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Abstract

I1I-V semiconductor nanowires have emerged over the past decade as promising
nano-components for future electronic and optoelectronic devices and systems, including
field-effect transistors, light-emitting diodes, photodetectors, lasers and solar cells. Recently,
I11-V semiconductor nanowires have been considered as ideal candidates for photoconductive
terahertz (THz) detection, as they possess many desirable properties, such as a direct and
tunable band gap, good carrier mobility and short carrier lifetime (on the picosecond to
nanosecond timescale). Due to the one-dimensional structure and nanoscale size, such I11-V
nanowire THz detectors are promising as building blocks for advanced THz systems with
compact configuration and enhanced functionalities (i.e. sub-wavelength resolution and high
polarisation sensitivity).

This dissertation presents the first attempt to examine the suitability of 111-V semiconductor
nanowires for their applications as photoconductive THz detectors. At first, a series of
GaAs/AlGaAs core-shell nanowires were grown (using Au-catalyst metalorganic vapour phase
epitaxy technique), characterised and compared for selection to detect the THz signal in a THz
time-domain spectroscopy (THz-TDS) system. The fabricated GaAs/AlGaAs single nanowire
THz detectors exhibited a pA-level THz response with good signal-to-noise ratio and high
polarisation sensitivity however a narrow detection bandwidth (in the range of 0.1-0.6 THz).
The origin of the narrow bandwidth for single nanowire detectors was thoroughly investigated
using finite-difference time-domain (FDTD) simulations, revealing that the limited bandwidth
arose from the strong low frequency resonance caused by the specific device geometry design
(rather than the nanowire itself). By adjusting and optimising the nanowire detector geometry,
broadband (0.1-1.6 THz) GaAs/AlGaAs single nanowire THz detectors were demonstrated.
Furthermore, due to the nanoscale active material fabricated on an insulating substrate (z-cut
quartz), single nanowire photoconductive THz detectors showed a very low dark current and a
resultant low-noise nature when compared with the traditional (bulk) photoconductive THz
detectors. This relaxes the ultra-short carrier lifetime requirement for the (semiconductor)
detection material for photoconductive THz detection, since in traditional photoconductive

detector the detection material has to have a carrier lifetime of a few picoseconds to minimise
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the noise current. Therefore, nanowires with longer carrier lifetime can also be used for
photoconductive THz detection. Based on above findings, the high-quality core-only InP
nanowires (grown by selective-area metalorganic vapour phase epitaxy technique) were
investigated for photoconductive THz detection. With previously optimised device geometry
and superior optoelectronic properties of InP nanowires, InP single nanowire THz detectors
were fabricated and found to exhibit a broadband response (0.1-2.0 THz) and excellent
sensitivity, which were then used to measure the transmission spectra for real material
characterisation with performance comparable to the traditional (bulk) detectors. A longer
time-domain sampling window (compared to the traditional bulk detectors) and thus a higher
spectral response resolution were obtained for the InP single nanowire THz detectors, which
have been ascribed to the small active material volume and thick THz-transparent z-cut quartz
substrate, enabling the single nanowire detector to have less Fabry-Pérot reflections in
measured signal. Furthermore, it was found that the contact quality significantly affects THz
detector performance and is particularly crucial for the performance and reliability of single
nanowire detectors due to their large surface-to-volume ratio. In the final part of this work, an
axial n*-i-n" InP nanowire structure was designed and investigated for use in nanowire THz
detectors. The improved contact quality (due to contact doping) has led to further improvement
of the nanowire THz detector performance particularly in its signal-to-noise ratio.

In summary, this thesis demonstrates a series of photoconductive THz detectors fabricated
from different 11I-V semiconductor nanowire materials and structures, showing excellent
bandwidth and sensitivity, approaching that of the conventional THz detectors. The nanowire
device design, fabrication, characterisation and related optical simulations described in this
work have provided deep insights into the characteristics of the single nanowire THz detectors,
which may serve as a useful guidance for future development of nano-device based THz

systems.
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Chapter 1

Introduction

Terahertz (THz) radiation [1], also known as T-ray or sub-millimetre radiation, covering the
frequency range between infrared light and microwaves (as shown in Figure 1.1), is known for
its unique transmission properties with non-ionising and non-invasive nature. In the past, the
lack of traditional materials for THz generation and detection hindered the development of
THz research and applications. In the mid-1970s, the advent of femtosecond lasers accelerated
advances in electronics and photonics fields, providing new materials and devices that made
the THz gap widely accessible [2, 3]. This has led to an increasing interest in THz
spectroscopy and imaging [4], as they have proven to be useful tools for a broad range of
applications, including materials characterisation [5], biological and medical imaging [6],
product inspection [7], homeland security [8] and environmental monitoring [9]. Moreover,
over the last few years, THz communication has provided a high data rate option to go beyond
100 Gbps. Research interests have been focused on investigation of THz photonics and
electronics for THz band communication [10], particularly designed to support compact
wireless technology. As such, there is a growing demand in further developing THz materials
and devices for more advanced THz applications.

THz time-domain spectroscopy (THz-TDS) is one of the most powerful THz techniques,
which has developed from being a laboratory-based technique to finding a number of industrial
and commercial applications [11-15] in the last twenty years, particularly in materials
characterisation. As part of this development, photoconductive (Auston-type [16]) THz emitter
and detector technology has advanced via the introduction of ion-damaged [17] or
low-temperature grown [18] semiconductor materials, which possess specific properties
including fast photoconductivity rise times, short carrier lifetimes and high carrier mobilities,
and complex antenna geometries [19] for broadband operation. However, the manufacture of
photoconductive emitters or detectors remains limited, owing to the challenges associated with

the production of semiconductors that exhibit above desirable optoelectronic properties.
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Besides, current THz-TDS techniques present many difficulties for miniaturisation due to the
constraints posed by sub-millimetre wavelengths. To overcome this limitation, near-field THz
spectroscopy and on-chip THz spectrometer have been proposed [20, 21], which could lead to
nanoscale resolution of the system. One way to develop simple, low-cost, highly integrable
emitter and detector structures for high-resolution THz-TDS applications is through the use of
guasi-1D semiconductor nanowires [22] as the active elements.

I11-V compound semiconductors [23-26] have been widely used as the active material for
photoconductive THz emitters and detectors in THz-TDS, owing to their low cost (compared
to the electro-optic materials [27, 28]) and wide material availability [16]. One-dimensional
I11-V semiconductor nanowires maintain many superior properties as their bulk counterparts,
such as high carrier mobilities (approximate or equal to that in bulk materials [29]) and a direct
and tunable band gap. In addition they have shorter carrier lifetimes (typically sub-nanosecond
[29, 30]) due to the intrinsically large surface to volume ratio, and thus have been considered
as ideal alternatives to traditional I11-V semiconductors for use as THz frequency components.
Furthermore, the nano-size dimensions and ability to grow on silicon substrates of IlI-V
semiconductor nanowires indicate a promising prospect for their integration with CMOQOS

electronics to realise complex, highly-integrated THz systems [31].

Radio Communications & Radar Optical Communications Medical Imaging Astrophysics
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Figure 1.1: The electromagnetic spectrum.
(from http://terahertztechnology.blogspot.com.au/2013_10 01_archive.html).

1.1 111-V Compound Semiconductor Nanowires for Device

Applications

To date, the maturity of various approaches for I11-V semiconductor nanowire synthesis has

enabled researchers to produce a wide range of nanowire materials and structures, including
2
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core/shell, superlattice and branched structures with the desired composition, morphology and
electrical properties through specific dopants incorporation and fine tuning of growth
parameters. This largely extends the flexibility and functionality of nanowire-based electronic,
optoelectronic and photovoltaic devices [32, 33]. In 2011, high-speed nanoscale electronic
devices (both nanowire field-effect transistors and light-emitting diodes) were demonstrated
for the first time using InP nanowires [34]. Subsequently, high-performance InAs/InP
core-shell single nanowire field-effect transistors were reported with electron mobility
reaching to 11500 cm?Vs at room temperature [35]. In 2013, GaN-based nanowire
light-emitting diodes with industry-standard quality had been achieved and were ready to reach
market [36]. In the same year, a 13.8% efficient axial p-i-n InP nanowire solar cell was
demonstrated [37], while GaAs-based nanowires were shown to lase at room-temperature [38].
Most recently, InP nanowire lasers [39], GaAs/AlGaAs multiple quantum well nanowire lasers
[40] and a 15.3% efficiency p-n junction GaAs nanowire array solar cell [41] were reported.
The significant development of 111-V nanowire synthesis, property manipulation and device
fabrication over the last ten years has proven the potential of I11-V semiconductor nanowires as
nano-building blocks for advanced integrated electronics and optoelectronics. Therefore, it is
possible to design and grow I11-V nanowires, and fabricate them into nano-THz-electronics to
realise advanced THz systems. For example, a single nanowire THz detector can be used as a
sub-wavelength detector element for near-field imaging [42], or integrated into an “on-chip”

THz spectrometer [43, 44] avoiding the need for complex optical arrangements.

1.2 111-V Compound Semiconductor Nanowires for Terahertz

Applications: Advantages and Challenges

I11-V nanowires have been employed for THz applications for both THz emission and
detection. In 2011, single InAs nanowires were reported as nanoscale source for THz radiation
[45, 46]. In 2013 and 2015 respectively, plasma-wave THz detectors based on InAs and
InAs/InSb single nanowire field-effect transistors were demonstrated and exploited for THz
imaging [47-49]. However, to date, semiconductor nanowires have not been incorporated into

the THz-TDS technique [50] for spectroscopic detection applications (which can provide both
3
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amplitude and phase information of the measured THz signal), partly due to challenges in
materials design and nanowire-based device fabrication.

It is known that semiconductors for photoconductive THz detection require having both
ultra-short charge carrier lifetime and reasonable carrier mobility, where a compromise needs
to be reached to ensure a sufficient response level while minimising current noise. To achieve
these properties in traditional (bulk) semiconductors, low-temperature growth by molecular
beam epitaxy [51, 52] and/or post-growth processing steps, such as ion-implantation and
annealing [53, 54], have to be used. The low yields and challenges in reproducibility of
low-temperature growth as well as complicated multiple-step fabrication procedures give
researchers a motivation to further explore advanced semiconductor materials and structures
for photoconductive THz detection. 1l1-V semiconductor nanowires offer many desirable
material properties: a direct and tunable band gap, good carrier mobility close to that of bulk
materials [29], and short carrier lifetime on the picosecond to nanosecond timescale [30] which
can be adjusted by controlling the crystal quality [55] or surface state density [30, 56, 57].
Therefore, using I11-V nanowires for photoconductive THz detection could avoid additional
material processing steps after crystal growth, as well as the high yield of I11-V nanowires
grown on a standard wafer suggests a possible high yield of nanowire-based devices,
advantageous in both reduced material cost and complexity. Moreover, due to their
one-dimensional structure and nanoscale size, nanowires exhibit great promise for highly
compact THz systems.

The challenges on the development of such I11-V single nanowire photoconductive THz
detectors include: (1) producing reliable 111-V nanowires with desired properties for optimal
THz detection (i.e. low dark current, high carrier mobility and short carrier lifetime); (2)
forming low-noise and low-resistance contacts; (3) optimising device geometry to increase
THz signal coupling and detection sensitivity; (4) incorporating nanowire-based detectors into

the standard THz-TDS system with precise alignments for device testing.

1.3 Outline of the Thesis

This dissertation presents a detailed investigation on design, fabrication, characterisation and
4
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optimisation of photoconductive THz detectors using 111-V single nanowires, which has not
been reported previously. Fundamentals of THz systems and techniques used in this thesis are
introduced in Chapter 2. Details of the experimental and simulation methods are presented in
Chapter 3. Chapter 4 demonstrates photoconductive THz detectors using single GaAs/AlGaAs
core-shell nanowires as the active component, verifying the suitability of 111-V nanowires for
THz-TDS applications. A series of GaAs/AlGaAs core-shell nanowires produced under
different growth conditions via the vapour-liquid-solid (VLS) growth [58] using metalorganic
vapour phase epitaxy (MOVPE) technique were studied, and selected for optimised THz
detection. Finite-difference time-domain (FDTD) simulations in THz regime are performed,
indicating that a reduced response bandwidth (in the range of 0.1-0.6 THz) of the single
nanowire detector arises from the resonance characteristics of the specific detector geometry
(rather than the nanowire itself). Relationships between device geometry and its resonance
characteristics are further studied in detail using FDTD simulations in Chapter 5. Significantly,
by tailoring the detector electrode design, GaAs/AlGaAs single nanowire photoconductive
THz detectors with tunable response bandwidth can be achieved. Other factors (such as THz
polarisation and capping layer of the core-shell nanowire structure) that affect the detector
response characteristics are also discussed. In Chapter 6, a performance-improved
photoconductive THz detector developed from single InP nanowires is introduced. Unlike
GaAs/AlGaAs nanowires, the InP nanowires were grown using selective-area metalorganic
vapour phase epitaxy (SA-MOVPE) technique. These unpassivated InP nanowires are of high
optical (~ ns minority carrier lifetime) and structural quality (stacking fault-free) with higher
photosensitivity when compared with the optimised GaAs/AlGaAs nanowires. As a result,
highly sensitive broadband (0.1-2.0 THz) InP single nanowire THz detectors are demonstrated,
which can provide high-quality time-domain spectra for material characterisation in the
THz-TDS system. The response characteristics of the InP single nanowire photoconductive
THz detectors matches well with the simulation results, and are found to have a low-noise
nature and a long time-domain sampling window in contrast to the traditional (bulk) THz
photoconductive detectors, which will be beneficial to the future advanced THz systems for
achieving higher spectral and spatial resolutions. Chapter 7 describes a further improvement in

InP single nanowire photoconductive detectors by employing an axial n*-i-n" InP nanowire
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structure in device, as a direct result of the improved contact quality (due to contact doping).
Relationships between doping concentration and nanowire growth are investigated using a
locally developed novel optical technique (capable of axial profiling of doping concentration
along single nanowires). The measured doping results are correlated with the electrical
characterisation of corresponding nanowire devices, to further examine the relationship
between the doping concentration and device contact quality, providing guidance for design of
the axial n*-i-n" nanowire structure. The n*-i-n” InP single nanowire detectors are shown to be
good alternatives to the undoped single InP nanowire detectors for the THz-TDS system,
which exhibit comparable signal-to-noise ratio to that of traditional (bulk) semiconductor
detectors despite of having only pA-level response current. All the results indicate that single
I11-V semiconductor nanowire photoconductive THz detectors are highly promising for future
applications in advanced THz systems. Finally, conclusions and suggestions for future work

are presented in Chapter 8.
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Chapter 2

Terahertz Systems and Techniques

This chapter provides the background knowledge regarding terahertz (THz) systems and
techniques used in this thesis, primarily introducing THz time-domain spectroscopy (THz-TDS)
and related THz sources and detectors. This chapter also describes the two common detection
schemes for THz-TDS: electro-optic sampling and photoconductive sampling. The
measurement characteristics of THz-TDS, including bandwidth, frequency resolution,
signal-to-noise ratio and dynamic range, are introduced allowing for an evaluation of the
system performance (and hence the detector performance). An example for a typical analysis
of raw data from transmission measurements in THz-TDS to extract the complex optical

properties of a material is provided.

2.1 Terahertz Technological Families

Technologies in the terahertz (THz) band can be categorised into two major families [1, 2]
based on their operating frequency and emission mode: continuous-wave (CW) and pulsed
THz systems. The CW THz systems operate quasi-monochromatically, with limited tunability
in frequency band but high spectral resolution (~ hundreds of MHz), and with continuous
emission. They typically provide higher THz output powers than the pulsed sources, and are
suited for applications such as telecommunication [3] and non-destructive evaluation (i.e. THz
imaging) [4, 5]. The pulsed THz systems are based on the generation and detection of a
quasi-single cycle THz transient with duration of a few picoseconds. The THz transient
typically consists of many frequencies, which can be accessed via a Fourier Transform. As
opposed to CW systems, pulsed THz systems are not only able to yield intensity data, but also
provide depth, time-domain or frequency-domain information in measurement, ideal for
spectroscopic applications. The generation of pulsed THz radiations commonly relies on the

use of femtosecond pulsed lasers [6-8].
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2.2 Terahertz Time-Domain Spectroscopy

THz time-domain spectroscopy (THz-TDS) [9] is a spectroscopic technique, typically
realised using a pulsed THz system, which has been explored for various THz band
applications from imaging [4] to spectroscopic analysis [10]. It shows particular promise for
applications in materials science, due to its ability to detect both amplitude and phase of the
THz radiation interacting with a material. It can thereby provide information on the physical
properties of the material represented by absorption coefficient and refractive index in the
far-infrared region. Other spectroscopic techniques, for instance, traditional optical
spectrometers [11] can only measure the signal intensity in near-infrared wavelength range;
Fourier-transform infrared spectrometers [12] provide amplitude-only information in the
mid-/far-infrared range via interferometry. In this dissertation, a laboratory THz-TDS system is
used for the characterisation of all THz detectors of interest in this study. The THz related
experiments were conducted at the University of Oxford (in Prof. Michael B. Johnston’s

laboratory).

Optical Pulse for THz Generation

- Ultrafast Laser
[

«—> | Optical Gate Pulse

T 7 Y-----N A

[
I i
Variable Delay Stage \ : _ _f; _— _-
E i .
-

THz Emitter | , THz Detector

Sample

Figure 2.1: A schematic diagram of a typical pulsed THz-TDS system (operating at

transmission mode).

A typical THz-TDS system is a pump-probe setup [13] as shown in Figure 2.1, in which a
single cycle THz pulse (with a duration of ~ a few picoseconds) is generated from a

femtosecond laser-irradiated emitter and then received by a detector that is fed with an optical
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pulse from the same laser source. The THz pulse is called “probe pulse”, and the optical pulse
is called “gate pulse”. An optical delay stage (controlled by a motorised translation stage) is
used for one pulse to be moved in time with respect to the other, such that the waveform of the
THz pulse can be mapped out as a function of the delay time between the probe and gate
pulses. In applications, a sample of interest is placed in the THz path of the system, allowing
the THz pulse to pass through it (or reflect from it). By measuring the change in transmitted
(reflected) THz signals with and without the presence of the sample, physical constants of the

sample (such as absorption coefficient and refractive index) can be extracted.

2.3 Terahertz Sources

THz radiation is accessible via black-body radiation from anything with temperatures higher
than about 10 K. However, this thermal emission is incoherent and weak. Commonly used THz
sources in laboratories or industry include the backward wave oscillator [14], quantum cascade
laser [15], photomixing sources [16] or single cavity FIR laser [17], which produce coherent
CW THz radiation throughout the THz range. Although photomixing sources have been
explored for THz-quasi-TDS [18], this section focuses on introducing pulsed THz sources for
typical THz-TDS, where a broadband short-pulse THz source is used.

In @ THz-TDS system, the pulsed THz radiation is commonly generated from either a
femtosecond laser-irradiated electro-optic material [19] (such as GaSe, ZnTe, CdTe and
LiNbQO;) via optical rectification [20], or a femtosecond laser-irradiated photoconductive
antenna (PCA) fabricated on a semiconductor with short carrier lifetime [21] (e.g.
ion-bombarded InP) combined with an applied electric bias via photoconductive switching
technique [22], or a femtosecond laser-irradiated narrow-gap semiconductor without applied
electric field bias (e.g. InAs) via Photo-Dember effect [23], or laser-induced air plasma [24].
The emission mechanisms regarding optical rectification and photoconductive switching are
described below, since they are the generation mechanisms used in this thesis.

In optical rectification, a second-order nonlinear process occurs when a femtosecond laser
pulse propagates through an electro-optic material [25, 26]. A nonlinear ultra-short polarisation

P is produced in the electro-optic material that is of the duration of the laser pulse (~
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femtoseconds) and has the form of the pulse envelope. Based on Maxwell’s equations, the
ultra-short polarisation P will radiate off a single cycle electro-magnetic pulse in the far field
with frequencies in the THz range. The emitted THz electric field in the electro-optic material

is related to the polarisation, P, by

a%p
E(rnzy % 52 (2.1)

The bandwidth of THz pulses generated via optical rectification is limited by the laser pulse
duration, THz absorption in the electro-optic material and material thickness. Conceptually, a
shorter laser pulse causes a faster polarisation change in the electro-optic material which
generates a shorter THz pulse consisting of more THz frequencies. The THz emission strength
increases while emission bandwidth decreases with thicker material due to the phase-matching
effect [27].

