri dish or removed from flasks using trypsin and suspended

in DMEM to a concentration of 1 × 106. Suspension studies used tyrosine and

tryptophan at 1M concentrations. Dry amino acid powders were purchased from
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Sigma-Aldrich. Molar calculations were 181 g/L and 204 g/L which translated

to 180 mg in 1 ml and 204 mg in 1 ml of tyrosine and tryptophan powder, re-

spectively. 5 g of Amino acids were solubilised in 1 ml ethanol and pressed using

petri dish lid to form the compact discs for study.

Some results of these preliminary measurements are shown in Figure 5.30. Plot

(a) shows THz transmission calibration scans of air-only, tyrosine and tryptophan

samples using an LT-GaAs CPS PCA emitter and detector pair. Plot (b) shows

calibration scans of: air and sample holder window only; with petri dish included;

with isopropyl alchohol added; and with a sample of cancerous living cells within

DMEM medium, all made with the LT-GaAs PCA emitter/detector pair. Plot

(c) shows calibration scans of: air-only; tryptophan; and a sample of H1299 lung

cancer cells made using a QD (Structure 3) CPA PCA emitter and LT-GaAs

PCA detector. All tests mentioned here were done using the Ti:Sapphire laser

pump. Again, some additional absorption features are slightly evident in the

tyrosine, tryptophan and cell sample spectra – but are not sufficiently beyond

the error associated with the signal noise to make a decisive conclusion as to

the THz spectral fingerprint of such samples. The demonstration of a THz TDS

system based on QD-based PCA emitter devices was considered sufficient for the

nature of the goals and research presented in this work.

5.4 Discussion and Conclusion

It should be noted that cell sample and tryptophan calibration tests were made

without optimal alignment of the system and before the multi-scan averaging

code had been included in the custom TDS system control software. Tests also

had to be made over short time-scales – as the live cell cultures could only survive

for a limited time in their environment before their nutrient medium dried up –

which meant that only fast scans at limited resolution could be made. As such,

the S/N ratio of these measurements was not so high, the spectral resolution

was relatively poor (12.5 GHz) and a more suitable set of test conditions should

be configured to obtain more conclusive measurements. The later improvements

in the system sensitivity, speed, spectral range, data conditioning and sample

preparation (e.g. thicker/denser cell samples which can live longer in the test

chamber) could have yielded much clearer results, which would have been a
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Figure 5.30: THz transmission spectrum of: (a) tyrosine, tryptophan and air
only using CPS LT-GaAs PCA emitter+detector; (b) cancerous cell sample,
IPA, petri dish, and glass sample holder window only using CPS LT-GaAs
PCA emitter+detector; and (c) cancerous cell sample, tryptophan and air only
using QD (Structure 3) CPS PCA emitter + CPS LT-GaAs PCA detector.
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significant result for our THz biophotonics work and so should be the subject of

continued work.

The absence of coherent system results taken using QD-based PCA devices as the

detector element is also evident. It was observed that THz signal waveforms could

not easily be distinguished while using QD-based PCAs in this configuration,

regardless of the PCA emitter type which was used. The reason for this is unclear

at present, but could potentially be described by reference to the importance

of the lateral E-field in such QD semiconductor structures for ultrafast charge

carrier modulation. The photocurrent in the PCA emitter is proportional to

the time-varying amplitude of the incoming optical EM wave and the applied

antenna E-field; whereas the photocurrent in a PCA detector is proportional

to the time-varying amplitudes of the incoming optical EM wave and the THz

E-field. The detector PCA must be able to sample each ultrafast EM field by sub-

ps modulation of the corresponding electronic response. However, the observed

strong dependence on photocarrier modulation speeds in QD structures could

mean that the efficacy of the PCA detector is dependent upon the incoming THz

field strength, particularly when at relatively low levels.

It should be noted that the the E-fields applied to QD-based PCA emitters in

these tests are at comparatively high values compared with that expected of

the generated THz E-field propagating between the two PCAs. Therefor, any

such low-E-field-dependence of QD photocarrier generation and capture rate was

not observed. It is possible that a relatively very high THz E-field is required

to facilitate photocarrier modulation on the timescales necessary for accurate

coherent THz signal sampling, but further work is required to ascertain this.

Alternatively, an ‘assisting’ E-field across the QD-based PCA detector may be

required to enhance carrier transport and allow sub-ps photoconductivity.

Further to this, it is worth discussing the results obtained in preliminary tests of

such effects. THz surface emission and picosecond photoconductivity measure-

ments of QD Structure 1 were made by Molis et al. [37] at Teravil Ltd and the

Center for Physical Science and Technology, both of Vilnius, Lithuania. These

tests were based on both coherent signal detection and emission regimes. An

amplified Yb-doped potassium gadolinium tungstate (Yb:KGW) laser system

(Light Conversion “PHAROS”) operating at 1030 nm wavelength with a pulse

duration of 160 fs and repetition rate of 200 kHz was the main optical pump
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source. This laser was also used to drive a cavity-tuned optical parametric os-

cillator (OPO, Light Conversion “ORPHEUS”) generating 140-160 fs duration

pulses with a peak wavelength tunable from 640 nm to 2600 nm, for the purposes

of wavelength-dependent probing of the QD structure optoelectronic response.

For THz surface emission tests, the QD sample was pumped by the OPO signal

and the THz output signal was detected by a sample of pre-characterised LT-

GaAsBi, which in turn was pumped using the Yb:KGW beam. To investigate

the picosecond photoconductivity of the QD structure, a 90 µm-long, 5 µm-

gap dipole microantenna was integrated with the structure surface and this was

pumped using the OPO beam. In this case, the QD PCA was used as a detector

antenna for THz signals emitted by a pre-characterised p-InAs sample pumped

by the Yb:KGW beam. The system schematic and preliminary results of these

tests are given in Figure 5.31.

This figure describes the variation of the relative: ultrafast photoconductive re-

sponse to incoming THz fields (as a THz PCA detector); THz output signal field

amplitude (as a THz PCA emitter); and PL spectrum as a function of energy,

for reference. It can be seen that the electrically biased QD-based PCA detec-

tor operates most efficiently as a THz signal detector when pumped around the

GaAs barrier and InGaAs wetting layer absorption edges down to ∼ 1.3 eV ,

after which point the response rapidly falls off. The response then increases as

the pump energy approaches ∼ 1.12 eV , which in fact corresponds almost ex-

actly to the QD second ES energy as indicated by the PL spectrum shown by

the green curve. The response then decays as the pump energy is decreased,

but then is observed to recover as the pump energy approaches 1.05 eV . This

energy corresponds almost exactly to the first QD ES level. The response then

decays effectively to zero as the pump energy is decreased further, indicating no

observable response at the QD GS energy. Interestingly, the photoconductive

responses near the QD energy levels are most prominent at slightly blue-shifted

energies relative to the PL peaks. The THz output signal from this structure is

observed to be strongest when pumped at energies corresponding to the GaAs

barrier absorption, similarly to the pumping regime involving the Ti:Sapphire

laser as presented previously in this chapter. The output signal rapidly falls off

as the pump energy decreases below the GaAs band edge, then remains relatively

low until the pump energy approaches ∼ 1.13 eV . This again appears to occur

at slightly blue-shifted energies relative to the second QD ES energy level. The
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Figure 5.31: (a) experimental setup and corresponding (b) THz photocon-
ductivity and emission spectrum measured from QD Structure 1 in wavelength-
tunable coherent emission/detection regime using a broadly tunable fs pulse

OPO pump source.

output signal again decays as the pump energy is decreased further and recovers

as ∼ 1.06 eV is approached, slightly blue-shifted with respect to the first QD ES

energy level. Again, no observable output signal was measure when pumping the

structure around QD GS energies. These preliminary results are very promis-

ing regarding long-wavelength optical pumping and even the potential option of

multi-wavelength-range pumping of the same PCA device if implemented in a

THz transceiver system. Further work into such systems will include characteri-

sation of the THz output signal waveforms and frequency power spectrum.

Presented in this chapter were results which were taken in the measurement of

THz signals generated by QD-based PCA devices pumped by a Ti:Sapphire laser
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system. A description was made regarding output power behaviour with respect

to input driving conditions such as optical pump power and PCA bias field, in-

cluding discussion of the important factor of optical-to-THz conversion saturation

behaviour. Results were presented from the measurement of the corresponding

THz temporal and spectral response from such devices, and demonstrated the

preliminary application of QD-based PCAs in a coherent THz transceiver sys-

tem for spectroscopic analysis of chemicals and living cells. It was found that

QD-based THz PCA devices operate comparably with state-of-the-art LT-GaAs

PCA devices regarding THz signal output power, and additionally the major ad-

vantage of extremely high pump power tolerance and variable output saturation

characteristics were demonstrated.

Also discussed were the preliminary results in the measurement of THz signal out-

put from LT-GaAsBi PCA devices pumped by an ultrafast mode-locked QD LD.

These results indicated that pumping of such devices for the generation of THz

EM fields is demonstrably possible, albeit in this case at very low conversion effi-

ciency. Further tests should be made using a mode-locked LD with much shorter

temporal pulsewidth below 1 ps. An improvement in optical-to-THz efficiency for

such a configuration would theoretically enable at least a working prototype of

an ultra-compact, all-semiconductor, room-temperature THz transceiver system.