In photoconductive switching technique, a transient photocurrent is generated across a
biased PCA when a femtosecond laser pulse (with energy above the band gap of the
semiconductor) excites on it. This transient current will emit a single-cycle THz pulse, and the

emitted THz electric field is related to the photo-induced current, J, by

E(rhz) & % (2.2)
An important requirement for this technique is the used semiconductor substrate (emission
material) has to possess some specific optoelectronic properties including a fast photocurrent
rise time, high carrier mobility and short carrier lifetime. Therefore, low-temperature GaAs
(LT-GaAs) [28] and semi-insulating GaAs (SI-GaAs) [29] are common materials used for
photoconductive THz emission. The laser pulse duration, properties of the semiconductor (i.e.
material thickness, carrier lifetime and photocurrent rise time) and resonant frequency of the
antenna (electrode structure) determine the centre wavelength and spectral bandwidth of the
generated THz pulse. Typically, a shorter laser pulse induces a faster current change in PCA
that radiates a shorter THz pulse which is spectrally broader. The THz emission strength

usually increases with increasing bias voltage and excitation laser power (if effects such as
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impact ionisation and carrier-carrier scattering are not considered [7, 30]), and thus the highest
strength is limited by the breakdown voltage of the PCA. The spectral bandwidth of the
generated THz pulse is limited by three main factors: the laser pulse duration, resonant

frequency range of the antenna [31], and THz absorption in the generation material.

2.4 Terahertz Detectors

A number of detection technologies have been developed for THz radiation over the past
twenty years. Cooled THz detectors (e.g. hot electron bolometer [32]) and uncooled THz
detectors (e.g. Golay cells and pyroelectric detectors [33]) are commercially available.
However, not all types of THz detectors are suited for use in THz-TDS; in particular
integrating detectors lose valuable information. For example, a bolometer detector is only
sensitive to the “energy” of THz radiation; it is unable to measure the phase and amplitude
information in THz-TDS. In Sections 2.4.1 and 2.4.2, two common detection schemes for
THz-TDS are introduced, namely the electro-optical sampling and photoconductive sampling

They are also the detection schemes used in this thesis.

2.4.1 Electro-Optic Sampling

Electro-optic sampling uses an electro-optic material to detect the THz pulse in THz-TDS. It
is an opposite process to optical rectification in the electro-optic material, and can be viewed as
a polarisation rotation measurement of a femtosecond laser pulse propagating in an
electro-optic material with a linear electro-optic effect (Pockels effect [20]). The setup of the
electro-optic sampling in a THz-TDS system is presented in Figure 2.2, which consists of an
electro-optic crystal detector, a quarter-wavelength plate, a Wollaston prism (a type of
polarising beam splitter) and a balanced photodetector. For THz detection, the THz (probe)
pulse and optical (gate) pulse are allowed to collinearly propagate through the electro-optic
crystal, and finally directed to the balanced photodetector after being guided over the

quarter-wavelength plate and the Wollaston prism.
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Figure 2.2: Schematic illustration of an electro-optic sampling setup (a) in the absence and (b)

in the presence of the THz pulse in a THz-TDS system.

The electro-optic sampling process can be divided into two steps: (1) calibration in the
absence of the THz pulse and (2) measurement in the presence of the THz pulse. In the absence
of the THz pulse, the polarisation of the optical pulse is modulated from linear to circular by
adjusting the quarter-wavelength plate. Then the circularly polarised optical pulse is separated
into two equal components by the Wollaston prism, and collected by a balanced photodetector
that consists of two identical photodiodes. For equal components, the two photodiodes in the
balanced photodetector produce null current in between as shown in Figure 2.2(a). After
calibration, the THz pulse (to be measured) is induced in the sampling path. The THz electric
field causes a birefringence in the electro-optic crystal, which rotates the polarisation of the
transmitted optical pulse. The polarisation of the transmitted optical pulse is modulated from
linear to elliptic after passing through the quarter-wavelength plate. As a result, the two
components become uneven, and thus the two photodiodes produce a differential current as
shown in Figure 2.2(b). The detected current I4,), is related to the optical index n, effective
electro-optic coefficient 7,¢¢, electro-optic crystal thickness d and the incident THz electric

field E(ryy), expressed by
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I(det) « n3reff d E(THZ) (2.3)

Therefore by varying the time delay between the THz pulse and optical pulse in the THz-TDS
system, the current in the balanced photodetector as a function of delay time can be recorded
which is proportional to the temporal waveform profile of the measured THz electric

field E(THZ)'

2.4.2 Photoconductive Sampling

a b
THz I_
, _— THz beam
R le A —— IR beam
/ / ™~ Semiconductor
Antenna
Semiconductor

Figure 2.3: (a) A schematic illustration of a PCA in operation. (b) A collinear geometry for THz

beam and excitation laser beam in setup.

Photoconductive sampling [34, 35] uses a PCA to detect the THz pulse in THz-TDS. It is an
opposite process to photoconductive THz generation. A setup of the THz detection mechanism
in a THz-TDS system using photoconductive detectors is presented in Figure 2.3. Typically, a
photoconductive THz detector (or a PCA) consists of two metal electrodes (also known as
antenna) that are coated on a semiconductor substrate with a gap between those two electrodes
as shown in Figure 2.3(a). The electrodes are externally connected to a current sensor. For
effective THz detection, the semiconductor substrate (detection material) is required to have a
fast photocurrent rise time, high carrier mobility and short carrier lifetime, similarly as required
in the photoconductive emitter. In the sampling process, an optical pulse (with energy above the

band gap of the semiconductor substrate) excites the centre of the detector, and simultaneously a
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well-aligned THz pulse is incident on the centre providing an electric field in the gap (see Figure
2.3(b)). The optical pulse generates electron-hole pairs in the gap region of the semiconductor
substrate while the electric field of the THz pulse separates the electron-hole pairs and drives a
transient photocurrent across the two electrodes. The intensity of the transient photocurrent is
related to the strength of the incident THz electric field. Therefore by changing the time delay
between the THz pulse and optical pulse at the detector, the temporal profile of the
THz-induced photocurrent can be recorded which is proportional to the temporal waveform
profile of the measured THz electric field. The transient photocurrent between the two
electrodes of a photoconductive detector with respect to the THz-gate time delay (7) [36] can

be expressed by

1(0) & [*7 Bz (8) a(t — T)dt (2.4)

where Eryz) (t) is the effective electric field of the THz transient at the photoconductive
detector and o (7) is the time dependant photoconductivity of the detection material.

When the detection material has an extremely short charge-carrier lifetime (< 1ps) than the
duration of the THz transient (typically ~ 2 ps), a simplification can be made in equation (2.4).
In this case, the conductivity o(t) of the detection material will be considered as a 6 function
as if the optical pulse generates a spike in conductivity in the material, where the THz-induced

photocurrent is simplified as

I(r) < E(rpz (t=1) (2.5)

The measured photocurrent intensity in the detector is directly proportional to the strength of
the incident THz electric field. Such a detector is categorised as a “direct sampling”
photoconductive detector.

When the detection material has a long charge-carrier lifetime (> 100 ps) than the duration
of the THz transient, the conductivity o(t) of the detection material will be approximated as a
unit step function and the detector is categorised as an “integrating” photoconductive detector,

where
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I(T) [ Eqrug (t)dt (2.6)

From equation (2.6), it is note that the THz electric field Ey,)(t) can be recovered from the
I(t) data by differentiation with respect to the time. However, the approximation fails when
the charge-carrier lifetime of the detection material is on the same scale as the measurement
range (1 ps < 7 <100 ps). In this case, E(ryz(t) can be extracted by deconvolution of the

measured I(t) data, which is written as

1) = B 7 Eruzy (8) (¢ — )t 27)

where @ is the normalised time dependent conductivity, 3 is a constant directly related to
material properties and optical excitation condition. Equation (2.7) is a Fredholm integral
equation that can be viewed as a convolution of functions E(ry,) and & (in the Fourier sense),

whose solution is given by

_1 [FWD)
Eruz = BF ! [?—(q)) (2.8)

where F is the Fourier transform operator. In fact, in most THz-TDS systems the duration of
the laser pulse is much shorter than the THz transient. Therefore, & can be further
approximated as

O~ H(t)e /e (2.9)
where F is the unit step function. Thus equation (2.8) can be simplified and written by

E(riizy = BF ™! [T(I) (Ti + iw)] (2.10)

where w is the angular frequency, t. is the photoconductivity lifetime of the detection
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material. In this case, the detector is categorised as an “intermediate” photoconductive detector.

2.5 Measurement Characteristics

In order to describe the performance of a THz-TDS system, some important parameters
including bandwidth, frequency resolution, signal-to-noise ratio and dynamic range are defined
[9] in this section, and used to quantify the performance of the THz-TDS system. These
parameters will be calculated using the experimental results as described in Chapters 4-7. This
section only presents a mathematical description of how to obtain these parameters from the
THz-TDS measurement. Since most THz-TDS measurement parameters are kept the same in
this thesis except for the detector types, the THz-TDS system performance can be directly
correlated to the performance of the THz detector. In addition, measurements as well as the
data extraction process of the complex optical properties of a material in a THz-TDS system
are discussed, which will be shown in later chapters to demonstrate the practical value of the

studied nanowire detectors.

2.5.1 From Time-Domain to Frequency-Domain Data

The raw data of a THz-TDS measurement compose of the shape and strength of the electric
field of the THz pulse, which are collected in time domain as shown in Figure 2.4(a). To obtain
corresponding frequency-domain data, a Fourier Transformation is applied on the temporal
data to extract its frequency components. The converted data in frequency domain includes
both phase and amplitude information over the THz frequency range, as presented in Figures
2.4(b) and (c), respectively. Typically, THz-TDS measurements are carried out in vacuum to

avoid the absorption of THz radiation by atmospheric water vapour.
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Figure 2.4: (a) Atypical time-domain THz signal in the THz-TDS measurement (obtained from
a ZnTe electro-optic crystal detector). (b) Phase and (c) amplitude frequency spectra of the

THz signal processed from (a).

2.5.2 Frequency Spectral Resolution

The frequency spectral resolution of THz-TDS determines the minimum line width
observable on the measured response frequency spectrum. Based on Fourier theory, the
spectral resolution of THz-TDS is dependent on the extent of its temporal measurement [37],
where the spectral resolution Af in converted frequency-domain data is proportional to the

temporal measurement window T, expressed by
1
Af = p (2.12)

In experiments, the temporal measurement window T is fundamentally limited by two factors:
(1) scanning length of the delay stage in THz-TDS, and (2) noise level of the THz-TDS system.
Theoretically, the maximum length of the scanning delay is determined by the duration
between the two consecutive THz pulses in the THz-TDS system, which is related to the
repetition rate of the femtosecond laser source used for THz generation. However, in real cases,
the scanning length is much shorter (< 10 ps), as reflections of the THz pulse at the interfaces

of elements (such as the emitter, detector, sample and lenses), called Fabry-Pérot reflections,
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will be recorded in the time-domain data early ahead of the arrival of the second main THz
pulse. Therefore, the scanning length in experiments is usually chosen to be short of the first
reflected THz pulse in the system to avoid the possible artefacts in Fourier analysis. In this
dissertation, the first reflected THz pulse in the measurement is mostly caused by the reflection
from the detector and emitter due to their limited thicknesses (as will be discussed in Chapter
6). The measurement noise of a THz-TDS system commonly arises from external sources
(such as intensity fluctuations in the THz pulse or laser pulse), which are the same for any
detector used in this dissertation. However, for photoconductive THz detection, there are other
noise sources in the measurement, namely, Johnson-Nyquist and shot noise [38], which is
related to the electrical properties of the semiconductor (detection material) used in

photoconductive detectors (as will be discussed in Chapter 5).

2.5.3 Bandwidth

Measurement bandwidth of a THz-TDS system in this thesis is defined as the cut-off
frequency at the noise floor of its frequency spectrum (see Figure 2.4(c)), where the noise floor
is given by averaging of the noise current in the spectrum. The measured bandwidth is
primarily limited by two factors: bandwidth of the THz source and properties of the detector
(e.g. detection material type and quality). In this thesis work, since the THz source was
generated from the same femtosecond laser source and emitter, the performance of the detector
plays a key role in the measured bandwidth. For photoconductive THz detectors, the properties
of detection material (such as dark resistivity, carrier lifetime and carrier mobility) determine
the measurable signal size and noise current level [36], and thus influence the measured
bandwidth. Moreover, as will be discussed in Chapters 4 and 5, it is found that the antenna

resonance of the photoconductive detector limits the accessible response frequency.

2.5.4 Signal-to-Noise Ratio and Dynamic Range

Signal-to-noise ratio (SNR) and dynamic range (DR) are two essential figures of merit to
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evaluate the performance of a THz-TDS system. SNR determines the accuracy and stability of
the measurement. DR determines the ability to measure strongly attenuating samples. In this
dissertation, the detector is the only variable in the THz-TDS measurement. Therefore, SNR
and DR can be used to represent the performance of the detector. Since there are many
disparate methods of defining SNR and DR in relation to TDS systems, this section clarifies
the definition of SNR and DR strictly based on reference [39].

For calculation of SNR, the signal is defined as the peak-to-peak current (in time domain),
and the noise is defined as the standard deviation of the difference of two consecutive scans

(with identical measurement parameters). It is expressed by

SNR — I(mean peak) (212)

O(scan—scan)

DR is defined as the peak-to-peak current over one time-domain scan to the standard

deviation of the noise current in the absence of THz over the same scan, which is expressed by

DR = I(mean peak) (213)

O (mean noise floor)

2.6 Extraction of Material Parameters in THz-TDS

The choice of applications determines the data extraction process. In this thesis,
transmission THz-TDS measurements were performed to demonstrate the functionality of the
THz-TDS system, which can be associated with the practicality of the studied detector (see in
Chapters 4-7). Related measurement steps and calculation methods are given below. The basic
approach to analyse reflection THz-TDS measurements is similar to the transmission

measurements but will not be discussed here.

2.6.1 Complex Transmission Properties

The complex optical properties of a material can be obtained via THz-TDS by measuring a
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reference THz pulse E,.; transmitting through an empty stage and a sample THz pulse

Esampie transmitting through the same stage with a material of thickness d placed in the THz

path. These two time-domain data are converted into the frequency domain as shown in

Figures 2.5(a) and (b). The phase difference between the sample and reference signals is

calculated as demonstrated in Figure 2.5(c). The amplitude transmission of the THz electric

field calculated by taking the ratio of the sample to reference spectrum is shown in Figure

2.5(d). For simplicity, it is convenient to define the phase difference @(v) = Bsampie (V) —

Drer(v) and ratio of the spectral amplitudes A(v)= |Esgmpiel/|Eres| Of the two frequency

spectra.
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Figure 2.5: (a) Phase and (b) amplitude frequency spectra of the reference and sample signal.

(c) Phase difference of the two spectra in (a). (d) Amplitude transmission ratio of the two

spectra in (b). Blue solid line: reference signal. Red solid line: sample signal (water absorption

lines).

2.6.2 Refractive Index and Absorption Coefficient

As the amplitude and phase changes in the measured THz signal are relate to the optical

properties of the material [9], based on the obtained transmission results in Section 2.6.1, the
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refractive index n(v) and absorption coefficient a(v) of the measured material can be

calculated as a function of THz frequency v from @(v) and A(v) using [40-42]:

nw) = 1+c-0w)/[2nvd] (2.14)
Tw)=1-R=1-[n() - 1)?/[n(v) + 1]? (2.15)
a(v) = —In[T(v) - A(v)]/d (2.16)

where d is the sample thickness, and R is the Fresnel loss at the air-sample interface. It is
worth emphasising that, above equations from (2.14) to (2.16) are based on the condition that
the THz signal passes through a material with parallel surfaces at a normal angle of incidence,
assuming no reflections. Other measurement conditions will not be discussed here, as all

experiments described in this thesis were conducted under this condition only.

2.7 Summary

This chapter has outlined the operation and principles of the main THz techniques employed
in this thesis, with an emphasis on the introduction of THz-TDS, which has been used to
characterise the THz detectors of interest. The related data processing methods used to
examine the detector performance are also explained. Several key parameters regarding the
THz-TDS measurement, such as bandwidth, signal-to-noise ratio and dynamic range, widely
used throughout the thesis have been defined in this Chapter. For further information, the

reader is referred to the cited references.
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Chapter 3

Experimental and Simulation Methods

This chapter describes the key experimental techniques employed in this thesis, namely:

e IlI-V nanowire growth and characterisation, including metalorganic vapour phase epitaxy
(MOVPE), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
photoluminescence (PL) spectroscopy and optical pump-terahertz probe (OPTP)
spectroscopy.

e Single nanowire device fabrication, including direct-laser writing lithography (DLWL),
ultraviolet (UV) lithography, and electron beam lithography (EBL),

e Single nanowire device characterisation, including dark/photo current-voltage (I-V)
measurement, photocurrent mapping, four-terminal 1-V measurement and terahertz

time-domain spectroscopy (THz-TDS).

Since some techniques are complex and versatile, the discussion is restricted to the key

functionalities relevant to this work. In addition, the theory and approach of optical simulation

based on finite-difference time-domain (FDTD) method to understand the relationship between

detector response characteristics and device geometry designs are also described in this chapter.

3.1 Nanowire Growth

Generally speaking, there are two main approaches to produce I11-V nanowires: (1) through
a conventional top-down approach via lithography and etching [1]; (2) through a variety of
bottom-up growth approaches [2, 3]. The former is a size reduction process, which has
difficulty to create structures below tens of nanometers. The latter enables creating a wide
range of nanowire materials with controlled size (ranging from Angstroms to hundreds of
nanometers [2]), crystallographic quality, composition, and doping. In this dissertation, all
I11-V nanowire samples were grown at the Australian National University (by collaborators, Dr.

Qiang Gao and Miss Qian Gao) through the bottom-up processes using metalorganic vapour
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phase epitaxy (MOVPE) technique based on Au-assisted vapour—liquid-solid (VLS) and
selective area epitaxy (SAE) mechanisms, as will be discussed in Sections 3.1.2 and 3.1.3

respectively.

3.1.1 Metalorganic Vapour Phase Epitaxy

MOVPE, also known as metalorganic chemical vapour deposition (MOCVD), is a chemical
vapour deposition method used to produce high-quality epitaxial single crystal materials
(especially compound semiconductors) on single crystal substrates, based on the surface
reaction between the high-purity organic compounds (or metalorganics) and metal hydrides
containing the required chemical elements. 111-V nanowires can be synthesised using MOVPE
through a variety of growth mechanisms [4, 5] including SAE growth, oxide-assisted growth,
VLS growth and vapour-solid-solid growth. The nanowires used in this dissertation were
grown either by VLS or SAE, which are the most commonly used techniques for the growth of

111-V nanowires.

3.1.2 Au-Assisted Vapour-Liquid-Solid Growth

The VLS mechanism is highly effective to realise one-dimensional materials via various
growth techniques including MOVPE [6], laser ablation [7] and molecular beam epitaxy [8], in
which a liquid catalyst acts as a mini sink for absorption of gaseous reactants to direct the
growth of one-dimensional materials [6, 9]. In this thesis, Au-assisted VLS growth is used to
produce core-shell GaAs/AlGaAs nanowires in a commercial MOVPE reactor (AIXTRON
200/4, see Figure 3.1(a)). Growth details are described in Chapter 4. The fundamental
Au-assisted VLS growth process of 111-V nanowires is demonstrated in Figure 3.1(b). Firstly, a
semiconductor substrate is pre-treated with a poly-L-lysine solution and dried with a nitrogen
gun (to introduce a Coulombic attraction between the substrate and the Au nanoparticles). Au
nanoparticles with a specific size (ranging from 50 to 280 nm in this work) are deposited on

the surface of the semiconductor substrate, and the substrate is loaded into the MOVPE reactor.
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To initiate the growth, the substrate is heated to high temperature (ranging from 400 to 750 °C).
Then the vapour phase group Il and group V precursors are introduced into the reaction
chamber. The Au nanoparticles, together with some reactant species form a eutectic alloy (i.e.
Au-reactant) on the substrate. For example, Au-Ga eutectic is formed during the growth of
GaAs nanowires in this work. With a continual supply of reactants, the Au-reactant alloy
nanoparticles become supersaturated and crystal nucleation begins at the nanoparticle-substrate
interface. With a further supply of group Il and V reactants, precipitation of 111-V material
occurs where one-dimensional crystal growth begins. The diameter of the VLS-grown
nanowires is primarily determined by the size of the Au nanoparticles, as the liquid Au droplet
is confined to the area of the precipitated solid. During growth, precipitation on the sidewalls
of the nanowires (so called radial growth) may occur simultaneously via vapour-solid
mechanism and competes with the VLS growth. This radial growth is commonly unintentional.
To obtain uniform diameter of the grown nanowires, /111 ratio and the substrate temperature
(which affect the nanowire nucleation, growth rate and preferred growth orientation) need to
be carefully optimised to minimise the radial growth [10]. On the other hand, the radial growth
can also be further promoted and optimised to form a uniform layer around the nanowires,
creating radial heterostructures like the core-shell GaAs/AlGaAs nanowires studied in this

work, where the AlGaAs shell is used to passivate the surface states of GaAs nanowires [11].

a

b Gaseous
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‘| ,/ // (Al Growth Radialh

!, Eutectic | Growt|
Au Cetalyst W i i /
O (2 () =] . .