Measurements of the THz output signal from a QD PCA device were also pre-

sented, which indicates that photomixing in such devices at or near the excited

energy level(s) may offer the conversion efficiency required to drive such a system

potentially with a ‘practical’ output power – if some optimisation is made. For

example, tests using interdigitated photomixer contacts are still ongoing, and

promise further improvements in PC gain and output power.
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Chapter 6

Summary and Outlook

6.1 Summary of the Work Presented

The work discussed in this thesis represents preliminary investigations into the

construction of novel and versatile THz transceiver systems that utilise primary

components consisting of QD-based semiconductor devices. This has involved

the configuration, testing, calibration and/or programming of a broad range of

optoelectronic device production methods and testing systems, as well as the

fundamental design of novel PC semiconductor materials and devices. This in-

cluded the characterisation of suitable ultrafast laser sources, many of which were

relatively novel QD LD devices or configurations operating in both/either pulsed

and/or CW regimes. The design and production methods for such semiconductor

devices were described, including many standard and well-established procedures

which are key steps in the fabrication of most optoelectronic devices in general.

Both ‘direct’ and coherent measurement techniques were used in this work. A

major motivation for the work conducted in this project was the development of

an ultra-compact, efficient, room-temperature THz source or full measurement

system. This, ultimately, may result in the future development of an elegant,

efficient and complete THz TDS system based on all-semiconductor elements

in an ultracompact housing – which at this time is still a major goal in THz

optoelectronics research and industry.
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6.2 Future Work and Outlook

The fabrication methods of QD-based semiconductors were also briefly described.

MBE was introduced here as it was the method of production for the samples

used in this work, but there are other methods such as metalorganic chemical

vapor deposition (MOCVD) that have been routinely used in the production

of high-quality QD-based semiconductor heterostructures since the mid-1990’s

[1]. This process is typically less expensive, less complicated and can produce

structures of comparable quality to MBE growth methods [2]. The details of this

growth method are outwith the scope of this discussion, but it is mentioned here

as an example of the widespread fabrication of QD-based semiconductors. This

is promising for future work into the optoelectronic properties of such materials

and suggests that the further development of ultrafast and THz QD-based devices

will continue to be a thriving area of research.

It is the hope of the author that the work presented here will justify the inclu-

sion of QD-based THz transceiver systems as part of this research effort. The

implementation of QD LDs as pump sources could be a major step towards this,

as these devices would not only enable the use of an ultracompact, electrically-

controllable system but would also rapidly increase the scope of data analysis

which THz TDS systems are capable of. This is predominantly due to the high

pulse repetition rates and low timing jitter of such LDs [3], which could ulti-

mately allow GHz-rate-averaged, real-time THz TDS and data acquisition and

analysis through techniques such as ASOS [4]. This method is based on the

principle of using two lasers with offset repetition rates as the emitter-detector

pump delay mechanism, and would be especially suited to high repetition-rate

mode-locked LD pump devices. The key future steps in the further development

of such systems now lie in the further investigation and optimisation of QD-based

THz PCA structures and devices, particularly with regards to their compatibility

with QD LDs as optical pump sources.

The concepts and results discussed in this work has somewhat emphasised the

respective energy-dependent optical and electronic characteristics of QD-based

semiconductors for this reason. The tunability of the photonic energies of QD

LD output signals and the versatile bandgap-engineering offered by QD-based

PC materials and PCS devices presents a broad avenue for exploration of highly
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configurable, ultrafast optoelectronic systems. For example, consider that the

device structures for both the LDs and the PCAs used in this work may poten-

tially be fabricated on the same epitaxial wafer. This of course would be effective

only once an efficient configuration of the QD structure and material properties

for both lasing and ultrafast carrier modulation had been designed. In fact, this

is already conceivable if we consider that the two-section QD LDs discussed in

Section 3.2.2 are based on similar principles. Investigations of such possibilities

are now underway, and it seems reasonable to predict that complete transceiver

system prototypes may be demonstrated within this decade.
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Appendix A

The Opto-InGaAsP Software

The Opto-InGaAsP software is a brute-force calculation tool for the one-dimensional

analysis of optical wave patterns through a InxGa1−xAs-based semiconductor

structure. This program considers the free-space longitudinal wavelength of the

incoming optical mode(s) and evaluates the phase-dependent evolution of the

mode(s) throughout the pre-set depth of the semiconductor structure. The main

purpose of the software is for the design of semiconductor structures with regards

to the behaviour of single or multi-modal optical pump beams as applied to PCA

or SESAM applications, where the interaction of the optical pump beam with

respective semiconductor features within the structure is crucially important.