Heating

Figure 3.1: (a) Image of the MOVPE reactor used in this work. (b) A schematic illustration

of the VLS growth of a single I11-V nanowire using an Au catalyst particle.
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3.1.3 Selective Area Epitaxy

It has been found that metal catalysts in VLS growth may act as unintended impurities inside
the nanowires and form deep defect levels [12] which degrade the optical and electrical
properties of the grown nanowires. The SAE growth of I11-V nanowires using MOVPE (so
called SA-MOVPE [13-15]) was developed to reduce concerns of catalyst contamination. The
SAE growth is a template-based catalyst-free growth method involving a combination of
bottom-up (epitaxial growth) and top-down (lithography) approaches. It is capable of forming
less contaminant and well-aligned arrays of nanowires beneficial for many device applications
(e.g. nanowire array solar cells and light-emitting diodes [16, 17]). In addition, the
morphological inhomogeneity [18] of nanowires that commonly happens to Au-catalyst VLS
growth can often be circumvented by using SAE growth. The basic SAE process to grow I111-V

nanowires using MOVPE is shown in Figure 3.2.

Gaseous
Reactants _ « , Nanowire
. .

Substrate Si0, Coating Si0, Mask

— e e il - e

Figure 3.2: A schematic demonstration of the SAE growth of I11-V nanowires.

Firstly, a thin layer of dielectric mask (e.g. ~ 30 nm SiO, or SiN,) is coated on the top of a
semiconductor substrate and then patterned through nano-lithography technique such as
electron beam lithography (EBL) or nanoimprint lithography and (dry or wet) chemical etching
to create position-controlled nano-size openings (i.e. holes) in the mask (which are used to
direct nanowire growth). The patterned substrate is loaded into the MOVPE reactor. Reactant
gases are supplied into the reactor chamber, and epitaxial growth occurs inside the openings
and continues for one-dimensional crystal growth. Similar to the VLS growth, V/III ratio as
well as the substrate temperature in SAE growth are crucial for obtaining uniform crystal
structure and high-quality nanowires with uniform shape and size. The diameter of the SAE
nanowire is primarily defined by the feature size of the opening on the SiO, or SiN, mask but

may increases due to radial growth under certain growth conditions and/or spaces between the
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openings (e.g. pitch between two adjacent openings) [19]. Ultra-high quality defect-free pure
wurtzite SAE-grown InP nanowires have been demonstrated by the Australian National
University group [20]. In this thesis, these catalyst-free and defect-free InP nanowires are also
grown and investigated for THz detection (growth details will be discussed in Chapter 6 and

7).

3.2 Nanowire Characterisation

In order to select suitable nanowire materials for optimised terahertz (THz) detection,
several techniques were employed to characterise the nanowires after growth. Since
semiconductors suitable for THz detection typically require both an ultra-short carrier lifetime
to minimise the current noise and a reasonable carrier mobility to ensure a sufficient response
level [21], all used material characterisation techniques were aimed to, directly or indirectly,

determine the material quality, carrier lifetime and carrier mobility of the as-grown nanowires.

3.2.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) [22] is a powerful technique widely used to
characterise the material morphology, element distribution or composition. It is realised by
scanning a sample with a focused beam of electrons with sub-nanometre resolution. The
incident electrons interact with atoms in a material sample at various depths, and generate
scattered electrons including secondary electrons (inelastic) and back-scattered electrons
(elastic), photons of characteristic X-rays as well as electron-hole pairs [23]. By collecting
these scattered electrons or signals with appropriate detectors, information (such as the surface
topography and composition) about the sample can be obtained. In this dissertation, SEM (FEI
Helios 600 nanolab) was used to examine the nanowire morphology and image the fabricated
single nanowire devices at the Australian National Fabrication Facility (ANFF) ACT node in

the Australian National University.
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3.2.2 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) [24] is another valuable technique to characterise
the microscopic structural properties of materials. It employs a highly focused electron beam
as a probe that interacts with an ultra-thin material sample and transmits through it. The
transmitted electrons are captured by an imaging device (e.g. a charge coupled device camera)
to form a 2D picture, providing fine details of the sample (such as chemical composition,
crystal structure and orientation, sample-induced electron phase shift and the regular
absorption image). TEM can achieve an image with a resolution of the order of a few
Angstroms. However, the preparation of TEM sample is commonly challenging and
time-consuming as it requires the sample to be very thin (typically 10-100 nm) such that the
electron beam can pass through it. In this work, TEM images were taken by JEOL JSM2100F
working in scanning TEM mode to study the crystal structure, identify defects and image the
cross sections of the as-grown nanowires. It was carried out at the Centre for Advanced

Microscopy in the Australian National University, in collaboration with Dr. Ya-nan Guo.

3.2.3 Photoluminescence and Time-Resolved Photoluminescence

Spectroscopy

Photoluminescence (PL) spectroscopy is a non-contact optical method used to probe the
electronic structure and optical property of a material. PL is light emission from a material
upon (external) optical excitation. A typical PL process in semiconductor is demonstrated in
Figure 3.3. Normally, a laser (with energies greater than the semiconductor band gap) is used
to excite the valence band electrons into the conduction band of the semiconductor, leaving
holes in the valence band. The photo-excited electrons and holes diffuse (i.e. via intraband
relaxation), and then recombine either non-radiatively by emitting phonons or transferring
energy to other particles, or radiatively to emit light (photons), in the form of PL. Based on the
obtained PL spectral information, the band-gap energy or defect energy levels in the
semiconductor can be extracted. As PL spectroscopy is not central to this thesis, the interested

reader is directed to reference [25] for further information.
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In this thesis, PL measurements were performed at room temperature to determine the

crystal structure of the nanowires (based on their measured PL peak position and thus the

band-gap energy) and their crystal quality (by analysing the PL intensity). The optical

arrangements of the PL system used in this work are shown in Figure 3.4. This setup consists

of a 522 nm pulsed laser source (frequency doubled from a pulsed 1044 nm laser) with a pulse

width of 300 fs and a repetition rate of 20.8 MHz, a high NA focusing objective lens, a grating

spectrometer (ACTON SpectraPro 2750) providing spectral discrimination and a charge

coupled device (Princeton Instruments, PIXIS) for PL spectral collection.

conduction band

excitation

NS>

recombination
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Figure 3.3: Schematic diagram of a typical PL process of semiconductors.
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Figure 3.4: A schematic illustration of the experimental setup for PL as well as TRPL used in

this work for nanowire characterisation.
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In addition, a time-correlated single photon counting system is also installed in the same PL
system to trace the subsequent decay in PL intensity as a function of time after optical
excitation. This is called time-resolved PL (TRPL). TRPL measurement is a supplementary to
normal PL measurement, allowing a further insight into the carrier recombination dynamics in
materials [26]. A time resolution of ~50 ps with a maximum range of ~50 ns is achievable in
this TRPL system. More details about this TRPL system have been well described in
references [27] and [28]. In this thesis, TRPL was used to characterise the PL lifetime .
(also known as minority carrier lifetime, defined as the average time that a minority carrier
takes to recombine after an electron-hole generation) of the nanowires by analysing its PL
intensity decay over time. Room-temperature t,,. is determined by the material type, defect
density and surface quality, which can be extracted by fitting the TRPL data with a

mono-exponential decay curve, as expressed by
I, = Ioe(—t/rmc) (3.1)

where I is the PL intensity at time t and I, is a normalisation term. The PL lifetime is an

important figure of merit for preliminary nanowire selection for THz detection (see Chapter 4).

3.2.4 Optical Pump-Terahertz Probe Spectroscopy

Optical pump-THz probe (OPTP) spectroscopy, also known as time-resolved THz
spectroscopy, is used to probe the conductivity properties of a material. It is a technique based
on pulsed THz time-domain spectroscopy (THz-TDS) as described in Section 2.2. In OPTP
spectroscopy, the THz signal transmitted through a photo-excited sample is compared to that
transmitted through the unexcited sample as a function of time. By Fourier analysis of the THz
signals with and without optical excitation of the sample, frequency-dependent complex
conductivity of the sample can be obtained. By further fitting the frequency-dependent
conductivity spectrum using an appropriate theoretical model (i.e. Drude model), the carrier
mobility, carrier density and photon-to-carrier yield of the sample can be extracted. References
[29] and [30] provide more details about this technique and related analytical model. The

layout of the OPTP system (at the University of Oxford) used in this thesis is shown in Figure
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35.

Briefly, a 5 kHz 800 nm (centre wavelength) Ti: Sapphire laser amplifier with an average
power of 4 W and pulse of 35 fs is used in the OPTP system. Part of this pulse is used as
optical pump to photo-excite the sample (delay line 2) at a fluence of 4 pJ/cm®/pulse. The
remainder was separated into two paths. One is used to generate the THz pulse (through a GaP
optical rectification crystal) as THz probe (delay line 1) and the other is to detect the THz
probe (delay line 3) using a GaP electro-optic detection chip [29]. The full width at half
maximum for the optical pump beam is ~ 10 mm while that for the THz probe is ~ 1 mm, to
allow the two beams to spatially overlap with each other at the sample with sufficient and
homogenous photo-excited carrier density. The THz electric field, E, is measured using the
electro-optic technique via a balanced photodiode setup (see Section 2.4.1 for details) and
lock-in amplifier 1 referenced to a chopper at 2.5 kHz in the THz generation beam path (delay
line 1). The optical pump-induced change in the THz electric field, AE, is measured using a
second lock-in amplifier 2 referenced to a chopper at 125 Hz in the optical pump beam path.
By varying the time delays between all three beams, a 2D map of the THz spectral response of
the sample over time after photo-excitation can be measured. In this work, nanowire samples
were measured at the University of Oxford (by collaborators, Prof. Michael B. Johnston, Dr.
Patrick Parkinson and Miss Jessica Boland) under identical excitation conditions at room
temperature with the THz beam under vacuum. The samples were prepared by mechanical
rubbing of as-grown nanowire samples onto the z-cut quartz substrates; this process was
chosen to achieve a high density of nanowires on the substrate. More details of the used OPTP
technique can be found in references [31-33]. In this dissertation, the OPTP measurements
were used to measure the photoconductivity lifetime of each type of nanowires for further THz
detector study since the photoconductivity lifetime determines the detector operation type (as
described in section 2.4.2), noise level and signal processing technique required to recover the

THz electric filed from the measured current in the photoconductive detectors.
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Figure 3.5: A schematic illustration of the OPTP system used in this thesis.

3.3 Single Nanowire Device Fabrication

For single nanowire device fabrication, the process can be summarised into three main steps:
nanowire transfer, contact patterning and metallisation. Transfer is a process that places the
nanowires onto a target substrate. Substrates could be SiO,-on-Si substrates, glasses, quartz or
plastics, determined by the requirements for device operation. Contact patterning is a process
to define the device structure on the material (e.g. on a single nanowire), which is normally
achieved by a lithography process involving steps such as resist spin coating, exposure and
developing. Metallisation is a process (subsequent to contact patterning) associated with metal
deposition and lift off to form electrical contacts onto the material. In this thesis, z-cut quartz
substrate was used for THz detector fabrication since it is transparent to both optical and THz
signals. SiO,-on-Si substrates (convenient to cleave and mount onto chip packages) were used
to produce test detectors for the purpose of optimising fabrication process and other
optoelectronic characterisations (i.e. dark/photo I-V measurements). Two transfer methods
including solution-based method for VLS nanowires and direct mechanical transfer method for
SAE nanowires will be described in Chapters 4 and 6, respectively. Three different lithography

tools used to pattern the single nanowire detector structures in this work will be discussed in
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the following Sections 3.3.1 to 3.3.3. Electron-beam evaporation was finally used to deposit
metals to form electrical contacts.

Optimisation of device fabrication process to obtain operational single nanowire devices is
also important in this work. For example, it was found that the surface cleaning is key to
forming low-resistivity contacts for nanowire devices. Oxygen plasma etching (to further
remove the resist residue on the nanowire) followed by chemical etch (to remove the thin
native oxide layer around the nanowire surface) have been added in fabrication process to
provide a pristine surface for electrical contacts. A number of tests were carefully conducted in
order to find out the appropriate condition for oxygen plasma etching (such as etching time,
plasma pressure and intensity) and the perfect acid solution for chemical etching to specific
semiconductor nanowire materials. Electrode metal type and its deposition thickness were also
systemically studied for optimal contact quality and device performance. The device
fabrication procedures as will be described in Chapters 5-7 are all based on the recipes after

optimising.

3.3.1 Direct-Laser Writing Lithography

Direct-laser writing lithography (DLWL) is a technique used to pattern submicron-structures
on a substrate by scanning the photoresist-covered substrate with a focused laser beam. In this
work, a homebuilt PL system (as described in Section 3.2.3) is employed to perform DLWL
(see [34] for more details), which provides a much simpler alternative to the other two
techniques: EBL (requiring more sophisticated alignment processes) or ultraviolet (UV)
lithography (with associated challenges in locating single nanowires and limited resolution for

nano-device fabrication). A schematic diagram of the DLWL system is shown in Figure 3.6.
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Figure 3.6: A schematic layout of the DLWL technique.
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Figure 3.7: Process flow of the whole device fabrication process based on DLWL.
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The steps in the fabrication of a single nanowire detector through DLWL are illustrated in
Figure 3.7. Nanowires are firstly transferred from an as-grown substrate to the quartz or
Si0,-on-Si substrate. The substrate is then spin-coated with photoresist (AZ MIR 701) and
placed on a motorised translation stage (with a step size of 200 nm) under an optical
microscope. A computer is used to control the stage movement (along both X and Y directions)
to locate the single nanowire, and to switch on the laser beam to expose the sample within a
custom-defined pattern. After that, exposed photoresist is developed by developer AZ 726 MIF.
Subsequently, electron-beam evaporation (Temescal BJD-2000) is performed to deposit metals
on the sample, followed with a lift-off process [35] to remove the unexposed photoresist to
complete the fabrication process. It is worth mentioning that the resolution of a DLWL system
is limited by the laser writing beam spot size (522 nm beam source with a diameter of 650 hm

as used in this thesis).

3.3.2 Ultraviolet Lithography

UV lithography is a conventional optical lithography technique widely used in
microfabrication. It uses a UV light source through a photomask to define micrometre-size
photoresist patterns on top of sample surfaces for subsequent device fabrication processes such
as etching or lift off. Due to the limited magnification (~ x200) and resolution (~ 2 pm as
calculated from the square root of the product of the UV wavelength and the gap distance), UV
lithography has limited capability for single nanowire device fabrication. However, the
dimensions of the optimised THz detector contact patterns (described in Chapters 5, 6 and 7)
are in millimetre size. UV lithography is suited to define such large contact patterns, despite
being challenging and time-consuming to locate single nanowires as well as precisely align the
mask to transfer a millimetre-size contact pattern onto a single nanowire. Figure 3.8 shows the
basic UV lithography process for nanowire contacting, which involves photoresist spin coating,

mask alignment, UV exposure and developing.
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Figure 3.8: A schematic diagram of patterning process of UV photolithography.

3.3.3 Electron Beam Lithography

EBL [36] is one of the most commonly used techniques in nanofabrication, which can
achieve complex pattern shapes on nano-materials and structures. It is a mask-less lithography
technique similar to DLWL. Unlike DLWL using a focused laser beam, EBL is realised by
scanning a sample surface covered with an electron-sensitive resist with a focused beam of
electrons, whose writing resolution can reach to sub-10 nm due to the shorter wavelength of
electron beams. A commercial EBL system usually combines functions of both
nanolithography and analytical SEM imaging. However, compared with mask-based optical
lithography, due to the long writing time the throughput of EBL is quite low which is
impractical for large-scale manufacturing. To perform EBL, conducting substrates are often
required to avoid charging effect. Insulating substrates (e.g. quartz) have to be coated with
additional conducting layers, for instance a 5-nm Au thin film, before EBL process. In this
thesis, EBL was not used to make nanowire THz detectors (on quartz substrates) but used to
make four-terminal contacts of single nanowires on SiO,-on-Si substrates for basic electrical

measurements.

3.4 Device Characterisation

In order to explore the potential of I11-V single nanowires for THz applications, it is

important to investigate the electrical/optoelectronic properties of these nanowires, and
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correlate them to their THz detection performance. As such, some basic electrical
measurements on the fabricated single nanowire devices, including dark/photo current-voltage
(I-V) measurement, photocurrent mapping and four-terminal 1-V measurement, were
performed at the Australian National University for preliminary device characterisation and
selection. THz measurements were performed at the University of Oxford for THz detector

characterisation from the selected devices.

3.4.1 Dark/Photo Current-Voltage Measurement

The semiconductor is a type of materials, capable of absorbing photons (with energy greater
than that of its band gap) to create electron-hole pairs inside which can be driven by an
external electric field resulting in a measurable current. To evaluate whether a semiconductor is
suitable for use as an active material in photo-sensitive devices, characteristics of its
dark/photo I-V curve are essential. Dark current refers to the relatively small current that flows
through a device when there is no light exposed to it. Dark current can arise from different
sources, where the two key ones include (1) thermal generation and diffusion of
electrons/holes within the bulk and (2) thermal generation at the defect states. Ideally, the dark
current should be as low as possible as it is the main noise source in a photo-sensitive device.
Photocurrent refers to the increase of the current through the device upon light exposure. A
semiconductor device with a large light to dark current ratio is highly desirable to ensure
maximum sensitivity. In this thesis, dark/photo I-V measurements were carried out to evaluate
the photosensitivity of the I11-V nanowire devices as well as to use it as the first selection
criterion for photoconductive THz detection. The dark currents were measured by using
Keithley Model 6487 Picoammeter. The photocurrents were detected using a Stanford SR830
DSP lock-in amplifier, coupled with a mechanical chopper and a Stanford SR570 low-noise

current pre-amplifier.
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3.4.2 Photocurrent Mapping

Photocurrent mapping is also known as spatially resolved photocurrent. It is realised by
scanning a photosensitive device with a focused laser beam while collecting the laser-induced
photocurrent with corresponding position information. The spatial resolution of this
measurement is commonly defined by the laser beam spot size (~ 650 nm as used in this thesis).
The measurement setup is schematically shown in Figure 3.9. The spatial distribution of
photocurrent can be obtained through this measurement, enabling us to track the origin of the
photocurrents in the device. For example, photocurrent mapping has been widely used for p-n
junction characterisation of semiconductor solar cells [37]. In this thesis, two-dimensional
photocurrent mapping measurements were performed to examine the contact quality and

contact type [38] (Ohmic/Schottky) of the fabricated single nanowire detectors.
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Figure 3.9: A schematic layout of the photocurrent mapping system.

3.4.3 Four-Terminal Current-Voltage Measurement

Four-terminal -V measurement is a conventional method used to precisely measure the
resistance of a material [39]. The setup for four-terminal measurement is shown in Figure 3.10,
realised by applying a constant current through two outer terminals while measuring the
voltage across the inner terminals. Compared to the two-terminal I-V measurement (realised by

applying a constant voltage across two terminals while measuring the current through the same
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two terminals), the four-terminal measurement eliminates the contribution of contact issues to
the total resistance, providing higher accuracy in measured material resistance. The use of
four-terminal measurement is necessary particularly when measuring devices made of a
semiconductor, whose contact resistances could be comparable (or much larger) to that of the
sample itself. Furthermore, an accurate resistance value for a material is important for further
estimation of its carrier mobility and resultant doping concentration (see references [39] and
[40] for more details). In this thesis, axial modulation-doped InP nanowires were designed and
grown to optimise the THz detector performance. Four-terminal I-V measurements were
performed in advance to characterise the doped nanowires for doping calibration and studying
the relationship between the nanowire doping and corresponding nanowire device contact

quality (as will be described in Chapter 7).
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Figure 3.10: A schematic illustration of the four-terminal I-V measurement.

3.4.4 Terahertz Time-Domain Spectroscopy

The single nanowire detectors were characterised using a THz time-domain spectroscopy
(THz-TDS) system [41]. The principle and optical arrangement of a THz-TDS system have
been provided in Section 2.2. This section only depicts the specific setting parameters of the
THz-TDS systems used in this dissertation. In brief, there were two THz-TDS systems used in
this work. One was set up in 2013 (my first research trip to Oxford), and the other was set up

in 2015 (my second research trip to Oxford. Details of these two THz-TDS system are shown
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in Figure 3.11 and 3.12, respectively. THz-TDS data discussed in Chapter 4 were obtained
from the first THz-TDS system, and data discussed in Chapters 5, 6 and 7 were from the
second system. Compared to the first system, the second THz-TDS system was optimised by
using a more stable femtosecond laser source with a simpler optical arrangement to reduce the

difficulty in alignment for nano-size detector characterisation.

1
Filter

-— Sample

Figure 3.11: A Schematic diagram of the THz-TDS system used for the first research trip. A
pulsed laser (~12 fs duration from a Ti: Sapphire oscillator with a repetition rate of 75 MHz at
a centre wavelength of 800 nm) was split into two beams. A part of the laser pulse was used to
excite an AC-biased 400 um gap semi-insulating-GaAs photoconductive THz emitter, which is

biased with a square wave of + 140 V amplitude at 17 kHz. The other part of laser pulse, as a
function of ‘gate pulse’, was directly used to excite the detector sample with a fluence of
3.9 uJ/cm?/pulse. A delay stage was used to change the time delay between THz pulse and gate

pulse.
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Detector

Business Cards

Figure 3.12: A schematic diagram of a THz-TDS system used for the second research trip. A
femtosecond Ti: sapphire laser was used, which produces pulses at a centrewavelength of 800
nm with a duration of ~35 fs and a repetition rate of 84.5 MHz. The pulsed laser was split into
two beams. One beam was used to excite a conventional photoconductive GaAs THz emitter,
biased with a square wave of + 400V amplitude at 17 kHz. The other beam was used to excite

the detector sample at a fluence of 1.9 nJ/cm?/pulse.

3.5 Optical Simulation for Device Design and Optimisation

Optical simulation is an important tool to complement experimental results to understand the
multi-physical phenomena when light interacts with a material or structure. This work is
particularly interested in the coupling effect of photoconductive antenna design (electrode
structure) to the incident THz radiation. The optical characteristics of various antenna
configurations were simulated in THz regime via finite-difference time-domain (FDTD)
method to examine the resonant frequencies of the antenna-coupled THz detectors. All

simulated results are discussed in Chapters 4, 5 and 6.

3.5.1 Maxwell’s Equations

Maxwell equations describe all (classical) electromagnetic phenomena and are expressed as

following:
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0B
VXE = —= (Faraday's law)
oD
VxH=]+ 5 (Ampere's law)
V-D=p (Gauss's law) (3.2)
V-B= 0 (Gauss's law)

where E is the electric field, B is the magnetic flux density, H is magnetic field, J is
electric current density, D is the electric flux density and p is the charge density.
Theoretically Maxwell’s equations are able to describe the interaction between THz
radiation and a metal antenna of interest. However, the experimental environment often
involves complicated boundary and interface conditions, making them difficult to be

solved analytically.

3.5.2 Finite-Difference Time-Domain Simulations

Finite-difference time-domain (FDTD) method is a numerical analysis technique that can
solve Maxwell’s equations in the time domain. The basis of the FDTD method [42] is realised
via replacing the time-derivative calculation in Maxwell’s equations by finite-difference
approximation with second-order accuracy. The FDTD simulation technique [42-44] emerged
in 1990, and has been quickly developed and applied to computationally model and solve
problems involving electromagnetic wave interactions with various material structures. One
advantages of this method is that it gives a wide frequency range (broadband) output from a
single simulation run, and the other is its excellent scaling performance when the problem size
grows.

In this work, a commercial FDTD-method Maxwell solver package, FDTD Solutions [45]
developed by Lumerical©, was used to design, analyse and optimise the antenna-coupled THz
detectors. The software package is operated as shown in Figure 3.13, with four main setup
modules in the front panel, including structures, simulation region, sources and monitors. The
structures module is used to define the physical structure and material type of the object being

studied (i.e. the designed antenna that is made of gold on a quartz substrate); the simulation
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region module is used to define the size, boundary condition and mesh size of the simulation,
which is determined by the wavelength of incident radiation, dimensions of object being
studied and desired accuracy of the results; the sources module is to define the type of incident
radiation (i.e. Gaussian beam or plane wave) and related source parameters (i.e. beam profile
or polarisation); the monitors module is to collect data for analysis. For a single execution of
the FDTD simulation, all above-mentioned information is required to be input into the
software. To make sure the simulation settings closely match the experimental conditions, all
parameters used in simulations of this thesis work were based on experimental data. The

detailed simulation setup will be discussed in Chapters 5.
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Figure 3.13.The user interface of the FDTD solutions in Lumerical. Each simulation setup

module can be defined in this front panel.

3.6 Summary

The basics of nanowire growth and characterisation as well as single nanowire device
fabrication and characterisation have been introduced in this chapter. For nanowire study,
MOVPE was used to grow nanowires, while SEM, TEM, PL, TRPL and OPTP were used to
characterise the structural, optical and conductivity properties of the nanowires. For device

study, EBL, DLWL and UV lithography were used to fabricate single nanowire devices, while
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dark/photo I-V measurement, photocurrent mapping, four-terminal 1-V measurement and

THz-TDS measurement were employed for device characterisation. This chapter also

presented the optical simulation method used to examine the THz detector response

characteristics studied by this thesis work.
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Chapter 4

Photoconductive Terahertz Detectors Based
on GaAs/AlGaAs Core-Shell Nanowires

4.1 Introduction

The carrier lifetimes in core-only GaAs nanowires are known to be extremely short [1], of
the order of picoseconds, due to the high surface recombination velocity [2], resulting in poor
performance for optoelectronic applications. Nevertheless, an ultra-short carrier lifetime in the
material corresponds to an ultra-fast response time in the fabricated device, which is desirable
for high-speed applications, particularly for the low-noise photoconductive detection of
terahertz (THZz) frequency radiation [3, 4]. Previous studies have found that the carrier lifetime
and carrier mobility in GaAs nanowires can be tuned through careful control of the crystal
quality [5] and surface passivation via AlGaAs shell growth [6, 7]. It is promising to grow
GaAs/AlGaAs core-shell nanowires with designated properties (e.g. reasonable carrier
mobility and short carrier lifetime) for low-noise photoconductive THz detection. In this
chapter, single nanowire based photoconductive THz detectors are demonstrated for the first
time using vapour-liquid-solid (VLS) grown GaAs/AlGaAs nanowires. The GaAs/AlGaAs
single nanowire THz detectors show good signal-to-noise ratio (SNR) when compared with
traditional detectors including ion-implanted photoconductive antennas and electro-optic

crystals, with a detection band of 0.1-0.6 THz.

4.2 Growth and Characterisation of GaAs/AlGaAs

Nanowires

In order to obtain GaAs-based nanowires suitable for THz detection, nine different types of

GaAs/AlGaAs core-shell nanowires were designed and grown in this work. They were grown
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on bulk GaAs substrates using the Au-assisted VLS approach with a commercial metalorganic
vapour phase epitaxy (MOVPE) system [8]. These nanowires were classified into three groups,
which were designed based on different growth recipes to investigate the effect of carrier
lifetime and carrier mobility on detector performance. In each group, there are three types of
core-shell structures differentiated by their core diameters of 50, 100, 150 nm, respectively.
The first group - group A - had a high-quality, monotypic zinc blende (ZB) stacking-fault free
GaAs core covered by an AlGaAs Shell. Both the second and third groups - groups B and C -
were intentionally grown to have a low-quality GaAs core incorporating stacking faults and
defects known to reduce the carrier mobility and lifetime; however the group C while having
the same quality core (as that of group B) had a thinner AlGaAs shell (when compared to
groups A and B). An additional GaAs cap was grown outside the AlGaAs shell for all
nanowires to prevent the oxidation of the shell. Details of the growth method are depicted in

following Section 4.2.1.

4.2.1 Growth Details

The GaAs/AlGaAs core-shell nanowires were grown on semi-insulating GaAs (111)B
substrates in an MOVPE reactor (AIXTRON 200/4) at a pressure of 100 mbar and a total gas
flow rate of 15 litres/min. Trimethylgallium (TMG), trimethylaluminium (TMAI), and arsine
(AsH3) were used as the Ga, Al and As source materials, respectively. Au nanoparticles of 50,
100 and 150 nm in diameter were used as catalysts and dispersed onto the GaAs substrates
prior to growth. The substrates with Au nanoparticles were firstly annealed at 600 °C for 10
minutes under AsH; ambient to desorb surface contaminants prior to nanowire growth. After
cooling to the desired temperature, TMG was switched on to initiate nanowire growth. The
GaAs core of group A was grown by a two-temperature procedure developed previously by the
Australian National University group [5, 6, 8], which has significant advantages in minimising
undesirable tapering and eliminating twin defects to provide a high quality GaAs core. The
growth was initiated at 450 °C with a 1 min “nucleation” step followed by a prolonged (120
min) growth at 375 °C. Source flows of TMG and AsH; were 1.2x10” and 5.4x10™* mol/min,

respectively. The GaAs core of groups B and C were grown by a single-temperature fast
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growth rate procedure (450 °C for 30 min) [10], where the source flows of both TMG and
AsH; were increased by a factor of 4. After the GaAs core growth, TMG was switched off and
the growth temperature was ramped to 750 °C in an AsHs; ambient. An AlGaAs shell and a
GaAs cap layers were then grown at this temperature according to the optimised procedure
previously developed [8]. Both group A and B have the same growth time (and thus similar
thickness) for AlGaAs shell, whereas group C has a shorter growth time for AlGaAs shell
leading to thinner shell. Finally, the nanowires were terminated by GaAs capping layer growth
at the same growth time for all the three sets of samples. A summary of the key growth

parameters are presented in Table 4.1.

Table 4.1: Details of the growth conditions for the three different groups of nanowires used for

the THz detectors.
GaAs core AlGaAs shell GaAs cap
Au catalyst
Group (nm)y Growth time Growth time Growth time
150 1 min 450°C,
A 100 120 min 375°C 3min 45s, 750 °C
50 (1 time precursor flow)
150 30 min 450°C
min .
B 100 . 3min 45s, 750 °C | 1min, 750 °C
= (4 times precursor flow)
150 30 min 450°C
min
C 100 . ! 1min 30s, 750 °C
0 (4 times precursor flow)

4.2.2 Material Characterisation

To identify the best core-shell nanowire structure for THz photoconductive detection,
preliminary characterisation of the nanowires was carried out at the Australian National
University. The carrier lifetime, carrier mobility and dark resistivity are the three most critical
material properties for photoconductive THz detection, since the photoconductivity rise time
determines speed and detection bandwidth of the device, the carrier lifetime determines the

detector operation type and noise level, while the mobility and resistivity contribute to the
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detector response level and sensitivity [4]. In this chapter, in addition to the commonly used
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) techniques
for morphology and structural characterisation, three types of measurements including
photoluminescence (PL) lifetime, photocurrent and dark current, were chosen to evaluate the
carrier lifetime, carrier mobility and dark resistivity of nanowires. The PL lifetime (which is
essentially the minority carrier lifetime) can be approximated as the carrier lifetime within the
material that can be measured via time-resolved PL (TRPL). It is challenging to directly
measure the carrier mobility for semiconductor nanowires (particularly for single nanowires)
due to the small material volume involved and thus limited techniques. As such, the
photocurrent is measured to evaluate the carrier mobility. Since the photocurrent is related to
the product of the carrier density, mobility and lifetime of the material, a high photocurrent is
often a good indication for high carrier mobility. Dark current is inversely proportional to the
dark resistivity of the material. Therefore, nanowires with a relatively short PL lifetime, high

photocurrent and low dark current are considered favourable for THz detection.

4.2.2.1 Scanning/Transmission Electron Microscopy

After growth, the morphologies of the GaAs/AlGaAs nanowires were firstly characterised
by employing SEM, and their core-shell structural characteristics were studied by TEM for the
nanowire cross sections. The cross-sectional samples were prepared by embedding the
nanowires into an epoxy resin and then cutting into thin sections (30 nm in thickness) by
ultramicrotomy. High-angle annular dark-field images with atomic number contrast were taken
by TEM, where the core-shell structure can be clearly identified with the AlGaAs shell
exhibiting a darker contrast than the GaAs core and cap layer. GaAs/AlGaAs nanowires with a
diameter of 150 nm from groups A, B and C are used as representative samples for examining
the microstructure. Figure 4.1 shows that the three types of nanowires have a core-shell-cap
structure with a 150 nm diameter GaAs core, an AlGaAs shell of 28 nm (namely Groups A and
B) or 5 nm (namely Group C) thickness and a thin GaAs cap layer (to prevent the oxidation of
the AlGaAs shell), with an average length of around 13 pm (Group A) or 23 um (Groups B and

C). The doubled nanowire length of Group B and Group C is due to the 4-time precursor flow
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used for growth. The less tapered nanowire morphology of Group A (compared with Groups B

and C) is due to the use of an optimised two-temperature growth [5, 6, 8] recipe.

C

Figure 4.1: Electron micrograph images of the GaAs/AlGaAs nanowire samples. Schematic
cross-sections (left) of the GaAs/AlGaAs core-shell nanowire used in this study. Typical
cross-sectional TEM (centre) and SEM (right) images of the three types of nanowire samples
grown with either high quality (HQ) or low quality (LQ) GaAs cores with a diameter of 150

nm (the SEM images were taken with the surface tilted at 52° to the electron beam).

4.2.2.2 Photoluminescence and Time-Resolved Photoluminescence

PL measurements were performed at room temperature to investigate the optical quality of
the GaAs/AlGaAs nanowires, as shown in Figure 4.2(a). Again, the GaAs/AlGaAs nanowires
with a diameter of 150 nm from groups A, B and C (namely Groups A, B and C, respectively)

are used as examples. PL emission peaks from the three types of GaAs/AlGaAs nanowires can
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be observed at ~ 1.425 eV (band-gap energy of ZB GaAs), indicating they are of ZB crystal
structure. As expected the nanowire from Group A shows the strongest PL emission due to the
improved crystal quality of the GaAs core achieved by using the two-temperature growth
technique [5, 6]. Group C shows the weakest PL emission, caused by the defective GaAs core
grown using single temperature [9] and the poor GaAs/ AlGaAs interface quality arising from
its very thin AlGaAs shell (that is not sufficient to passivate GaAs). TRPL measurements at
room temperature were also investigated for these GaAs/AlGaAs nanowires, as shown in Figure
4.2(b). The PL lifetimes, measured at the PL peak energy of 1.425 eV, are 340 ps, 70 ps and 90

ps for nanowires from Groups A, B and C, respectively.
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Figure 4.2: (a) Typical room-temperature PL spectra of single GaAs/AlGaAs core-shell
nanowires (with core diameter of 150 nm) studied in this work. (b) The TRPL decay of a single

GaAs/AlGaAs nanowire.

4.3 Detector Fabrication and Characterisation

The optical properties studied from different types of nanowires can, to a certain extent,
reveal their potential for application in optoelectronic devices. It is essential to study the actual
electrical/optoelectronic properties of the nanowire devices, to correlate them with their
performances as photoconductive THz detectors. In this section, the electrical/optoelectronic
properties of GaAs/AlGaAs single nanowire devices were investigated under direct-current

(DC) measurements, which were then correlated with their THz response performance.
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4.3.1 Device Fabrication

Single nanowire THz detectors were fabricated using a custom-designed direct-laser writing
lithography (DLWL) technique (as described in Section 3.3.1), allowing electrical contacts to
be made to single nanowires on quartz substrates. At first, small pieces of substrate were
cleaved from the as-grown wafers of the nanowire sample and placed in isopropyl alcohol for a
30-second ultra-sonication, to transfer the nanowires from the GaAs substrate to the solution.
The solution was dropped onto z-cut quartz substrates and allowed to dry naturally. The z-cut
quartz was used as the detector substrate as it is an electrical insulator and transparent to THz
radiations. The THz detector structures were then patterned using DLWL [10]. After contact
pattern development, an oxygen plasma etch was employed for further removal of the
photoresist residue on the nanowires, followed by a 4% HCI chemical etch to remove a thin
native oxide layer from the nanowire surface. The device structures were finally metallised
using electron beam evaporation and lift off to form Ti/Au (10 nm/300 nm) contacts on each

side of the nanowires.

a y THZ
| ’Lase; | ,

Quartz Substrate

®

Figure 4.3: Schematic demonstration of the THz detector design (a) and SEM images of the

fabricated detector under low (b) and high (c) magnifications.

The schematic structure and dimensions of the fabricated detector is shown in Figure 4.3,
along with a typical SEM image of a complete single nanowire device. Two large square pads
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(200 pum x 200 um) were designed to allow for wire-bonding to make electrical connections
(with external measurement equipment), which were set far away from the centre area of the
detector to eliminate undesired coupling effects between the incident THz radiation and
electrode structures. However, it turns out that such design still affects the resonance

characteristics of the detector, as will be discussed in Section 4.4.5.

4.3.2 Dark/Photo Current-Voltage Measurement and Photocurrent

Mapping

The dark/photo current-voltage (I-V) measurements at room temperature were performed to
confirm the contact quality of the fabricated detectors. The detectors made of GaAs/AlGaAs
nanowires with a diameter of 150 nm from groups A, B and C (namely Group A, B and C,
respectively) are used as examples. It can be seen from Figure 4.4(a), that all three types of
nanowire detectors show a very low dark current (sub-nA), and a clear photo-response under
different biases; the nanowire detector from Group A exhibits the strongest light response, with
photocurrent exceeding 100 nA when biased at 4 V, confirming the superior electrical
properties arising from the high material quality due to the two-temperature growth technique;
while nanowire detector from Group B which possesses the shortest PL lifetime has a better
photo-response (10s of nA at 4 V) when compared with Group C (a few nA at 4 V). In general,
all nine types of nanowire detectors show near-Ohmic responses; however, a few are not so
linear, most likely due to contact imperfections. Furthermore, 2-dimensional photocurrent
mapping was performed. As clearly confirmed from Fig. 4.4(c), the photocurrents measured
from the single nanowire detector mainly originated from the nanowire itself (rather than the

contact junction), as a result of good contact quality to these nanowire detectors.
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Figure 4.4: (a) Photocurrent measured for different types of detector, under illumination with a
pulsed laser (522 nm centre wavelength, 300 fs duration and 20 MHz repetition rate) and a
fluence of 0.8 mJ/cm?/pulse; (b) A typical dark-field optical image of the centre part of the

detector with a nanowire contacted; (c) 2-dimension photocurrent mapping for the contacted
single nanowire in (b), under illumination from a green pulsed laser at a fluence of 0.5
mJ/cm?/pulse (spot size is 650 nm in diameter), biased at 3V. The 2-dimensional scanning area

is indicated by the white dashed box in (b).

4.4 Selection for Terahertz Detection

A summary of the basic optical/electrical/optoelectronic measurement results for all nine
types of nanowires and corresponding single nanowire detectors are shown in Table 4.2.
Nanowires with the largest core diameter of 150 nm (highlighted in Table 4.2) met the criteria
in each group, having the highest photocurrent response while coupling with a short PL
lifetime and low dark current at sub-nA level. Therefore, three types of GaAs/AlGaAs
nanowires with core diameter of 150 nm - sample A, B, C (named after their group name) -

were chosen for further investigation at the University of Oxford for THz measurements.
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Table 4.2: Characterisation and selection of the GaAs/AlGaAs nanowires used to fabricate THz
detectors (statistical average). N/A refers to ‘unmeasurable’ (signal is too weak for PL and
TRPL measurements). PL spectra and photocurrents were measured under illumination with a
pulsed 522 nm laser at a fluence of 2.8 uJ/cm?/pulse and 0.8 mJ/cm?/pulse (biased at 8 V),

respectively.

Nanowire Type PL Measurement Dark/photocurrent |-V
Measurement
Group Di:r%;(eter POP;ZEn Lifetime | Dark Current Photocurrent/D_ark
(nm) (hm) (ps) (A) Current Ratio
150 873.5 300 10" 1000
A 100 874.5 830 0™ 100
50 865.8 220 0™ 100
150 869.6 70 10" 100
B 100 868.4 100 10" 10
50 N/A N/A 10" 10
150 866.4 90 10" 100
C 100 868.5 55 0™ 10
50 N/A N/A 10" 1

4.5 Terahertz Measurements

4.5.1 Optical Pump-Terahertz Probe Spectroscopy

A time-domain optical pump-THz probe (OPTP) spectroscopy system [11, 12] was used to
measure the photoconductivity rise time and conductivity lifetime of an ensemble of nanowires
from samples A, B and C, as shown in Figure 4.5. More details of this measurement have been
described in Section 3.2.4. Ultrafast photo-excitation at 800 nm (1.55 eV) was chosen to match
the excitation conditions used under device operating conditions. It is noted that the ultimate
temporal resolution of a photoconductive THz detector is set by the photoconductivity rise
time, and is much less than 1 ps for all samples. A bi-exponential carrier decay was observed
for all samples, including a fast component (1) due to recombination in the unpassivated GaAs
capping layer, and a slower recombination (ts) in the GaAs core, ranging from 4.6 £ 1 ns
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(sample A) to 800 + 30 ps (sample B). Sample C exhibits a much larger early time fast carrier
decay, which may arise from carrier tunnelling through the thin AlGaAs shell layer to the
highly defective capping layer as in accordance with the investigation on AlGaAs passivation
[13]. All the three types of nanowires have long conductivity lifetimes (>> 1ps), indicating that
they are of integrating detector type. Discussions on detector type and related signal processing

technique can be found in Section 2.4.2.

. Sample A . Sample B . Sample C
— Fit: 7= 4600 -=Fit: T,= 800ps —Fit: T¢= 30ps
l910'3 SR 100 ST 10°f4 'p
o} ]
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a Pump-probe delay (ps)| b Pump-probe delay (ps)] € Pump-probe delay (ps)

Figure 4.5: OPTP photoconductivity decays of the nanowire samples. Solid black lines are a

bi-exponential fit to the data. The labels show the dominant carrier lifetime for each sample.