Presented here are some results generated by a working version of the program.

This version can analyse the propagation of any number of optical modes, and will

calculate the superposition of them at each spatial calculation step. The spatial

resolution of these examples are 1 nm, which also defines the temporal and wave

phase resolution and should be more than sufficient for the parameters to be

considered in this work. This spatial resolution was chosen somewhat arbitrarily,

however, and may be altered to higher or lower values as appropriate.

The goal of the program was to simulate as accurately as necessary the behaviour

of the pump beam in the structure, and so parameters including the wavelength-

dependent refractive index, absorption coefficient and energy bandgap of every

material and layer in the structure were considered. This was done by evaluating

the Sellmeier equation for each layer at each wavelength and calculating the corre-

sponding effect on wave phase and amplitude, then superposing this result with

192



Appendix A. The Opto-InGaAsP Simulation Software
193

results from all wavelengths. The Sellmeier equation for an In1−xGaxAsyP1−y

quaternary semiconductor blend was derived from the commonly-used results

of the studies carried out by Nahory et al. [1]. Material energy bandgaps are

derived using Equation A.0.0.1, and the corrsponding refractive indices are cal-

culated using the Sellmeier Equation A.0.0.2.

EBG(x) = 1.425 eV − x1.501 eV + x20.436 eV (A.0.0.1)

n =

√√√√A+
B

1−
(
C
EBG,GaAs
λEBG(x)

)2 (A.0.0.2)

This program allowed the arbitrary definition of semiconductor heterostructures

composed of InxGa1−xAs layers up to any thickness and the corresponding optical

wavelength response over a broad wavelength range covering the entire spectrum

of laser systems used in this work, and beyond. An example calculation is given

in Figure A.1. This is a simplified model of the propagation of two longitu-

dinal modes at 847 nm and 850 nm through a bulk GaAs structure of depth

> 40 µm, for the test demonstration of photomixer modelling. Plot (a) shows

the superposed down-converted wave beat signal and plot (b) shows the corre-

sponding optical intensity. In this model, the effects of absorption are neglected

and a DBR is not present at any point, so we see the phase evolution of the THz

beat signal as it propagates for just over 0.5 wavelengths. The plot is scaled to

this level so that the smaller oscillating features may be discerned. The free-

space THz frequency and wavelength of the beat signal in this case is 1.25 THz

and 240 µm, respectively, which corresponds theoretically to a wavelength of

∼ 70 µm in GaAs – depending upon the taken value of the refractive index (here

nGaAs,1.25THz ≈ 3.4). Indeed, we observe the half wavelength to be roughly half

this value in the simulation.

For comparison, presented in Figure A.2 is a more accurate model of the same

simulation which takes absorption into account, and considers a DBR at the ’rear’

facet of the semiconductor. The effects of the DBR are negligible in this case,

however, as we can observe that the absorption is so strong at these wavelengths

the reflected power is ineffectual.

Future iterations of the program will include improved accuracy and versatility

by including features such as:
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Figure A.1: Exemplary simulation results obtained in the modelling of a
dual-wavelength (847 nm and 850 nm) pump beam propagating through GaAs
bulk semiconductor. (a) shows the superposed down-converted wave beat
signal and (b) shows the corresponding optical intensity. In this model, the

effects of absorption are neglected and a DBR is not present at any point.

Figure A.2: Exemplary simulation results obtained in the modelling of the
beat pattern and intensity of the dual-wavelength (847 nm and 850 nm) pump
beam propagating through GaAs bulk semiconductor. Absorption effects are

considered here, which are considerable.
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• Rate equations for the absorptive medium for lasing analysis.

• Customisable DBR structures and simulated reflectivity plots.

• Inclusion of timestep analysis in addition to or instead of spatial/phase

step calculation.

• A versatile window-based graphical user interface which allows arbitrary

control of resolution and input parameters. Currently the program is a

simple DOS-style executable which outputs files containing tables of data

formatted for display using Origin graph software.

• Ability to import optical spectrum files for more application-specific anal-

ysis of expected optoelectronic performance.

• Extension of the analysis to three dimensions so that beam diameter influ-

ence may also be modelled.

The C++ code for this working version of the program is given overleaf.