It is worth noting that the photoconductivity lifetimes for these GaAs/AlGaAs nanowires
(sample A and B) are much longer than their PL lifetimes (see Table 4.2 in Section 4.4). To
understand this phenomenon, PL lifetime and photoconductivity lifetime were compared and
discussed. PL lifetime is the average time during which the electrons and holes are
simultaneously free, and able to diffuse, and is therefore dependent on the electron-hole
recombination time such as defect recombination and band-to-band recombination lifetimes in
the I111-V nanowires. Photoconductivity lifetime is the lifetime during which at least one type of
charge carrier remains free to carry current. So photoconductivity lifetime not only includes PL
lifetime but also includes the time during which a charge carrier spends at a trapping centre (or
in a bound state). In this work, the interface between the AlGaAs shell and GaAs core (cap) in
the GaAs/AlGaAs nanowires may form a large number of defect centres to trap the
photo-generated charge carriers, resulting in a spatial separation of electrons and holes within
the nanowires [14]. This spatial separation of electrons and holes can cause a rapid PL
quenching (leading to a short PL lifetime) while allowing a long photoconductivity lifetime as
spatially separated electrons and holes still contribute to conduction. Additionally, the complex

nature of the core/shell/cap interfaces in GaAs/AlGaAs nanowires further complicates the
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optical and electrical properties of the nanowires, leading to a weak dependence of PL lifetime
on nanowire diameter (as shown in Table 4.2).

PL lifetime reflects the optical quality of the material. Photoconductivity lifetime, on the
other hand, is further related to electrical and conductivity properties of the material, which
determines the actual magnitude of the response current in the fabricated detector. In this
dissertation, it is believed that photoconductivity lifetime is a more accurate measure of
evaluation of the suitability of nanowires for THz detection, since the photoconductive
nanowire THz detector works as an electronic device and produces electrical responses to the

incident THz signal.

4.5.2 THz Detector Performance

The single nanowire detectors were finally characterised using a THz time-domain
spectroscopy (THz-TDS) system [11], to study and analyse their THz response performances
with respect to time, frequency and polarisation of the incident THz radiation. More details of
this THz-TDS system are given in Section 3.4.4 (see Figure 3.11). Six nanowire detectors from
sample A (Al-A6), and six from sample B (B1-B6) and one from sample C (C1) were
successfully measured. The nanowire samples gave highly repeatable results as shown in
Figure 4.6. A high degree of uniformity in response is observed within each nanowire batch,
both in terms of peak current (on the left of Figure 4.6), and in terms of spectral response (on

the right of Figure 4.6).
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Figure 4.6: THz responses of single GaAs/AlGaAs nanowire detectors, from (a) sample A (red),
(b) sample B (blue) and (c) sample C (green). Left: unprocessed THz-induced current. Centre:

calculated time-domain electric field. Right: amplitude frequency spectrum of the detector.
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The THz detector performance for samples A, B and C are compared in Figure 4.7 (a). All
devices produced pA-level responses with the detectors incorporating nanowires from samples
A and C exhibiting the best and worst SNR respectively, which is consistent with results from
their photocurrent measurements (in Section 4.3.2) and PL measurements (in Section 4.2.2.2).
This indicates that PL intensity, magnitude of photocurrent response and magnitude of
photoconductive THz response are closely correlated. Since there are significant similarities in
response of the three detectors, all remaining measurements in this chapter will be focused on
sample A, which presents the best detector performance. A standard electro-optic detection
crystal (ZnTe) was used as a reference detector to measure the electric field of the THz source,
while a photoconductive receiver (ion-implanted InP with a bow-tie antenna structure [11])
was used as a reference in comparison with the single nanowire detectors. The transient THz
electric field measured by the two bulk reference detectors and sample A, and their calculated
spectral response are shown in Figure 4.7(b)-(d) and Figures 4.7(e)-(q), respectively. Despite
that the signal measured using the nanowire has a lower bandwidth in the range of 0.1-0.6 THz;

it shows sufficient SNR for practical use.
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Figure 4.7: THz time-domain spectroscopy characterisation of fabricated devices. ()
Unprocessed time-domain THz-induced currents obtained from the nanowire detectors
(samples A, B and C). (b-d) Processed and normalised THz electric field as measured by (b) a
reference electro-optic sampling detector, (c) a reference InP photoconductive receiver and (d)

sample A. (e-g) THz amplitude spectra corresponding to the electric field signals in (b-d).
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To assess the performance of the GaAs/AlGaAs nanowire detectors for real-world
applications, a 290 GHz inductive mesh low-pass filter was inserted into the THz path. Figure
4.8 shows the THz responses from the nanowire detector made of sample A and the InP
photoconductive receiver, without (red) and with (blue) the presence of the low-pass filter. It
can be seen that similar cut-off edge and transmitted signal amplitude (around 80%) for both
detectors. When compared with the traditional (bulk) THz detectors, such nanoscale devices

bring many advantages for future applications whenever size or spatial resolution is critical [15,

16].
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Figure 4.8: Comparative performance of (upper) nanowire-based and (lower) traditional THz
photoconductive detectors. Left: raw and processed time-domain THz electric field. Centre:
amplitude spectrum of THz electric field. Right: change in transmission due to the low-pass
filter (Red solid line: without filter. Blue solid line: with low-pass filter. Black dashed line:

cut-off frequency at 290 GHz).

4.4.5 Finite-Difference Time-Domain Simulation

In order to understand the nature of response characteristics of the photoconductive THz
detector and find out the origin of the narrow detection bandwidth of the single nanowire
photoconductive THz detectors, optical simulations were carried out using Lumerical

finite-difference time-domain (FDTD) solutions in the THz regime and compared with
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experimental results. FDTD simulations were set up using the same geometry used in

experiments, as shown in Figure 4.9. Further details of the simulations will be described in

Chapter 5.
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Figure 4.9: Detector geometry used for FDTD simulations.
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Figure 4.10: FDTD simulation of frequency response for the two-pad detector structure. (2)
Experimentally determined amplitude spectrum of THz electric field transient obtained using
sample A, (b) FDTD simulated spectrum. (c - g) THz electric field distribution at five different

frequencies including I : 0.11 THz; I1: 0.18 THz; I11: 0.27 THz; IV: 0.61 THz and V: 1.5 THz.

Figure 4.10(a) shows the experimental amplitude spectrum of the THz electric field, while
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Figure 4.10(b) shows the simulated spectrum monitored at the centre of the antenna with the
same geometry as used in the experiment. It can be seen that the geometry of the detector has a
great impact on the detected THz spectral profile, leading to enhancement of the electric field
at specific resonant frequencies. Figure 4.10(c)-(g) show the THz electric field distribution on
the antenna structure for five individual frequencies; it is clear that at frequencies ‘I’ (0.11 THz)
and ‘II’ (0.27 THz), the THz electric fields are strongly enhanced at the centre of antenna,
where the single nanowire is located. In contrast, there is very little field enhancement at the
frequency ‘V’ (1.5 THz). It is noted that the experimental spectrum is well consistent with the
simulated  spectrum, showing similar bandwidth (0.1-0.6 THz) with three
electric-field-enhanced peaks. This indicates that the detection bandwidth is in fact limited by
detector design rather than the nanowire itself. In the future, a specific device geometry
designed and optimised by FDTD simulations may be used to tune the resonance frequency

range of the detector.

4.4.6 Polarisation Sensitivity
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Figure 4.11: Polarisation-dependent THz response for the detector structure. (a) Experimental
amplitude frequency spectrum obtained using detectors made of sample A. (b) FDTD
simulated resonant frequency spectrum. The polarisations of THz electric field were set at 0,

45 and 90 degrees respectively (from direction parallel to perpendicular to the nanowire axis).

All above mentioned experiments and simulations were performed at normal incidence, and
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the polarisation of the incident THz electric field was linear, aligned parallel to the nanowire
axis. Considering the unique one-dimensional geometry of a single nanowire,
polarisation-dependent THz measurements on the single nanowire detectors were studied. To
change the polarisation of the incident THz electric field, the THz emitter was manually
rotated by 45 degrees and 90 degrees, respectively. Figure 4.11(a) shows the THz responses
obtained from a single GaAs/AlGaAs nanowire detector before and after rotating the emitter.
Polarisation-dependent FDTD simulations were also performed to compare with experimental
results as shown in Figure 4.11(b), since the device geometry may contribute to the
polarisation-related response characteristics. It can be seen that, when the polarisation of the
incident THz electric field is changed from parallel (to the nanowire axis) to perpendicular, the
magnitude of the measured THz response for the single nanowire THz detector decreased from
maximum to zero with the strongest resonant peak in the response spectrum changed from
low- to high-frequency. The change in response magnitude can be attributed to the optical
absorption anisotropy of the one-dimensional detector to THz radiation, and the strongest
resonant peak shift in the response spectrum is most likely caused by polarisation-related
resonance sensitivity of the device geometry. Figure 4.11(b) proves that the intensity change of
the resonance peaks in response spectrum arises from the device geometry. However, the
simulated result still shows a response to the incident THz radiation when THz polarisation is
perpendicular to the gap of device geometry, in contrast to the experimental result where the
single nanowire detector shows zero response under the same incident condition due to the
anisotropic optical absorption of the nanowire. Figure 4.11(b) also indicates that the device
geometry itself can be independently sensitive to the incident THz polarisation, influencing
both amplitude and strongest resonant peak in response spectrum. Therefore it is of great
promise to use single nanowires (combined with an optimised device design) to realise highly

polarisation-sensitive photoconductive THz detectors.

4.5 Summary

Various VLS-growth single GaAs/AlGaAs nanowire structures were designed and grown by

MOVPE. The morphology, optical and optoelectronic properties of the nanowires were studied
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by a series of experimental techniques, and correlated to the THz responses measured by
THz-TDS. GaAs/AlGaAs single nanowire photoconductive THz detectors were successfully
demonstrated, and shown to operate well over a usable detection range (0.1-0.6 THz) that may
in future be adjusted through proper device geometry. The demonstration of single
GaAs/AlGaAs nanowire detectors with a specific frequencies response through antenna design,
could lead to numerous potential applications for tunable band THz devices, for example,
amplitude modulator/switches and tunable narrowband THz emitters/detectors. The following
chapter will focus on the modelling of detector design to explore single nanowire THz

detectors for broadband THz-TDS spectroscopy applications.
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Chapter 5

Optimisation of Antenna Design for
Broadband GaAs/AlGaAs Nanowire
Terahertz Detectors

5.1 Introduction

Broad terahertz (THz) detection bandwidth is important for many applications, particularly
essential to spectroscopic application such as THz time-domain spectroscopy (THz-TDS) [1, 2].
It has been shown in Chapter 4 that the bandwidth of detector response is a strong function of
the resonant characteristics of the device geometry. In order to obtain some guidance for future
work and understand how the device design can be used to tailor the response performance and
bandwidth of the detector, various detector geometries, including two-pad (as described in
Chapter 4), bow-tie [3] and strip-line structure [4], were modelled using finite-difference
time-domain (FDTD) simulations [5] in this chapter. Based on the optical simulation results,
geometry-optimised GaAs/AlGaAs single nanowire photoconductive THz detectors were
designed and fabricated with a broadened detection bandwidth achieved in the range of 0.1-1.6
THz, highlighting the importance of a careful device design for photoconductive THz detection.

Furthermore, in this chapter the low-noise nature of single nanowire photoconductive THz
detector (benefiting from its nanoscale size of detecting material on an insulating substrate) is
discussed, revealing the fundamental advantage of the relaxed requirement of an extremely
short carrier lifetime within the semiconductor material for photoconductive THz detection, and
suggesting that more I11-V nanowire systems may be considered for THz detection (as will be
described in Chapter 6). The additional effects of the thin GaAs capping on the response
characteristics of the GaAs/AlGaAs core-shell single nanowire THz detectors is also analysed

and discussed.
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5.2 Finite-Difference Time-Domain Simulation for Terahertz

Detector Antenna Design

5.2.1 Simulation Setup

In order to make sure the simulation environment matches the experimental conditions, a
broadband pulsed ‘Gaussian Source’ was used as the simulation THz source with
characteristics such as pulse profile and bandwidth imported from experimental data measured
using a standard electro-optic detection crystal (ZnTe) [6] as shown in Figures 4.7(b) and (e).
Although experimentally the thickness of the gold electrodes was 300 nm, a thickness of 4 um
was chosen as the simulated electrode thickness to avoid the use of a mesh size which was
too-small in the z-direction. Considering the shortest wavelength in the simulation was around
60 um, it was reasonable to make such approximation (since the 4 um was much smaller than
the shortest wavelength). A mesh override region was added to the gold layer to force a 2 pm
mesh (dx=dy=dz=2 um). A time (point) monitor, was placed at the centre of the device
configuration to receive the arrived THz radiation in time domain. In most cases, simulations
were performed at normal incidence, and the polarisation of the incident THz electric field was
parallel to the nanowire axis as used experimentally. Due to the large and negative real part of
the relative permittivity of most metals at THz frequencies, the perfect electrical conductor
(PEC) material model was employed for all simulations. Details of the simulation software

regarding FDTD solution can be found in Section 3.5.2.

5.2.2 Simulated Device Geometry

The simulated device geometries are categorised into two groups as shown in Figures 5.1
and 5.2, respectively. Figure 5.1 consists of seven detector configurations, including the basic
two-pad detector geometry as described in Chapter 4 and the other six variations derived from
it. These seven geometries were simulated to understand the reason for the narrow detection
bandwidth and origin of specific frequency resonant peaks for the two-pad nanowire THz

detector. It is of particular interest to know which part of the two-pad structure determines the
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resonant frequency range of the detector. Table 5.1 shows the dimensions of the seven two-pad

related device geometries.

b

. ‘
c
d

f L
B
9

Figure 5.1: Detector geometries used for FDTD simulations: (a) the reference two-pad antenna

(as described in Chapter 4); (b) two-pad antenna with no pads; (c) two-pad antenna with larger

pads; (d) two-pad antenna with pads further apart; (e) two-pad antenna with longer centre lines;

(f) two-pad antenna without centre lines; (g) two-pad antenna with centre lines further apart.
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Table 5.1: Detailed two-pad detector geometry and its six derivatives used in FDTD

simulations.
Geometry Description Two Pads Centre Thin Lines
Name Pad Area | Distance Between | Length Distance
(nm?) Two Pads (jum) Between (um)
(nm)
Two-pad (a) 200x200 820 150 175
No-pad (b) 0x0 820 150 17.5
Larger-pad (c) 400%400 820 150 17.5
Pads-apart (d) 200x200 1020 150 17.5
Longer-centre lines (e) 200%200 820 240 175
No-centre lines (f) 200x200 820 0 0
Centre lines-apart (g) 200x200 820 150 417.5

In addition, since the bow-tie [7] and strip-line [8] antenna have been proven to provide a

broadband THz response in bulk detectors [7], it is useful to further study their use in single

nanowire detectors and investigate their influence on the frequency response of the single

nanowire detectors. In this chapter, both bow-tie and strip-line detector geometry were also

simulated and compared with the two-pad detector, as shown in Figure 5.2.
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Figure 5.2: Detailed detector geometries used for both experiments and FDTD simulations: (a)

two-pad antenna; (b) bow-tie antenna; (c) strip-line antenna.

5.2.3 Resonant Characteristics of Different Antenna Structures

For the two-pad configuration, the two large square pads (200 um x 200 um) were assumed
to be responsible for the reduced bandwidth of the detector as their sizes are comparable to the
incident THz wavelength (~ 300 pm). To examine this, modifications were made to the
original two-pad geometry (Figure 5.1(a)) as used experimentally for simulation study,
including removing the square pads (Figure 5.1(b)), increasing the area of the square pads
(Figure 5.1(c)) and increasing the distance between the two square pads (Figure 5.1(d)). Figure
5.3 shows THz responses obtained by FDTD simulations from the four two-pad device
geometries defined in Figures 5.1(a)-(d). The simulation results clearly reveal that the square

pads in fact do not affect the overall spectral response profile of the THz detector; however
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their size may affect the resonant peak positions of the response spectrum. In order to figure
out which part determines the resonant frequency in the two-pad geometry, more modifications
are made to the original two-pad configuration by adjusting other design parameters as shown

in Figures 5.1(e)-(q).
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Figure 5.3: (a) Time-domain THz electric field transient obtained from simulated antenna
geometries as described in Figures 5.1(a-d). (b) Frequency spectrum of THz electric field

transformed from (a).

Figure 5.4 shows THz responses obtained from the two-pad geometries in Figures 5.1(a) and
(e)-(g) obtained by FDTD simulations. It can be seen that, the (two) thin strip lines at the
centre of the two-pad geometry play a crucial role in control of the response amplitude and
resonant frequency of the detector. The length of the thin strip lines (Figure 5.1(e)) affects the
positions of resonant frequency peaks, where a longer length leads to a stronger resonance at
lower frequency region in response of the detector. The gap between the two thin strip lines
(Figure 5.1(g)) determines the response spectral profile and amplitude of the detector, where a
larger gap results in a flat and broad spectral response however a lower response amplitude.

Since the thin strip lines are used for contacting the single nanowire in this work, between
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which the distance are limited by the length of the single nanowires, the two-pad geometry is

not suitable to be used as the antenna structure for single nanowire detectors for broad flat

band THz detection with high amplitude.
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Figure 5.4: (a) Time-domain THz electric field transient obtained from simulated antenna
geometries as described in Figures 5.1(a) and (e-d). (b) Frequency spectrum of THz electric

field transformed from (a).

Figure 5.5 shows the THz responses obtained from the other device geometries studied by
FDTD simulations. The two-pad configuration as shown in Figure 5.5(a) is the reference
geometry used to fabricate initial single nanowire detectors as described in Chapter 4. Bow-tie
and strip-line configurations shown in Figure 5.5(b) and (c) have been widely used for
broadband THz detection in bulk detectors [7, 8], which were designed and simulated in this
work. Figures 5.5(d) and (e) indicate that the two-pad electrode design would strengthen the
incident THz electric field signal but cause a distortion in the measured waveform resulting in
strong low-frequency resonances. The bow-tie electrode on the other hand would not only
strengthen the incident THz signal by a larger factor, but also with a minor distortion in

measured waveform as a result of relatively broadband response. The strip-line structure may
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be the best choice of geometry for THz detection strengthening the incident THz signal while
minimising distortion of radiation waveform, however, it does not strengthen the THz field to

the same extent observed for the bow-tie or two-pad geometry (see Figure 5.5(d)).
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Figure 5.5: Schematic representations of device geometry studied by FDTD simulations: (a)
Two-pad; (b) Bow-tie; (c) Strip-line. (d) Time-domain THz electric field transient obtained
from simulations with different antenna geometries. (e) Frequency spectrum of THz electric

field transient from (d).

5.3 GaAs/AlGaAs Nanowire Terahertz Detectors with

Optimised Antenna Design for Broadband Response

5.3.1 Detector Fabrication

To verify the simulation results while obtaining the best performing broadband single
nanowire THz detectors, geometry-optimised GaAs/AlGaAs single nanowire THz detectors
were designed, fabricated and characterised. The best performing GaAs/AlGaAs nanowires -
sample A (as described in Chapter 4) were transferred onto z-cut quartz substrates.
Conventional ultraviolet (UV) photolithography [9] was employed to pattern the electrodes

onto the nanowires. Both bow-tie and strip-line antenna designs (as studied in FDTD
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simulations) were chosen as the electrode geometries for new nanowire detectors. An oxygen
plasma etch was used for further removal of the photoresist residue on nanowires, followed by
a 4% HCI chemical etching to remove native oxide layer formed on the nanowire surface. The
detector structures were finally metallised using electron beam evaporation, followed by a
lift-off process to form Ti/Au (10 nm/300 nm) contacts. It is worth mentioning that, due to the
challenges to locate a single nanowire for electrode patterning via UV lithography, longer
GaAs/AlGaAs nanowire (sample A) with an average length of 30-35 um were grown and used
for detector fabrication this time.

The geometries for both bow-tie and strip-line GaAs/AlGaAs single nanowire THz detectors
are shown in Figure 5.6. The gap between two contact electrodes for all configurations was
designed to be 5 um on the photomask in UV photolithography. However, due to the relatively
low resolution (~ 2 um) of UV photolithography, it is difficult to achieve very sharp features as
originally designed by the simulation and photomask, as shown in Figure 5.6. The measured

gap distance was ~ 5 um for strip-line detectors, and ~ 8 um for bow-tie detectors.

Figure 5.6: SEM images of the central area of the fabricated GaAs/AlGaAs single nanowire
detectors with (a) a strip-line device geometry and (b) a bow-tie device geometry. Inset:

zoom-out optical images of the fabricated devices on quartz substrates.