// Heterodyne 5 
// First "file-driven" C++ implementation of the InGaAsP optoelectronic mixer program 
 
#include <iostream> 
#include <fstream> 
#include <sstream> 
#include <stdio.h> 
#include <cstdio> 
#include <cstdlib> 
#include <math.h> 
#include <string> 
#include <conio.h> 
#include <stack> 
 
using namespace std; 
 
    const double pi = 3.141569;   //Double-float defining global variable "Pi" 
    const double c = 299792458;   //Double-float defining global variable "Speed of Light" 
    const double Eo = 8.85418782e-12;  //Double-float defining global variable "Permittivity of Free Space" 
    double t = 0;    //Double-float for defining the initial time t of simulation 
 
 
void beatcalc (double c,double modes[][5],double t,int modenum) //FUNCTION beatcalc: calculation of optical beat 
pattern throughout structure 
{ 
    const double Egaas = 1.425;   //Define GaAs energy bandgap 
 
    cout << "Beginning of structure:\n";  //Announce structure definition to begin 
    cout << endl;    // 
 
    int rownum = 0;  //Integer which counts the current overall working table row number 
    int rowcount = 0;  //Integer which counts the temporary current working row number 
    string begsect;  //String for query: next structure section a repeated section? 
    string strucend;  //String for query: end of structure definition? 
    int repcounter;  //Integer which counts row increments in loops 
    int reprowcountstart; //Integer for storing row # which defines the beginning of repeated section loops 
    int reprowcountend;  //Integer for storing row # which defines the end point of repeated section loops 
    int repnum;   //Integer for defining number of layers/materials in a repeated section 
    int sectrep;   //Integer for defining number of consecutive repeats of a repeated section 
    int i; 
    double lamcount = 0;  //Double-float for storing average optical wavelength of modes 
    double matdrep;  //Double-float for defining a repeated layer depth in um 
    double x;                    //Double-float for defining a layer/material x-composition 
    long double n;  //Long double-float for storing corresponding calculated refractive index of layer 
    double Ex;   //Double-float for storing corresponding calculated energy bandgap of layer 
    double matdnorep;  //Double-float for defining a non-repeated layer depth in um 
    string STRING; 
    string DBR; 
    double A, B, E, F; 
    long double D; 
    double V, W, Y, Z; 
    long double X; 
 
    for (i = 0; i < modenum; i++)  //Loop for calculating average optical wavelength of all modes 
        {                                        // 
             lamcount += modes[i][0];            // 
        }                                        // 
    double lamave = lamcount/modenum;  //Double-float for storing average optical wavelength of all modes 
 
    fstream outfile;                                                              //Define file reference and type 
 outfile.open ("Interference.txt", ios::in | ios::out | ios::trunc);       //Define file name and access rights 
 fstream sectemp;                                                          //Define file reference and type 
 fstream DBRfile; 
 
    for (;;)       //Loop for defining and outputting structure details 
        { 
            int matd = 0;                                         //Integer for storing current material depth 
            repcounter = 0;                                       //Reset row counter to 0 



            cout << "Is next layer beginning of a repeated section? (y/n)\n";     //Query: next structure section a 
repeated section? 
            cin >> begsect;                               // 
            if (begsect == "y")    //Loop for definition of layers within a repeated section 
               { 
               sectemp.open ("sectemp.txt", ios::in | ios::out | ios::trunc);     //Define file name and access rights 
               reprowcountstart = 0;   //Store row # for beginning of repeated layer definition 
               reprowcountend = 0;   //Reset end row # for current layer to 0 
               cout << "How many different layers in this section?\n";  //Query: number of layers/materials 
in this repeated section? 
               cin >> repnum;       // 
               cout << "How many repeats of this section in the structure?\n"; //Query: number of consecutive 
repeats of this repeated section? 
               cin >> sectrep;       // 
 
               int secrow = 0; 
               int secrowcount = 0; 
               for (int i = 0; i < repnum; i++)  //Loop for defining properties of each repeated section layer 
               { 
                   sectemp.seekg (0, ios::end); 
                   cout << "Enter next layer In(x)Ga(1-x)As material x-fraction, 0-1:\n";     //Query: layer/material 
x-composition? 
                   cin >> x;                                                      // 
                   Ex = Egaas-(x*1.501)+(pow(x,2)*0.436);    //Store layer/material energy bandgap 
                   n = sqrt(8.95 + (2.054 / (1 - pow((0.6245*Egaas/(lamave*1e6*Ex)),2)) ));   //Store layer/material 
refractive index 
 
                   cout << "Enter material depth, in um:\n";   //Query: repeated layer depth in um? 
                   cin >> matdrep;   // 
                   matd = int(matdrep*1e3);  //Increment current section depth in nm by [Layer Depth*1000] 
 
                   for (int i = secrowcount; i < secrowcount+matd; i++) //Loop for writing repeated layer within 
section to temp table file 
                   {      //depths in nm over current layer depth/distance 
                       sectemp << Ex << "\t" << n << "\t" << "0" << "\t" << "0" << endl;      // 
                       secrow += 1; 
                   } 
                   secrowcount = secrow; 
               } 
 