5.3.2 Terahertz Detector Performance

The single nanowire detectors were characterised using the THz-TDS system [2,10,11]
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described in Section 3.4. GaAs/AlGaAs single nanowire detectors with both bow-tie and
strip-line geometries were successfully measured. For each type of the device geometry, the
detectors show a high similarity in their response profiles. The detection bandwidth of the
newly fabricated nanowire detectors are significantly improved (in the range of 0.1-1.6 THz,
shown in Figure 5.7) when compared to those described in Chapter 4, which can be directly
attributed to the optimisation of detector geometry. It is also noted that the response currents
obtained from the bow-tie nanowire detectors is approximately 2.5 times higher than that
obtained from the strip-line nanowire detector, which agrees well with the simulation results,
where the bow-tie geometry is more effective in strengthening the incident THz electric field
than the strip-line geometry. Due to the limited detection material volume and thus very low
THz response current (a few pA), the GaAs/AlGaAs single nanowire detectors failed to
measure the full spectral range of the incident THz source (0.1-3.0 THz). By further improving
the detection material for higher response current and lower noise floor in the detector, broader

detection bandwidth could be achieved (as will be discussed in Chapter 6).
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Figure 5.7: THz-TDS characterisation of the bow-tie (red) and strip-line (green) GaAs/AlGaAs
single nanowire THz detectors. Left: unprocessed time-domain THz-induced current. Right:

processed THz amplitude spectrum.
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To further benchmark the broadband single nanowire detectors, traditional InP receivers
(Fe*-implanted InP [12]) based on the same device geometry designs (bow-tie and strip-line)
were fabricated and characterised in the same THz-TDS system as references for comparison.
Table 5.2 shows a comparative device performance analysis between the GaAs/AlGaAs single
nanowire THz detectors and traditional bulk THz receivers. Despite having only pA-level
responses, the single nanowire detectors show comparable signal-to-noise ratio (SNR) to the
bulk ones. Considering the large difference in detection material volume, the single nanowire

detectors perform very competitively.

Table 5.2: A comparison of device performance between single GaAs/AlGaAs nanowire

detector and traditional ion-implanted InP photoconductive receiver.

Device type Single GaAs/AlGaAs lon-implanted InP
Nanowire
Performance Strip-line Bow-tie Strip-line Bow-tie
Conductivity Lifetime ~ 4600 ps <6 ps
Dark Current (at 1 V bias) ~10 pA ~10 pA ~ 69200 pA | ~ 45700 pA
THz Signal 7.96 pA 13.6 pA 676.6 pA 544.3 pA
Signal-to-Noise Ratio 34 31 70 43

To understand the low-noise nature of the single nanowire detector, different noise sources
for photoconductive detectors were analysed. For traditional (bulk) photoconductive receivers,
the sources of the noise in response current predominantly arise from the electrical noise,
namely Johnson-Nyquist and shot noise [13], as well as external noise [14] such as intensity
fluctuations in the laser pulse or THz pulse. In contrast, single nanowire detectors, taking the
advantage of the nanoscale active material volume and the use of insulating substrates, have a
very low dark current (see Table 5.2), leading to very low Johnson-Nyquist noise. Therefore,
for single nanowire THz detectors, the main sources of noise in response current are from the
shot noise and external noises. The significantly reduced noises in the single nanowire

detectors improved their signal-to-noise performance. This explains why the GaAs/AlGaAs
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single nanowire detectors show lower noise compared with bulk ion-implanted InP receivers,

despite the former having a much longer carrier lifetime (see Table 5.2).

5.3.3 Influence of GaAs Capping on Detector Response

For the THz-TDS measurement, an 800 nm (1.55 eV) laser was used to photo-excite the
nanowire detectors. Since the Al composition in the AlGaAs shell is nominally around 42%,
requiring higher energy (> 1.94 eV) to excite, it is reasonable to assume that most of the
THz-induced current is generated in the GaAs core region only. However, as has been noted
from Figure 4.5 that despite being very thin (and hence possessing small material volume), the
outer GaAs cap layer causes a small but non-negligible signal at the short early time when
measuring nanowire photoconductivity lifetimes (very fast decay, < 10 ps). Thus the GaAs cap
layer could also play a non-negligible role in the THz-TDS measurement. In this section, the
effect of cap layer on THz response characteristics of the GaAs/AlGaAs single nanowire
detectors is further investigated.

As detailed in Section 2.4.2, in general, there are two basic types of photoconductive
detectors (as determined by the photoconductivity lifetime of the detection material), which
require two different signal processing techniques to recover the measured THz field including
direct sampling and integrating sampling. Figure 5.8 shows the FDTD simulation results which
have been processed taking into account the two different sampling modes. In Figure 5.8, the
THz responses obtained from the simulated bow-tie antenna operating under direct and
integrating sampling mode are plotted respectively, in comparison with that from an
experimentally measured bow-tie GaAs/AlGaAs single nanowire detector. It can be seen
clearly that the response profile of the single nanowire detector does not resemble either of the
simulated responses, but more like a combination of the simulated results, implicating that
direct and integrating samplings may occur simultaneously in the GaAs/AlGaAs nanowire
detector. The passivated GaAs core, owing to having a long photoconductivity lifetime (~ 4 ns,
see Figure 4.5), is no doubt an integrating detector; whereas the highly defective GaAs capping
layer could be responsible for the direct sampling behaviour observed in the detector due to its

ultra-short photoconductivity lifetime (< 10 ps). In occasional cases, some GaAs/AlGaAs
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single nanowire detectors were found to operate under directing sampling mode only (as
shown in Figure 5.9), indicating that the GaAs capping layers can sometimes dominate the
whole detector performance. To eliminate the capping influence and reduce the response
complexity, etching of the cap layers at the contact region to make the electrical contacts
directly to the core area for the core-shell-cap nanowires may be helpful to avoid the

complication for data analysis and improve the reproducibility of the device performance.
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Figure 5.8: Time-domain THz responses in a THz-TDS system as obtained from a simulated
bow-tie antenna (blue) and a typical bow-tie GaAs/AlGaAs single nanowire detector (red).
Simulation A represents a direct sampling detector and simulation B represents an integrating

sampling detector.
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Figure 5.9: Time-domain THz responses in a THz-TDS system as obtained from a simulated
bow-tie antenna (blue) in the direct sampling mode and an untypical bow-tie GaAs/AlGaAs

single nanowire detector (red).
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5.5 Summary

FDTD simulations in the THz frequency regime were carried out to investigate the
relationship between the geometry design of the photoconductive detector and its effect on the
characteristics of THz responses. Based on the FDTD simulation, GaAs/AlGaAs single
nanowire THz detectors with broad detection bandwidth (0.1-1.6 THz) were achieved by using
two new device geometries, including bow-tie and strip-line configurations. A notable
low-noise nature of the single nanowire detector has been observed and ascribed to its small
active material volume and the use of insulating substrates. As such, the GaAs/AlGaAs
nanowires no longer require an extremely short carrier lifetime (typically a few picoseconds) to
minimise the noise current as is commonly required in bulk semiconductors. Two sampling
modes (direct and integrating sampling) were found in the operation of the GaAs/AlGaAs
single nanowire detector, which can be attributed to the contributions from GaAs cap and the
GaAs core, respectively, leading to complexity in THz response for analysis and processing.
Based on these findings, single nanowire photoconductive THz detectors developed from the
other nanowire materials for higher sensitivity and simpler sampling mode in device operation

are proposed in Chapter 6, to achieve improved performance of THz detection.
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Chapter 6

Highly Sensitive Broadband
Photoconductive Terahertz Detectors Based
on InP Nanowires

6.1 Introduction

From previous chapters, it is concluded that proper device design and optimised material
optoelectronic properties are key factors for development of high-performance single nanowire
photoconductive terahertz (THz) detectors. It is also discovered that due to the low-noise
nature single nanowire THz detectors may allow more choices of the detection materials,
opening new opportunities to explore a wide range of nanowire systems for THz applications.
In this chapter, high-quality InP nanowires grown by selective-area metalorganic vapour phase
epitaxy (SA-MOVPE) were investigated for their applications as high-performance THz
detectors in THz-TDS systems.

InP based material systems are favoured over GaAs system in a number of optoelectronic
device applications [1], owing to their low surface recombination velocity [2, 3] and
concurrent high carrier mobility. InP nanowires maintain the property of a low surface
recombination velocity and high carrier mobility, and are therefore a great promise for
photoconductive THz detection. InP nanowires have also shown high photo-sensitivity [4-6]
and radiative quantum efficiency [4] when compared with other I11-V nanowires, due to the
suppressed non-radiative recombination (originated from the intrinsically low surface
recombination velocity). This eliminates the need for additional chemical or surface
passivation to enhance radiative recombination and prevent oxidative degradation [6, 7], which
are otherwise essential for (In,Al,Ga)As material system. In this chapter, (core-only) InP single
nanowire photoconductive THz detectors were fabricated and studied. These THz detectors

were developed from structurally-uniform stacking fault-free InP nanowires grown by
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SA-MOVPE technique. Combined with optimised device geometries (as described in Chapter
5), the InP single nanowire THz detectors can provide high-quality time-domain spectra
(including both amplitude and phase information) for materials characterisation in a THz
time-domain spectroscopy (THz-TDS) system, comparable to those bulk THz detector
(including the ion-implanted bulk InP receiver and the standard electro-optic ZnTe crystal THz

detector).

6.2 Growth and Characterisation of InP Nanowires

6.2.1 Growth Details

InP nanowires were grown using SA-MOVPE [4]. A 30 nm SiO, mask layer was first
deposited on (111)A InP substrates, and patterned by electron beam lithography (EBL) to
create hexagonal arrays of circles. The pattern was then transferred to the SiO, mask by wet
chemical etching using buffered hydrogen fluoride solution. After etching, the diameter of the
circles was 200 nm with a pitch of 800 nm. The patterned substrates were then loaded into a
horizontal flow low pressure (100 mbar) MOVPE system. All samples were annealed at
750 °C for 10 min under a phosphine protective flow and grown at 730 °C for 40 min with
trimethylindium (TMIn) and phosphine at a flow rate of 6.1x10° and 4.9x10™ mol/min,

respectively.

6.2.2 Material Characterisation

6.2.2.1 Scanning/Transmission Electron Microscopy

The detailed nanowire growth and characterisation based on the identical growth conditions
(except for the growth time) have been previously reported elsewhere [4, 8], and shown to
produce pure wurtzite (WZ) phase, structurally-uniform and high-quantum-efficiency InP
nanowires with a range of diameters from 220 to 280 nm and lengths from 8 to 11um. Figure

6.1 shows the scanning electron microscope (SEM) images of the InP nanowires after growth.
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The transmission electron microscope (TEM) images (see Figure 6.2) for these InP nanowire
show that the nanowires grown under this condition are almost defect free; there are no zinc

blende (ZB) stacking faults formation along the nanowires.

Figure 6.1: SEM images of the InP nanowires used in this study: (a) an array of nanowires; (b)

a single nanowire transferred onto a quartz substrate.

Figure 6.2: (a) Bright-field TEM image showing the morphology of a typical InP nanowire
grown under similar condition to those used in this thesis. (b—d) TEM images taken along
[-2110] zone axis from the top, middle, and bottom regions of the single InP nanowire shown
in (a), respectively. The TEM images show that the nanowire has a WZ structure and are free
of stacking faults. (e) Selected area electron diffraction pattern of the nanowire shown in (d)

confirming the WZ phase. (Adapted from reference [4])
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6.2.2.2 Photoluminescence and Time-Resolved Photoluminescence

Photoluminescence (PL) measurements were performed at room temperature to characterise
the optical properties of these InP nanowires. The typical PL spectrum for a single InP
nanowire is presented in Figure 6.3, with a peak centred at 1.413 eV and a shoulder at higher
energy of 1.44 eV. The lower energy peak is attributed to band edge emission from WZ InP
nanowires [9, 10] and the higher energy peak to the split off valence band [11, 12]. The strong
PL emission indicates the high crystal quality achieved by using SA-MOVPE technique [4].
PL intensity decay behaviour for these InP nanowires was also investigated by the
time-resolved PL (TRPL) measurements at room temperature. The inset figure in Figure 6.3
shows the decay time (PL lifetime) measured at the PL peak energy of 1.413 eV, which is ~

1.54 ns.
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Figure 6.3: A typical room-temperature PL spectrum of a single InP nanowire studied in this

thesis. The insert figure shows the TRPL decay of the nanowire.

6.3 Detector Fabrication and Characterisation

6.3.1 Device Fabrication

After growth, the InP nanowires were mechanically transferred from the growth substrate to
the surface of z-cut quartz substrates, in which a filter paper (held by tweezers) was used to
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break off the nanowires from the as-grown substrate and place them onto the quartz substrate
(by sweeping the filter paper). Conventional ultraviolet (UV) photolithography was employed
to pattern the electrodes onto the nanowires. An oxygen plasma etch was used for further
removal of the photoresist residue from nanowires, followed by a 9.3% HCI chemical etching
to remove native oxide layer from the nanowire surface. The detector structures were finally
achieved by using electron beam evaporation to deposit Ti/Au (10 nm/300 nm) on the

electrode patterns followed by lift off.

Figure 6.4: SEM images of representative InP single-nanowire detectors used in this study,
labelled with nominal dimensions: (a), (c) a nanowire detector with strip-line geometry; (b), (d)
a nanowire detector with bow-tie geometry. (Top) Zoom-out views of the fabricated detectors.

(Bottom) Zoom-in images of the central area of the detectors.

Both bow-tie and strip-line antennas were fabricated as electrode geometries for the InP
nanowire detectors, which have been simulated and proven to provide a broadband THz
response in Chapter 5. Figure 6.4 shows typical SEM images of the InP single nanowire

detectors used in this chapter.

6.3.2 Dark/Photo Current-\Voltage Measurement

The optoelectronic properties of InP single nanowire detectors were characterised by
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dark/photo current-voltage (I-V) measurement. Photocurrents from InP single nanowire
detectors were obtained under the illumination of a pulsed 522 nm laser at a fluence of 0.8
mJ/cm?/pulse, which is exactly the same illumination condition used to measure the
GaAs/AlGaAs single nanowire detectors (Section 4.3.2). Figure 6.5 shows the 1-V curves from
a GaAs/AlGaA single nanowire detector and an InP single nanowire detector measured under
the same illumination conditions. The photocurrents from InP single nanowires were found to
be approximately 30 nA at 2 V with the dark currents at sub-nA level (~10™ A), showing much

higher photo-sensitivity than those of GaAs/AlGaAs nanowire detectors.
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Figure 6.5: Photocurrents measured from (a) a GaAs/AlGaAs single nanowire detector and (b)
an InP single nanowire detector fabricated in this study, under illumination of a pulsed laser
(522 nm centre wavelength, 300 fs duration and 20 MHz repetition rate) at a fluence of 0.8

mJ/cm?/pulse.

6.4 Terahertz Measurements

6.4.1 Optical Pump-Terahertz Probe Spectroscopy

The photoconductivity rise time, carrier lifetime and mobility of these InP nanowires were
evaluated using time-domain optical pump-THz probe (OPTP) spectroscopy [13, 14] for a

comparison with GaAs/AlGaAs nanowires as described in Chapters 4. A mono-exponential
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carrier decay was observed for an ensemble of InP nanowires with a sub-picosecond
photoconductivity rise time [3] and a photoconductivity lifetime of ~1.71 + 0.32 ns as shown
in Figure 6.6(b). The long (>> 1 ps) photoconductivity life indicates that the InP single
nanowire detectors are of integrating type, and they only require one sampling mode in
response processing, unlike the GaAs/AlGaAs single nanowire detectors which require
considering complicated two-sampling mode processing as a result of multi-exponential decay
(where the first sharp decay comes from recombination in the cap layer due to the presence of
thin GaAs cap layer outside the GaAs/AlGaAs nanowires) as shown in Figure 6.6(a). The
photoconductivity lifetime for these InP nanowires is similar to their PL lifetime (see Section
6.2.2.2), which benefits from their simple core-only structure as opposite to the GaAs/AlGaAs
nanowires whose surface GaAs capping and AlGaAs shell cause the complexity of the analysis
of material properties and corresponding device performance as discussed in Sections 4.5.1
and 5.3.3. It is also found that the photoconductivity lifetime of these InP nanowires is ~ 2-3
times smaller than that of GaAs/AlGaAs nanowires (sample A in Chapter 4), suggesting a
lower noise current level may be observed in InP single nanowire photoconductive detectors.
The mobility of InP nanowires was extracted by fitting the photoconductivity spectra [15] and
was found to be approximately 1260 + 320 cm® V! s™ which is a factor of ~ 2 times higher
than that of previously reported InP nanowires grown by the vapour-liquid-solid technique [2,

3], further confirming the high quality of the nanowires grown by SA-MOVPE.
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Figure 6.6: A comparison of OPTP photoconductivity decays between (a) GaAs/AlGaAs

nanowires (sample A in Chapter 4) and (b) InP nanowires.
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6.4.2 Terahertz Detector Performance

The fabricated InP single nanowire detectors were incorporated into a pulsed THz-TDS
system [13] for THz response characterisation. The details of the THz-TDS system were
described in Section 3.4.4. Figure 6.7 shows the THz responses measured from two strip-line
and two bow-tie InP single nanowire detectors, respectively. For each type of nanowire
detectors (with the same device configuration), they gave repeatable THz response results in
terms of response current profile and the corresponding response spectrum (see Figure 6.7).
Similar to the GaAs/AlGaAs nanowire detectors (including both strip-line and bow-tie ones as
described in Section 5.3.1), it is found that the THz response current obtained from the bow-tie
InP nanowire detectors (Figure 6.7(a)-(f)) is much higher than that obtained from the strip-line
InP nanowire detectors (Figure 6.7(g)-(1)), which is consistent with the simulation results (see
Figure 5.5). Figure 6.8 shows a demonstration of how to extract both amplitude and phase
information from a typical THz-induced transient photocurrent measured from a single InP
nanowire detector. Using the temporal current profile directly measured from the nanowire
detector as shown in Figure 6.8(a), key information such as the waveform of incident THz
electric field as a function of time, and the corresponding phase and amplitude spectrum, were
extracted via Fourier transformation and are presented in Figures 6.8(b), (c) and (d) (detailed
calculation methods see Chapter 2). It can be seen from Figure 6.8(d) that the THz response
measured from the single InP nanowire detector exhibit excellent signal-to-noise ratio (SNR)
with broad spectral bandwidth ranging from 0.1 to 2.0 THz which was mainly limited by the

bandwidth of the THz source in this work.
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Figure 6.7: THz responses measured from single InP nanowire detectors with both strip-line

(blue) and bow-tie (green) electrode structures. Left: unprocessed THz-induced current. Centre:

calculated time-domain electric field. Right: amplitude frequency spectrum of the device.
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Figure 6.8: THz response characteristics of a typical (strip-line) single InP nanowire THz
detector: (a) THz-induced current (measured from a single nanowire detector with strip-line
electrode geometry); (b), (c), (d) processed data from (a): calculated time-domain THz electric
field, phase and amplitude frequency spectrum. The dashed line is the reference spectrum

obtained from a standard bulk electro-optic crystal detector.

Traditional InP receivers (bulk Fe'-implanted InP) with the same (bow-tie and strip-line)
device geometries were characterised in the same THz-TDS system to compare with InP single
nanowire detectors. Finite-difference time-domain (FDTD) simulation results are also shown
for reference. Figure 6.9 shows the THz responses obtained from single InP nanowire detectors,
simulated antennas and ion-implanted InP receivers (bulk reference) for both the strip-line and
bow-tie configurations. It can be seen that the response waveform and spectral profile
measured from the InP single nanowire agree very well with the simulation results (only
integrating sampling type). The bulk references show similar performances to those of
nanowire detectors however with a small distortion (see the defined regions by the red
dashed-line squares in Figure 6.9) observed in the measured waveform signal and frequency
spectrum, particularly for the case of the bulk bow-tie detector. This may be attributed to the
ion-implanted InP detector being of intermediate type [16] as determined by their short carrier
lifetime (< 6 ps), which requires further correction in terms of deconvolution (as will be
discussed and shown in Figure 6.10). However, such correction would not affect the SNR

analysis.
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Figure 6.9: THz response obtained from (a), (b), (g), (h) single InP nanowire detectors; (c), (d),
(i), (j) simulated antennas; (e), (), (K), (I) bulk InP receivers, with contact geometry of strip
lines (blue solid line) and bow tie (green solid line). All the figures on the left are the
time-domain electric field and those on the right are their corresponding frequency-domain

amplitude spectra. (Dash dot line: noise floor. Inset: schematic diagrams of the samples.)

In addition, the bulk ion-implanted InP receiver shows a small replica of the main THz pulse
at ~ 8.5 ps (see the circle in Figure 6.9(k) with a black dashed line border) in response spectra,
due to the reflected THz pulse from the bottom surface of the bulk ion-implanted InP substrate
(~ 0.4 mm thick). In contrast, no reflection signal can be observed in the nanowire detector

response spectra (see Figure 6.9(g)), since the InP single nanowire detectors are fabricated on
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thick quartz substrates (~ 2 mm) with a single nanowire as the active component, resulting in a
long time-domain sampling window (and hence enabling higher spectral resolution
measurements). Therefore, more details (as good as the simulated spectrum) can be measured
by the nanowire detector in its response spectrum, as highlighted with the red dashed-line
squares in Figures 6.9(h) and (j), while some spectroscopic information is lost in the bulk

detector due to the limited spectral resolution (see the red dashed-line squares in Figure

6.9(1) ).
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Figure 6.10: Comparison of THz response spectra calculated by (a) differentiation and (b)
deconvolution of the photocurrent obtained from a Fe* ion-implanted InP receiver with bow-tie
geometry. (c) A reference THz response spectrum calculated by differentiation of the

photocurrent obtained from an InP single nanowire photoconductive THz detector.

To correct the distortion observed in the measured waveform signal for the case of the
traditional bow-tie Fe* ion-implanted receiver (see Figure 6.9), deconvolution was performed.
Details of the correction method have been described in Section 2.4.2. Figure 6.10 shows the
THz response spectrum of an ion-implanted InP receiver processed without (a) and with (b)
deconvolution. The corrected spectrum of the InP receivers is similar to that of the single InP

nanowire detector as shown in Figure 6.10(c), which confirmed that the Fe" ion-implanted
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receiver is of intermediate type (see Section 2.4.2). In theory, for the case of strip-line Fe"
ion-implanted receiver, such response correction also needs to be done. However, it is hard to
see the change before and after response correction in this work, as there is much less
distortion in the measured response waveform signal (see Figure 6.9(e)) due to the use of
strip-line device geometry.

To further quantitatively compare the InP nanowire detectors with GaAs/AlGaAs
nanowire detectors studied in this thesis, Figure 6.11 shows the THz responses measured from
an InP single nanowire detector and a GaAs/AlGaAs single nanowire detector. Since they have
the same device geometry, their responses show similarities both in terms of current profile and
spectral response. However, the response for the InP single nanowire detector is 2-3 times
higher in magnitude compared to that of the GaAs/AlGaAs single nanowire detector while
lower in noise floor and thus broader in detection bandwidth. These results are consistent with
previous measurements and analysis of the InP nanowires, which show higher photocurrents

(photosensitivity) but shorter photoconductivity lifetimes, critical for THz detector

applications.
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Figure 6.11: Comparisons in THz responses measured from a GaAs/AlGaAs single nanowire
detector (blue solid line) and an InP single nanowire detector (red solid line) with the same
(strip-line) device geometry. Left: unprocessed THz-induced current. Centre: calculated

time-domain electric field. Right: amplitude frequency spectrum of the device.
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A comparative summary of device performance between the nanowire THz detectors and
traditional ion-implanted THz receivers is listed in Table 6.1. Despite having a pA-level
response and a relatively long photoconductivity lifetime, the single nanowire detectors show
comparable SNR to bulk receivers, owing to the nature of low dark currents (low background
noise). Overall, InP nanowire detectors show much higher response current than GaAs/AlGaAs
nanowire detectors. However, the better SNR (which means more stable signal from scan to
scan) for strip-line GaAs/AlGaAs-detectors could attribute to the direct-sampling signal
component from the GaAs capping layer. It is interesting to note that the dynamic range for
each detector is significantly different, which likely arises from different coupling effects
between antenna geometry (bow-tie vs strip-line) and material parameters (nanowire vs bulk).
It may be useful to further simulate and measure the impedance, capacitance and coupling

efficiency of each antenna design for further improvement.

Table 6.1: A comparison of device performance among GaAs/AlGaAs single nanowire detector,
InP single nanowire detector and traditional ion-implanted InP receiver. BT: bow-tie geometry;

SL.: strip-line geometry. All dark -V measurements were conducted at bias of 1V.

Device type GaAs/AlGaAs InP lon-implanted InP
Single Nanowire | Single Nanowire Bulk Receiver
Performance SL BT SL BT SL BT
Conductivity Lifetime (ps) ~ 4600 ~ 1710 <6
Dark Current (pA) ~10 ~10 ~10 ~10 ~ 69200 | ~ 45700
THz Signal (pA) 7.96 13.6 19.5 52.6 676.6 | 544.3
Signal-to-noise Ratio 34 31 21 40 70 43
Dynamic Range 97 180 103 575 540 280

To demonstrate the potential of the InP single nanowire detectors for practical use, a number
of 0.33 (= 0.01) mm paper cards were inserted into the THz path and their transmission spectra
were characterised using the single InP nanowire detectors. Figure 6.12(a) shows the optical

setup used in this measurement. Figures 6.12(b)-(j) show the THz responses measured by a
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single InP nanowire, a bulk InP receiver and a standard electro-optic detection crystal (ZnTe),
with and without the presence of cards in the THz-TDS system. It can be seen that, despite
having a pA-level THz photocurrent signal, the single InP nanowire shows comparable
sensitivity to that of traditional bulk detectors in both measured THz amplitude and phase
spectra. Based on the data shown in Figure 6.12, the absorption coefficient [17] (Figure 6.13(a))
and refractive index spectra [18-20] (Figure 6.13(b)) of the card were obtained based on the
method described in Section 2.6. The refractive indices measured from the three different types
of detectors are similar and constant (~ 1.55) over the frequency band extending from 0.4 to
1.6 THz, consistent with the value reported in the literatures [20]. This result indicates that the

InP single nanowire detectors have sufficient potential to be utilised for practical applications.

a THz Pulse Detector
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Figure 6.12: (a) Schematic representation of the transmission measurement in a THz-TDS
system. (b) - (j) THz responses measured from three different types of detectors with and
without the presence of paper cards (red solid line: no card; blue solid line: one card; green
solid line: two cards); (b), (c), (d) a strip-line InP single nanowire THz detector; (e), (f), (g) a
strip-line ion-implanted InP receiver; (h) (i), (j) a ZnTe electro-optic crystal. Top row:
calculated time-domain electric field. Centre row: frequency-domain phase information.

Bottom row: frequency-domain amplitude spectrum.
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Figure 6.13: (a) Absorption coefficient and (b) refractive index spectra of a paper card
measured by three different types of THz detectors. The solid lines are a guide to eye and the

variations in adjacent points of data sets can be attributed to the noise.

6.5 Summary

Photoconductive THz detectors based on single InP nanowires were demonstrated in this
Chapter. The InP nanowires exhibit higher crystal quality (core-only, stacking-fault free and
pure WZ structure), higher carrier mobility (1260 + 320 cm? V! s™) and relatively shorter
carrier lifetime, compared to that of the best GaAs/AlGaAs nanowires (Sample A as described
in Chapters 4 and 5), which is more desirable for THz detection. By using optimised device
geometry designs, InP single nanowire detectors with a broad bandwidth (0.1-2.0 THz), high
amplitude and phase sensitivity were achieved, which were found to be comparable to that of
the traditional ion-implanted bulk InP receiver and the standard electro-optic ZnTe crystal THz
detector. By further using these InP single nanowire detectors as microscopic coherent sensors
in a THz-TDS system, the THz transmission spectra of paper cards were successfully measured
showing excellent spectral and phase sensitivities and thus great potential for spectroscopic

applications.
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Chapter 7

Photoconductive Terahertz Detectors with
Enhanced Sensitivity Based on Axial n™-i-n"
INP Nanowires

7.1 Introduction

Having optimised both active material system and device design in previous chapters, this
chapter seeks to further improve the efficiency of nanowire detectors to compete with
traditional detectors. In traditional photoconductive terahertz (THz) electronics, contact quality
is known to play a significant role in determining device performance [1]. Lower contact
resistance leads to higher output power in photoconductive emitters; similarly, for effective
detection, Ohmic contacts are essential to ensure maximum detection sensitivity [2]. However,
the undoped single InP nanowire detectors described in Chapter 6 exhibit a clear Schottky
interface between the nanowire and metal contact (see Figure 6.5). It is therefore important and
necessary to create high-quality Ohmic contacts to further improve the performance of single
InP nanowire detectors.

Typical approaches to form Ohmic metal-semiconductor contacts include thermal alloying
[3, 4] and ion-implantation [5] at the contact region, which are not suitable processes for
semiconductor nanowires as the former may lead to material thermal decomposition while the
latter is challenging and risks material damage. A careful choice of contact metals can help [4],
for example, non-annealed contacts including Ti/Au contacts have been widely used for the
low temperature grown GaAs photoconductive THz antennas to achieve Ohmic behavior [4, 6,
7]. However, the very limited contact surface area for single nanowire devices may still lead to
significant device-to-device variation in the contact quality. In this chapter, design, growth and
characterisation of modulated doped n*-i-n" axial structure in nanowires are proposed. By

making electrical contact to highly doped end regions of the nanowire, low contact-resistance
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n*-i-n" InP single nanowire devices can be realised for highly-sensitive THz detection.

7.1 Nanowire Doping

To achieve appropriate doping in the n*-i-n* single InP nanowires, the relationship among
nanowire growth, doping characteristics and resultant device contact quality was firstly studied.
Undoped and uniformly n-type doped InP nanowires with different doping concentrations were
grown for such an investigation. It is noted that effective characterisation of spatially varying
carrier densities in a single nanowire is highly challenging due to the small volumes of material
involved and thus limited techniques. An all-optical technique developed by the Australian
National University group [8] was used to measure the local carrier density with
diffraction-limited resolution. By correlating these measurements with 2- and 4-terminal
contact electrical studies, the effectiveness of the modulation doping approach was evaluated

and used for design/growth of the axial n*-i-n" nanowire structure.

7.1.1 Growth of Uniformly-Doped InP Nanowires

The undoped and uniformly-doped InP nanowires were grown on bulk (111)A InP substrates,
using the selective-area metalorganic vapour phase epitaxy (SA-MOVPE) technique in a
commercial MOVPE reactor. The growth of undoped InP nanowires followed the same process
as described in Section 6.2.1, which has been shown to produce unintentionally n-type doped,
defect-free and pure wurtzite (WZ) InP nanowires [8, 9]. The unintentional doping in the
undoped InP nanowires can be attributed to the background impurities in the MOVPE
precursors [10]. For intentional (uniform) n* doping, gaseous silane (SiH, was introduced
during nanowire growth, with all other parameters being kept unchanged to produce, Si-doped
n-type [11] InP nanowires. In order to investigate the effect of Si doping, the dopant flow rates
were set from 5.1x10°® to 1.0x10® mol/min to produce a series of uniformly-Si-doped InP

nanowire samples with different doping concentrations.
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7.1.2 Material Characterisation

7.1.2.1 Scanning/Transmission Electron Microscopy

Both undoped and uniformly-Si-doped InP nanowires were found to be structurally
uniform, with a diameter in the range of 220-260 nm and a length of 8-12 um. The
scanning-electron-microscopy (SEM) image of a typical doped single InP nanowire studied in
this work is shown in Figure 7.1(a). The effect of Si doping on crystal defect evolution in these
InP nanowires was examined by transmission electron microscopy (TEM). Figures 7.1(b)-(d)
display the TEM images for InP nanowires grown with SiH, flow rates of 0, 5.1x10°®, 3.1x10”
mol/min, which will be named as undoped, lightly-doped, heavily-doped InP nanowires,
respectively. The TEM images show that all nanowires have WZ phase structures (Figure
7.1(e)) and are free of stacking faults. The presence of Si in InP nanowires was found to be
below the energy-dispersive X-ray detection limit (~ 0.3 atomic percentage, equivalent to
1x10" cm®) for all samples, which means the doping level for all Si-doped InP nanowires

studied in this dissertation is lower than 1x10* cm,

Figure 7.1: (a) A SEM image of a uniformly-Si-doped single InP nanowire studied in this work.
(b) - (d) TEM images taken along [-2110] zone axis from the undoped, lightly-doped,
heavily-doped InP nanowires, respectively. (e) Selected area electron diffraction pattern of a

typical Si-doped InP nanowire confirming the WZ phase structure.
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7.1.2.2 Spatially-Resolved Doping Concentration by Time- and Power-Dependent

Photoluminescence

To measure the doping concentration and variation along the single InP nanowire axis, a
novel optical technique [8] based on power-dependent photoluminescence (PL) and
time-resolved PL measurements was employed. This technique was realised using a micro-PL
spectroscopy setup incorporating both a PL spectroscopy and a time-correlated single photon
counting system as described in Section 3.2.3. A linearly polarised pulsed laser (522 nm) with
300fs pulsed width, 20.8 MHz repetition rate and beam spot size of ~ 635 nm (in diameter)
was used to photo-excite the nanowire. A neutral density filter wheel was employed to control
the laser excitation power. A two-dimensional motorised translation stage with 200 nm
minimum incremental step size was used to control the laser excitation position along the
nanowire.

This optical method is based on the analysis of carrier rate equation, expressed by

dn n 4S
E—G—;—B(ND-FTI)TL—KTL (71)

where n(t) is the time-dependent carrier density, G is the carrier generation rate, t,,, is the
nonradiative recombination lifetime, B is the radiative recombination rate constant, N, is the
doping concentration, and S and d are the surface recombination velocity and diameter of
the measured InP single nanowire, respectively. The Auger recombination rate is ignored in
equation (7.1) due to the small excitation power used in measurements.

Under the excitation of a short pulsed laser, it is reasonable to assume that photo-induced
carriers in the nanowire are generated as a delta function at t =0, and thus G is equal to zero
in equation (7.1) as the initial carriers are only induced at t = 0. For the InP nanowires studied

in this work, their surface recombination velocity has been found to be about 161 cm/s[8, 9]

such that the surface related term %Sn can be ignored in equation (7.1) as it is far less than
nonradiative recombination Ti . By setting t,,,- as the system time and N1 = 1/(Bt,,) as

nr

carrier density unit, the equation (7.1) can be simplified as
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dn’
dt’

= -1 +np)n’ — (n)? (7.2)

where n' is the carrier density in units of N1; np is the doping density in units of N1; t’ is
the time unit of 7,,.. To solve equation (7.2), the power-dependent PL measurements were
performed as shown in Figure 7.2(a). The power-dependent PL intensity curve can be

expressed as

I(P) X n,.qq = log (1+nD) - log(m) +n, (7.3)

No No

where n,,4 is the carrier density involved in radiative recombination, n is the initial carrier
density that is proportional to incident laser power. By fitting the power-dependent PL intensity

curves as shown in Figure 7.2(b), the doping concentration n, in unit of N1 can be extracted.
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Figure 7.2: (a) Power-dependent PL spectra (with an incident power decreasing from the top to
the bottom) taken from a single InP nanowire; (b) PL integrated intensity as a function of
power obtained from (a); (c) PL intensity decay as function of time under a low excitation

power in (a), fitted by a single exponential decay with lifetime of 0.92 ns for the InP nanowire.
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Then using the extracted doping concentration ny (in units of N1), the total carrier decay

with respect to time in the nanowire can be calculated from

no

n’(t,) _ 1+np+ng
e(1+np)t’ _ no

1+np+ng

(1+np)

(7.4)

which is proportional to the PL intensity decay (as shown in Figure 7.2(c)). By fitting equation
(7.4) to the PL intensity decay as a function of time, the non-radiative lifetime t,, can be
extracted. According to the value of t,, and B, the doping concentration Nj can be

extracted as demonstrated in Figure 7.3.
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Figure 7.3: Doping profiles of single InP nanowires with (a) unintentional, (b) light, (c) heavy

and (d) saturated doping measured using the technique described in this section.

Figure 7.3 shows the optically measured doping profiles along the length of undoped,
lightly-doped, heavily-doped and saturated-doped InP single nanowires, respectively. Since
inhomogeneity in a nanowire ensemble is known to lead to variations in doping concentration

among nanowires, multiple sets of measurements were performed to evaluate an average
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doping level for each growth condition. The average doping concentration for the undoped InP
nanowires is ~ 0.17x10"® cm™ and for the lightly doped nanowires is ~ 0.49x10™ cm?.
However, by continuously increasing SiH, flow rate during growth, the Si incorporation
became uncontrollable. The heavily-doped samples show some variation in doping
concentration both among nanowires (with values ranging from 1.08x10% to 1.76x10% cm™)
and along the single nanowire axis (see Figure 7.3(c)). With an increase of SiH, flow rate to
1.0x10°® mol/min, Si doping concentration seems to be saturated, as suggested in Figure 7.3(d),
where a doping level of only ~1x10™ cm® was achieved. The understanding of nanowire
dopant is worthy of further study in the future. This chapter will focus on electrical
characterisations of the undoped, lightly-doped and heavily-doped InP nanowires for

subsequent growth design of the axial n*-i-n* InP nanowire structure.

7.1.3 Electrical Characterisation

The uniformly-doped InP nanowires with different Si doping concentrations were fabricated
into both 2-terminal and 4-terminal single nanowire devices for current-voltage (I-V)
measurements to examine their contact quality. 2-terminal measurements reveal the overall
behaviour including contact type (Schottky/Ohmic) and quality of the nanowire device.
Furthermore, 4-terminal measurements allow the accurate measurement of nanowire resistivity
without the influence of contact resistance [12] (see Section 3.4.3). The device geometry is
shown as an inset image in Figure 7.4. Figure 7.4 displays the room-temperature 4-terminal
dark |-V characteristics of the undoped, lightly-doped and heavily-doped InP single nanowires,
respectively, showing a clear decrease in nanowire resistance with increasing of Si doping,
consistent with their doping concentration analysis shown in Figures 7.3 (a)-(c). The resistance
between the 2 internal contacts (separated by 1.5 pum distance), obtained by 4-terminal
measurements, is found to be approximately 4x10° Q, 1x10° Q and 2x10° Q for the

undoped, lightly-doped and heavily-doped InP nanowires, respectively.
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Figure 7.4: Dark |-V characteristics of the InP nanowires from the same growths as described
in Figures 7.3(a) - (c) based on a 4-terminal contact (inset: SEM image of a single InP

nanowire device having four-terminal contacts).

Figure 7.5(a) shows the room-temperature 2-terminal dark 1-V characteristics of nanowire
detectors from the undoped, lightly-doped and heavily-doped InP nanowires. The dynamic
resistances of the undoped, lightly-doped and heavily-doped InP nanowires are one or two
orders larger than those obtained in their 4-terminal measurements (see figure 7.5(b)-(d)). The
difference between these two types of measurements highlights the large influence of contact
resistances on nanowire device performance. It is also noted that in 2-terminal measurements,
I-V characteristics for devices from undoped and lightly-doped single InP nanowires show
typical Schottky behaviours, whereas the |-V characteristics for devices from heavily-doped
single InP nanowires show (almost) Ohmic behaviour, indicating that Si doping above ~
1x10"® cm™can create low-resistance contacts in the given geometry for InP nanowire devices

[11].
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Figure 7.5: (a) 2-terminal dark I-V characteristics of single InP nanowires with unintentional,

light and heavy doping. (b)-(d) The calculated dynamic resistances (dV/dl) from the data

7.1.4 Growth of n™-i-n" InP Nanowires

shown in (a).

Based on the understanding of the relationship between contact resistance and nanowire

doping from the 2-terminal and 4-terminal I-V measurements, n*-i-n* InP nanowire structure

was designed to obtain Ohmic contacts to enhance device performance. To grow the n*-i-n*

nanowire structure, gaseous SiH, was introduced at the beginning of the growth, and shut off

for i-section growth, and introduced again for the rest of growth. Each axial segment was

grown for the same time (12 min), with the flow rates of SiH, set to 3.1x107, 0 and 3.1x10”
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mol/min, respectively, targeting a doping concentration profile of 1x10'-1.5x10"-1x10" cm

along the single InP nanowire, with the nominal length of each section of ~ 3 um.