               for (int i = 0; i < sectrep; i++) 
                   { 
                        sectemp.clear(); 
                        sectemp.seekg(0, ios::beg); //Seek the pointer to the beginning of the sectemp file 
                        outfile.seekg(0, ios::end); //Move writing position to end of output file "outfile" 
                        while(getline(sectemp,STRING)) //Runs through the whole of sectemp until end-of-file. This 
                        {    //     should get each line in sectemp, store into STRING, 
                         rowcount += 1;   //     then write STRING into outfile 

outfile << rowcount << "\t" << STRING << endl; //enters STRING into the main output file 
                        } 
                   } 
               sectemp.close(); 
            } 
            Else       //Alternative: non-repeated section definition 
            { 
                outfile.seekg (0, outfile.end);   //Move writing position to end of main output file 
                cout << "Enter next layer In(x)Ga(1-x)As material x-fraction, 0-1:\n"; //Query: layer/material x-
composition? 
                cin >> x;        // 
                Ex = Egaas-(x*1.501)+((pow(x,2))*0.436);   //Store layer/material energy bandgap 
  n = sqrt(8.95 + (2.054 / (1 - pow((0.6245*Egaas/(lamave*1e6*Ex)),2)) )); //Store layer/material 
refractive index 
 

cout << "Enter material depth, in um:\n"; //Query: non-repeated layer depth in um? 
  cin >> matdnorep;  // 
  matd = int(matdnorep*1e3); //Increment current layer depth in nm by [Layer Depth*1000] 
 
                for (int i = 0; i < matd; i++) //Loop for writing repeated layer within section to temp table file 
                    {    //depths in nm over current layer depth/distance 



                       outfile << i+rowcount+1 << "\t" << Ex << "\t" << n << "\t" << "0" << "\t" << "0" << endl; 
                    } 
                rowcount += matd; 
      } 
 
            cout << "Is this the end of the structure? (y/n)\n";  //Query: end of structure definition? 
            cin >> strucend;    // 
            if (strucend == "y")    //Exit structure definition loop if all layers are defined 
            {      // 
               outfile.close();    // 
               break;     // 
            }      // 
        } 
 
        cout << "DBR?\n"; 
        cin >> DBR; 
        if (DBR == "y") 
        { 
                DBRfile.open ("DBRfile.txt", ios::in | ios::out | ios::trunc); 
                outfile.open ("Interference.txt", ios::in | ios::out); 
 
                stack<string> lines; 
                string temp; 
                while(getline(outfile, temp)) lines.push(temp); 
                while(!lines.empty()) 
                { 
                DBRfile << lines.top() << endl; 
                lines.pop(); 
                } 
                DBRfile.close(); 
                outfile.close(); 
        } 
 
        cout << "Evaluating interferometric pattern throughout entire region...";  //Message: beginning beat 
pattern calculations 
        cout << endl;         // 
 
        fstream strucbeat; 
        fstream DBRbeat; 
        strucbeat.open ("Strucbeat.txt", ios::in | ios::out | ios::trunc); 
        outfile.open ("Interference.txt", ios::in | ios::out); 
        outfile.clear(); 
        if (DBR == "y") 
        { 
               DBRfile.open ("DBRfile.txt", ios::in | ios::out); 
        } 
        double step = 1e9; 
 
        while(outfile >> V >> W >> X >> Y >> Z) 
        { 
              for (int j = 0; j < modenum; j++) //Loop for calculation and storage of interference intensity at 
current row/depth 
                 { 
                 //NOTE: absorption coefficient accounted for here only in GaAs @850nm - generalise later 
                 modes[j][3] *= exp(-0.001375532612); 
                 modes[j][4] += modes[j][1]*X*(1/step) - (2*pi*modes[j][2]*t); 
                 Y += modes[j][3] * cos(modes[j][4]); 
                 } 
              Z = (c*Eo*X/2)*pow(Y,2); 
              strucbeat << V << "\t" << W << "\t" << X << "\t" << Y << "\t" << Z << endl; 
        } 
        strucbeat.close(); 
 
        if (DBR == "y") 
        { 
           DBRbeat.open ("DBRbeat.txt", ios::in | ios::out | ios::trunc); 
 
           while(DBRfile >> A >> B >> D >> E >> F) 
           { 



           for (int j = 0; j < modenum; j++) //Loop for calculation and storage of interference intensity at 
current row/depth 
                 { 
                      modes[j][4] += modes[j][1]*D*(1/step) - (2*pi*modes[j][2]*t); 
                      E += modes[j][3] * cos(modes[j][4]); 
                 } 
           F = (c*Eo*D/2)*pow(E,2); 
           DBRbeat << A << "\t" << B << "\t" << D << "\t" << E << "\t" << F << endl; 
           } 
        } 
 
        outfile.close(); 
 
        fstream DBRflip; 
        if (DBR == "y") 
        { 
        DBRbeat.close(); 
        DBRfile.close(); 
        DBRflip.open ("DBRflip.txt", ios::in | ios::out | ios::trunc); 
        DBRbeat.open ("DBRbeat.txt", ios::in | ios::out); 
        stack<string> DBRlines; 
        string temp; 
        while(getline(DBRbeat, temp)) DBRlines.push(temp); 
        while(!DBRlines.empty()) 
        { 
                DBRflip << DBRlines.top() << endl; 
                DBRlines.pop(); 
        } 
        DBRflip.close(); 
        DBRbeat.close(); 
        } 
 
        fstream resultfile; 
        resultfile.open ("Finalcalc.txt", ios::in | ios::out | ios::trunc); 
        resultfile << "Depth" << "\t" << "Bandgap" << "\t" << "Index" << "\t" << "Wave Beat Amplitude" << "\t" << 
"Optical Intensity\n"; //Write tab-delimmed table column titles "Depth", “Bandgap”, “Index”, "Wave Beat Amplitude" 
and “Optical Intensity” 

resultfile << "um" << "\t" << "eV" << "\t" << "" << "\t" << "W" << "\t" << "W/m^2\n"; //Write tab-delimmed 
column unit headings "um", “eV”, “”, "W" and “W/m^2\n” 

        strucbeat.open ("Strucbeat.txt", ios::in | ios::out); 
        if (DBR == "y") 
        { 
           DBRflip.open ("DBRflip.txt", ios::in | ios::out); 
        } 
 
        double G = 0; 
        while (strucbeat >> V >> W >> X >> Y >> Z) 
        { 
              if (DBR == "y") 
              { 
                      DBRflip >> A >> B >> D >> E >> F; 
              } 
        G = (c*Eo*X/2)*pow(Y+E,2); 
        resultfile << V/1e3 << "\t" << W << "\t" << X << "\t" << Y+E << "\t" << G << endl; 
        } 
 
        strucbeat.close(); 
        resultfile.close(); 
        if (DBR == "y") 
              { 
                      DBRbeat.close(); 
              } 
 
    return; 
} 
 
 
int main()    //Beginning of main program 
{ 



        string begin;   //String for query: begin calculations on structure? 
        string quit;   //String for query: quit program? 
 
  int modenum = 2; 
 
        cout << "How many longitudinal optical modes to simulate?\n"; 
        cin >> modenum; 
        cout << endl; 
 
        double modes [2][5]; 
 
        for (int i = 0; i < modenum; ++i) 
        { 
         cout << "Enter vacuum wavelengh of optical pump mode " << i+1 << " in um\n"; 
         cin >> modes[i][0];    //modes[][0] are wavelengths 
         modes[i][0] = modes[i][0]/(1e6); 
         modes[i][1] = (2*pi)/modes[i][0];  //modes[][1] are wavevectors of wavelengths modes [][0] 
         modes[i][2] = c/modes[i][0];   //modes[][2] are frequencies of modes [][0] 
         cout << "Enter optical power of pump mode " << i+1 << " in W\n"; 
         cin >> modes[i][3];    //modes[][3] are optical powers of modes [][0] 
         cout << endl; 
         } 
 
         double dcav;   //Double-float for defining distance modes propagate before entering structure 
          
         cout << "Enter optical cavity length BEFORE analysis region, in um\n"; //Double-float for defining mode 
propagation distance before incident on structure 
         cout << "This is the distance initially travelled by all modes before reaching the semiconductor surface:\n";
 //This can be useful for external cavity 
         cin >> dcav;                                                                       // 
         cout << endl; 
 
         cout << "Calculating mode & interference starting conditions...\n"; //Message: beginning external cavity 
measurements 
         double t = 0;    //Double-float to define/store starting time in seconds 
         for (int j = 0; j < modenum ; j++) //Loop for calculating optical mode phase(s) upon entering structure 
             { 
                  modes[j][4] = sin((2*pi*modes[j][2]*t) + modes[j][1]*(dcav/(1e6))); 
             } 
         cout << "Starting conditions acquired\n";  //Message: finished external cavity calculations 
         cout << endl; 
         cout << "Begin photomixer structure definition? (y/n)\n"; //Query: begin definition of semiconductor 
structure? 
         cin >> begin;    // 
         if (begin == "y")   //If user begin="y" then pass variables to main calculation subsystem 
            {                                    // 
                  beatcalc(c,modes,t,modenum);   // 
            }                                    // 
 
    cout << "Exit program? (y/n)\n";  //Query: exit program? 
    cin >> quit;                                                                            // 
    if (quit == "y")                                                                        // 
    { 
       return 0; 
    } 
} 
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Appendix B

The THz TDS Software

The THz TDS software used in this work was developed using LabVIEW. The

software has three main functions: to control the movement of the translation

stage which forms the basis of the optical beam delay line; to measure the varying

THz signal as the delay line is scanned in a coherent antenna setup; and to process

the measured data into formats which may be directly examined as performance

indicators of the coherent system in general. This software was developed with

the help of Dr David Carnegie.

The control of the delay stage is done via the connection between the main com-

puter and the stage actuator unit, the Thorlabs BSC101. The BSC101 supports

USB connection, which is used as a port for communication between the unit and

computer. Communication between the BSC101 and computer is done through

a set of commands which is provided by the manufacturer, and allows continuous

two-way control and monitoring of the delay stage location. The monitoring of

the corresponding detected THz signal is done via GPiB connection between the

SR830 lock-in amplifier and the main computer. Again, a set of commands is

provided by the manufacturer which is used to issue commands to the SR830,

query measurement values and check the unit status. Monitoring of the THz sig-

nal simultaneously with the scanning of the delay line via the BSC101 actuator

allows the mapping of THz waveforms generated by the antenna device(s) in the

setup. It is possible to do this manually point by point, but automation of this

method reduces the complexity and measurement time dramatically while also
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improving accuracy, precision and enables real-time data processing during the

experiment.

The LabVIEW development environment also allows scope for complete mathe-

matical exploration of the data, manipulation for output formatting, accurately

repeated measurements and various averaging methods. Figures B.1–B.3 show

the LabVIEW code in a fully operational version of the software. Figure B.1

shows the initialisation section, with each main element highlighted (a-e) and

described as follows:

(a) Input parameters such as SR830 and power supply unit GPiB addresses,

initial and final stage positions, stage movement increment and number of

signal averages (’complete’ measurements to take and average over).

(b) Mathematically translate the stage increment to corresponding temporal res-

olution for reference.

(c) Sets the SR830 signal sensitivity ranges, which are automatically adjusted

according to the input signal strength.

(d) Send relevant information to the respective control units.

(e) Set up expected scan durations and reset progress monitor.

Figure B.2 shows the main stage control and signal measurement routines with

each main element highlighted (a-i) and described as follows:

(a) Increments the movement of the stage at each step.

(b) Used at the very first data point to stop the stage, ’Auto-phase’ the SR830 to

to correct chopping phase, and wait for the signal to settle before beginning

to measure.

(c) Used as one of the averaging mechanisms, applies a wait time of an integer

number of integration periods (such as 100 ms) which the SR830 is set to.

(d) Translates the stage position (in mm) to time (in ps) for the FFT process.

(e) Sets the next incremental stage position to be moved to for the next mea-

surement.
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Figure B.1: LabVIEW block diagram of the initialisation code of the THz
TDS software.
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(f) Outputs Time- and Position-vs-Signal waveform graphs to the graphical user

interface for reference.

(g) Runs the FFT process on the current Time-vs-Signal data and constantly

updates in real-time.

(h) Adds the data from each measurement run to be averaged later.

(i) Outputs the final, averaged FFT power spectrum of the measured signal.

The maximum and minimum extent of the x-axis (THz frequency) is set

here.

Figure B.3 shows the signal data processing and output routines with each main

element highlighted (a-g) and described as follows:

(a) Averages all measured FFT spectra simply by dividing each row value by

the pre-set Averaging number.

(b) Compiles the x-axis data for the FFT plot. This takes in the FFT y-values

data and uses this is the number of rows. The frequency increment δf in each

data point is retrieved from the FFT subroutine in the previous stage and

each successive data row is assigned a frequency value of (row number)×δf .

(c) Averages all measured Time-vs-Signal data.

(d) Corrects the direction of Time-vs-Signal x-axis data. The stage moves the

emitter pump beam ’backwards’ through the THz signal and so the Time

values may need to be reversed and set to 0 at t = 0.

(e) Removes the FFT spectrum data which is outwith the user-defined range.

For example, the user may only be interested in the spectrum in the range

0 < fdata < 3 THz which was usually the case in this work.

(f) Normalised the FFT power spectrum to 1.

(g) Output Time-vs-Signal and FFT spectrum data in tabular format and save

to file.
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Figure B.2: LabVIEW block diagram of the main signal measurement and
stage control code of the THz TDS software.



Appendix B. The THz TDS Software
207

Figure B.3: LabVIEW block diagram of the THz signal data gathering,
conditioning and output code of the THz TDS software.