7.1.5 Doping Profiling of n*-i-n™ InP Nanowires

The n*-i-n" InP nanowires were characterised using the optical doping profiling technique [8]
described earlier (see Section 7.1.2.2). Power-dependent PL spectra were measured point by
point along the single n*-i-n" nanowire. For each point, time-resolved PL intensity decay
(under low excitation power condition) was recorded to extract a local PL lifetime for
calculation of the doping concentration. The PL spectrum peak position profile along the
nanowire was plotted in Figure 7.6(a), where both ends show a clear blue-shift in PL peak
position, confirming they have a relatively high doping level of n-type [13] as designed.
However, the PL peak position cannot be used to evaluate the doping level, since the PL peak
position distribution is affected by excitation condition, intrinsic doping distribution and
valence band splitting [8], which shows no linear relationship between PL peak position and
doping concentration. The PL lifetime profile along the same nanowire is shown in Figure
7.6(b), indicating an asymmetric n*-i-n* doping profile could have been formed within the
single InP nanowire. Figure 7.6(c) displays the corresponding doping profile as determined by
the optical technique. It can be clearly seen that the doping along the nanowire is also
asymmetric, consistent with the PL lifetime profile. Nevertheless, the doping profile along the
nanowire qualitatively follows the design of n*-i-n* structure, with dopant levels ranging from
0.28x10" to 1.48x10' cm®, from the nominally undoped section to heavily-doped section.
While the undoped section was found to be ~ 3 um in length as expected, a significant
difference in length of the other two sections was observed. This is attributed to the large
variation in growth rate during nanowire growth, since it has been shown that SA-MOVPE InP
nanowires grow much faster near the base [14]. Considering the three sections in the n*-i-n"
nanowires were grown for the same duration of time, it can be inferred that the end starting
from O on the abscissa in Figures 7.6(a)-(c) is the base of nanowire. This region has a doping

level of 1.05x10™ cm®with a slow transition profile from n*-doped section to the undoped
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section, likely due to being held at a high temperature during growth for a longer time, which
led to diffusion of the Si dopant from the base. Accordingly, the other end with short growth
length should be the tip of the nanowire, which has higher doping level of 1.48x10* cm®and
an abrupt doping profile next to the undoped section. This analysis on the base and tip of the
nanowire has also been confirmed by SEM imaging of the nanowire as shown in Figure 7.6(d),
where the tip end of the nanowire is easily identified by a flat surface profile and base end with
a jagged profile (due to being broken off from the substrate). In order to obtain a symmetrical
n*-i-n* doping profile in the nanowire, such deviations should be accounted for by careful
calibration of growth time for each segment and further optimisation of growth conditions to
achieve a higher doping for n* region at the nanowire base.
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Figure 7.6: (a) PL spectrum peak position profile along a single n*-i-n* InP nanowire studied in
this work (position at 0 um denotes the bottom of the nanowire where the growth starts). (b)
The PL lifetime profile and (c) the corresponding doping profile along the same nanowire in

(a). (d)The SEM images of the bottom (left) and top (right) parts of the InP nanowire.
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7.2 Device Fabrication and Characterisation

7.2.1 Device Fabrication

Based on the doping profile analysis, Ti/Au (10 nm/300 nm) electrode contacts were
fabricated onto the n*-i-n* nanowires, covering each end with a length of ~ 1 um (see Figure
7.7(a)). It was tested and found that a longer contact length (> 2 um) would overlap with the
undoped section and reduce the active area of the resultant device, while shorter contact length
(< 800 nm) would reduce the contact area to the nanowire and degrade the contact quality.
Conventional UV photolithography was employed to pattern the electrodes. An oxygen plasma
etch was used to remove the photoresist residue on nanowires after development, followed by a
9.3% HCI chemical etching to remove native oxide layer around the nanowire surface. Ti/Au

contacts were metallised using electron beam evaporation.

7.2.2 Photocurrent Mapping

In order to confirm the improvement of contact quality from the n*-i-n” design,
spatially-resolved photocurrent mapping of the single InP nanowire devices was performed
under 532 nm continuous-wave laser excitation. Figure 7.7(b) shows photocurrent distribution
scanned along an undoped InP single nanowire device as well as an n*-i-n" InP single nanowire
device under the biases of £+ 0.5V. It can be seen that the photocurrent predominantly
originates from the central, intrinsic region of the nanowire in the n*-i-n" nanowire device,
while the photocurrent is mainly from the contact junctions in the undoped nanowire device
(due to the formation of back-to-back Schottky contacts). This indicates that the n* section of
the n*-i-n" nanowire worked well as intended, lowering the contact barrier height, to form
low-resistance contacts at both ends of the nanowire device. It is also noted that the
photocurrent profile along the n*-i-n* nanowire is in good agreement with the doping profiles
shown in Figures 7.6(a)-(c), confirming that the photocurrent in the n*-i-n" nanowire device
mostly arises from the undoped section. Importantly, the n*-i-n" nanowire device exhibits
strong photosensitivity even under room light illumination, whereas the undoped nanowire
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device barely has an observable photo-response under the same condition (Figure 3(d)). A
quantitative photo-response comparison between the n*-i-n* and undoped single nanowire

devices is provided in Figures 7.7(c) and (d).
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Figure 7.7: (a) SEM image of a typical 2-terminal n*-i-n" single InP nanowire device fabricated
in this study. (b) Photocurrent maps of an undoped (top) and an n*-i-n* (bottom) single InP
nanowire device at biases of £ 0.5 V scanned using a 532 nm continuous-wave laser with a
beam spot size of ~ 720 nm (in diameter) and a scan step of 150 nm. The colour from red to

black in the mapping corresponds to the (normalised) photocurrent intensity from maximum to

the minimum for each device. (c) and (d) show the comparison of photocurrent profiles along
an undoped and an n*-i-n" single InP nanowire devices measured using a WiTec alpha300S
scanning microscopy system in (b). The two detectors were fabricated with the identical

process and excited under the same laser illumination at a fluence of 56.3 NW/um?.

7.2.3 Power-Dependent Photocurrent

Under the similar setup as used for the photocurrent mapping measurements,
power-dependent photocurrent measurements scanned along the n*-i-n* nanowire device were
also carried out and the results are plotted in Figure 7.8, indicating that the non-metallised n*
sections also contribute to the total photocurrent. The Si doping at this section could be

responsible for the reduced yield of photocurrents, since the free carrier absorption [15]
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become significant when doping increasing which may compete with band to band absorption,
thereby reducing the number of available photons to the device. For optimal photo-detection in
the future, the length of n* sections in n*-i-n" nanowires should be reduced and optimised for

the main function of contacting.
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Figure 7.8: (a) Power-dependent photocurrents scanned along an n*-i-n* InP single nanowire

device under different excitation powers, where the device is biased at - 0.15 V.

7.2.4 Bias-Dependent Photocurrent

In order to examine the influence of doping asymmetry (observed in Figure 7.6) on device
performance, bias-dependent photocurrent measurements along the single n*-i-n* nanowire
device were performed. It can be seen from Figure 7.9(a) that the photocurrent from the n*-i-n*
device shows a distinct difference in intensity under positive and negative bias. However, the

spatial distribution of photocurrent is insensitive to the applied bias direction and always

observed predominantly from the nominally undoped section.
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Figure 7.9: (a) Bias-dependent photocurrents scanned along an n*-i-n* InP single nanowire
device (under illumination of 532-nm laser at a fluence of 0.5 nW/um? with a beam spot
diameter of ~ 720 nm and a scan step of 150 nm). Positive bias means that the tip of the

nanowire is positive relative to the base; accordingly, positive current means that the electron
flows from the base towards the tip. (c) Photocurrent vs voltage on a log—log scale. The
photocurrent data is extracted from the data in (a) at the position of ~ 7.7 um (undoped

section).

The 1-V characteristics for the n*-i-n" nanowire device are plotted in Figure 7.9(b). For the
case of positive bias, the photocurrent increases with increasing bias voltage and can be
described by three different carrier-transport regimes: (I) a linear behaviour at the very low
voltage region, obeying Ohm’s law; (II) an exponential behaviour at the medium voltage
region, commonly occurring in the wide band gap p-n diodes due to a recombination tunnelling
mechanism [16, 17]; and (I11) a power-law behaviour at the high voltage region, resulting from
space-charge-limited current [18]. The observation of the three regions indicates the presence
of a typical Schottky barrier under positive bias in the device. For the case of negative bias,
only one behaviour is observed: the photocurrent increases following a linear relationship,
suggesting a very low Schottky barrier (hence a quasi-Ohmic contact) in the device under
negative bias. The different barrier heights under positive and negative bias in the device can
be ascribed to the difference in doping levels at the tip and the base of the n*-i-n” InP nanowire.
The contact at the base may be responsible for the higher barrier as it has lower doping
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concentration (see Figure 7.6(c)). The imperfect Ohmic contacts for the n*-i-n* nanowire
devices indicate that there is still room for further growth optimisation. Nevertheless, both
contact barrier heights in the n*-i-n* device are already significantly reduced through such
contact doping, since the n*-i-n" InP nanowire device shows a much higher photo-response
than the undoped nanowire device under the same measurement conditions (see Figures 7.6(c)

and (d)).

7.2.5 Temperature-Dependent Photocurrent Spectrum

To study the influence of temperature on the spectral performance of the n*-i-n" InP single
nanowire device, temperature-dependent photocurrent spectrum measurements (at a bias of
0.1V) were performed and the results are displayed in Figure 7.10(a). The photocurrent spectra
of the n*-i-n* single InP nanowire device were measured under illumination of a while light
source (halogen lamp) dispersed by a standard monochromator. The monochromatic light was
normalised and its intensity was 0.17 nW/pm?. The measured photocurrent spectra (calibrated
against a standard Si photodiode) show a broad photo-response with a cut-off wavelength at
~ 876 nm (at room temperature), which matches well with the WZ InP band gap. A clear blue
shift of the cut-off wavelength is observed in photocurrent spectra with decreasing temperature,
which could be attributed to the blue shift of band gaps of the n*-i-n" InP nanowire with
temperature. By extracting the 50% long wavelength cut-off at each temperature, the
temperature-dependent band-gap enegry of the n'-i-n* single InP nanowire was obtained,
which follows well with the Varshni’s relation [19] (that is the band-gap energy of a
semiconductor versus temperature relationship) as shown in Figure 7.10(b), again confirming
the WZ structure of InP nanowires. The reduction in photocurrent intensity with decreasing
temperature may be explained on the basis of trapping centres associated with native (point)
defects in the n*-i-n” InP nanowire. It is noted that the photocurrent can still be measurable at
77 K, confirming the high contact quality in the n*-i-n" nanowire device allowing an operation

at low temperature (77 K) and low applied voltage (0.1 V).
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Figure 7.10: (a) Photocurrent spectra measured from an n*-i-n* InP single nanowire device at

temperatures ranging from 77 to 296 K . (b) Variation of the band-gap energy as a function of

temperature of the n*-i-n" InP single nanowire obtained from (a).
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Figure 7.11: (a) Room-temperature photocurrent spectrum of an n*-i-n* InP single nanowire. (b)

Simulated optical absorption spectra of a single InP nanowire with a diameter of 230 nm

(green), 240 nm (blue) and 250 nm (red) with resonant absorption peaks at 670, 710 and 760

nm, respectively. Absorption is normalised to incident source power.

A photocurrent peak at ~ 660 nm is observed in the spectrum (Figure 7.11(a)), and upon

investigation of the resonant absorption cross-section in the single InP nanowire using

finite-difference time-domain simulations, shows that it arises from the geometrical resonance

effect (see Figures 7.11(b)). This simulation work was performed by a collaborator, Dr. Sudha
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Mokkapati. The value of responsivity of the n*-i-n" InP single nanowire device is calculated
from the (room-temperature) photocurrent spectrum and found to be ~ 1.95 A/W at this
resonant peak (see reference [20] for calculation details), which is comparable with the planar
photodetectors [21, 22]. By increasing the nanowire diameter, the simulation results show that
the resonant photocurrent peak is red shifted. Considering a femtosecond laser with centre
wavelength of 800 nm is used in this work for THz measurements, single InP nanowires with
diameter of 250 ~ 260 nm may be of better choices in the future to maximise the

photo-absorption and further enhance the detection sensitivity.

7.3 Terahertz Measurements

7.3.1 Optical Pump-Terahertz Probe Spectroscopy

The photoconductivity lifetime and carrier mobility of an ensemble of n*-i-n* InP nanowires
were characterised using time-domain optical pump-THz probe (OPTP) spectroscopy [23, 24],
as they have been shown in previous chapters as crucial for the material evaluation for
photoconductive THz detection. The photoconductivity lifetime determines the signal
processing technique and noise level in the detector while the carrier mobility determines its
response level [25, 26]. It is found that the incorporation of n* sections in the InP nanowires
has a small influence on the original material conductivity properties (see Figure 7.12).
Photoconductivity lifetime of ~ 1.91 ns was obtained for n*-i-n* nanowires, comparable with ~
1.71 ns measured for the undoped ones. The electron mobility for n*-i-n* InP nanowires was
found to be approximately 950 + 560 cm?V''s™, also comparable with 1260 + 320 cm*V*'s™
measured for the undoped InP nanowires. The differences in both photoconductivity lifetime
and electron mobility could be due to the increased ionised impurity scattering in doped
nanowires [27]. Despite that, it is still indicated that a high material quality is maintained in the

doped nanowires.
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Figure 7.12: OPTP photoconductivity decays of (a) n*-i-n* and (b) undoped InP nanowires.

7.3.2 Terahertz Detector Performance

Finally, the single nanowire THz detectors fabricated from n*-i-n* InP nanowires were
incorporated into a standard THz time-domain spectroscopy (THz-TDS) system (see Section
3.4.4) for characterisation. Figure 7.13 shows typical THz response obtained from an n*-i-n*
InP single nanowire detector, in comparison with an undoped InP single nanowire detector and
a traditional (bulk) ion-implanted InP detector in the THz-TDS system, with the same strip-line
electrode geometry. The n*-i-n* nanowire detector shows a broad detection bandwidth in a
range of 0.1-2.2 THz with good sensitivity and low noise level, similar to those of the undoped
nanowire detector and the traditional bulk detector. As a demonstration, the n*-i-n* nanowire
detectors were also used to measure the refractive index (Figure 7.14(a)) and absorption
coefficient (Figure 7.14(b)) of paper cards over the range from 0.5 to 1.5 THz in the THz-TDS
system. The measured values using the n*-i-n" nanowire detector are in good agreements with
the literatures [30, 31] and those obtained using a conventional (bulk ion-implanted InP) THz
detectors [24], again demonstrating the practicality of these n*-i-n" InP single nanowire THz

detectors.
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Figure 7.13: THz responses measured from a typical n*-i-n” InP single nanowire detector (red),
undoped InP single-nanowire detector (blue) and a traditional ion-implanted InP receiver
(green) in a THz-TDS system. Left: unprocessed THz-induced current. Right: calculated

amplitude spectrum.
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Figure 7.14: (a) Refractive index and (b) absorption coefficient spectra of a paper card
obtained by characterisation in a THz-TDS system using an n*-i-n" InP nanowire detector and

a traditional bulk detector.
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Table 7.1 displays a detailed comparison of device performance among the undoped InP
single nanowire THz detector, n*-i-n" InP single nanowire THz detector and traditional
ion-implanted bulk InP THz receiver. The response spectral bandwidths of the three types of
THz detectors are comparable however with some marginal differences (traditional detector =
n*-i-n" nanowire detector = undoped nanowire detector). Since the factors (such as laser pulse
duration, bandwidth of THz source and electrode geometry [24]) which most strongly
influence the detected bandwidth are kept the same for all detectors, the difference in the
detected bandwidths for the three detectors can be mainly attributed to the difference in their
noise floor level and signal-to-noise ratio (SNR) [26]. As a direct result of the improved
contact quality, the n*-i-n" nanowire detector shows a lower noise floor compared to the
undoped nanowire detector, and thus exhibits an improved response bandwidth. The SNR of
the n*-i-n" nanowire detector increases by a factor of 2.5 to a value of 53 compared to the value
of 21 of the undoped nanowire detector leading to a slightly broadened bandwidth (2.2 THz).
Despite a significant difference in detection material volumes between the nanowire and bulk
detector leads to a limited THz response current for the nanowire detectors (a few tens of pA),
the n*-i-n" nanowire detector still shows a comparable SNR to that of the bulk detector,
indicating that doping engineering is an effective and promising tool for optimisation of single

nanowire THz electronics.

Table 7.1: A comparison of device performance between InP nanowire detector and traditional

ion-implanted InP photoconductive receiver.

Detector Type Photoconductive Antenna (strip lines)
InP Single Nanowire InP Bulk
Performance Undoped n-i-n ion-implanted
Detection Bandwidth (THz) 2 2.2 2.5
Signal-to-Noise Ratio 21 53 70
THz Induced Current (pA) 19.5 191 676.6
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It is anticipated that further improvements in detector performance can be achieved through
increasing the doping concentration in the n* section to achieve better Ohmic contacts to lower
the noise, as well as performing a careful calibration of growth for producing a longer i section
in the nanowire to increase the THz response current. It is interesting to note that the peak
value of the THz response current obtained for the n*-i-n" nanowire detector is very close to
that of the undoped nanowire detector; this is given the difference observed in direct-current
(DC) photocurrent measurements (see Figure 7.7(c) and (d)). Unlike the DC photocurrent
measurement in this work, which requires an external bias (to produce a voltage drop across
the contacts of device) to drive the photo-generated electron-hole pairs to form a current, the
photoconductive detector for THz measurement requires no external bias to be applied for
operation. The incident THz electric field couples into the detector and acts as an ultrashort
alternating-current (AC) bias to drive the photo-generated carriers to the contacts. For the
former case, the response current is strongly dependent on its contact quality, as non-Ohmic
contact introduces a parasitic resistance to the current flow. For the latter, the photo-excited
carrier density in the detection material determines the current flow, as THz electric field is
distributed uniformly inside the detector and drives the current directly without voltage loss (in
the contacts). However, it is important to achieve two Ohmic contacts in photoconductive THz
detector, as Schottky contacts have been shown to lead to a THz rectification behaviour [30]. It
has been known that rectification is highly non-linear, which can amplify small variations such
as pulse-to-pulse or scan-to-scan noise, whereas Ohmic contacts are inherently linear leading
to a more stable and accurate current response of the detector and thus higher SNR and
detection sensitivity. This explains why the n*-i-n* nanowire detector shows an improved SNR
while having a comparable response current level to the undoped detector, as they possess a
similar detection material volume but different contact quality. It is worth mentioning that, the
photoconductive detector may be further modified for use as a photoconductive emitter (to
generate THz radiation) in a THz-TDS system. However, photoconductive THz generation is
in a sense an opposite process to photoconductive detection, in which an externally applied DC
bias is required for operation. The external bias field distribution inside the emitter with
Schottky contact electrodes will be localised close to the contacts, which may largely limit the

THz emission efficiency. Therefore, forming Ohmic contacts is not only important for
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photoconductive THz detectors but also essential for development of photoconductive THz
emitters with low voltage [31] operation and high output powers. With both high-performance
THz single nanowire detectors and emitters (to be developed in the future), more advanced

THz-TDS systems [32, 33] can be realised.

7.4 Summary

In this chapter, n*-i-n* nanowire structure was proposed to achieve photoconductive
detectors with low contact resistance for highly sensitive THz detection. A novel and simple
optical technique was used to profile the doping concentration along the nanowire for design
and growth optimisation of the n*-i-n" InP nanowire structure, leading to significant
improvement of SNR of the device performance, comparable to traditional bulk THz detectors.
The excellent detecting capability of n*-i-n* InP single nanowire THz detectors further prove
the suitability of I11-V nanowires for application in THz-TDS systems. It is anticipated that
such n*-i-n* nanowire design could help address the common issues for nanowire-based
devices including wire-to-wire variation and device-to-device variation for improved device
reproducibility and reliability, and bring the promise of nanowire THz electronics closer to
industrial applications. Moreover, the doping design used in this chapter may be also
applicable for highly-efficient single nanowire photoconductive emitters, leading to

development of more advanced nanowire-based THz systems for a broad range of applications.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

Terahertz time-domain spectroscopy (THz-TDS) systems with reduced size, higher level of
integration and improved performance (i.e. nanoscale resolution and broadband spectroscopic
detection) are highly desirable for numerous applications spanning the fields across homeland
security, pharmaceuticals, environmental control, medical diagnostic and fundamental science.
THz electronics based on semiconductor nanowires are considered as ideal sub-wavelength
elements for design of such advanced THz systems. This dissertation has successfully
demonstrated photoconductive THz detectors based on 111-V semiconductor single nanowires
for use in THz-TDS, showing a great promise for development of future advanced
nanowire-based THz-TDS systems. Nano-detector design, fabrication, characterisation and
related optical simulations were employed to provide a deep insight into the characteristics of
the single nanowire detectors for guidance of future work.

Firstly, in Chapter 4 GaAs/AlGaAs core-shell single nanowires were studied and fabricated
into microscopic detectors to detect the pulsed THz signal in a THz-TDS system via
photoconductive switching technique. In order to obtain the sufficient response level while
having the minimal noise, ultrashort charge carrier lifetime and high carrier mobility in the
detection material are required. It has been found that the carrier lifetime and carrier mobility
in GaAs nanowires can be tuned through a careful control of the crystal quality and surface
passivation via AlGaAs shell growth. Therefore, by adjusting growth parameters, nanowire
core diameter and shell thickness, a series of GaAs/AlGaAs core-shell nanowires was grown
by metalorganic vapour phase epitaxy (MOVPE) via Au-catalysed vapour-liquid-solid (VLS)
mechanism. These GaAs/AlGaAs nanowires were characterised, compared, selected and
fabricated into single nanowire detectors and incorporated into a THz-TDS system. The

GaAs/AlGaAs single nanowire THz detectors all produced good THz responses however with
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narrow bandwidth of ~ 0.6 THz. Finite-difference time-domain (FDTD) simulations were
carried out revealing the origin of the limited bandwidth of the GaAs/AlGaAs single nanowire
THz detectors, which can be attributed to the resonant characteristics of device geometry
(electrode/antenna design) to THz radiation.

The relationship between device (electrode) geometry and its resonant characteristics in THz
regime was subsequently studied in more details via FDTD simulations in Chapter 5. The
tunability of the resonant frequency range resulting from electrode (antenna) design, may lead
to more potential applications for THz devices, for example, THz amplitude
modulator/switches and tunable bandwidth THz emitter/detectors. As a result of detector
geometry optimisation, GaAs/AlGaAs single nanowire photoconductive THz detectors with
broad detection bandwidth ranging from 0.1 to 1.6 THz were achieved. Moreover, it is also
found that the thin GaAs cap used to prevent the oxidation of AlGaAs shell in GaAs/AlGaAs
nanowires plays a more important role (than expected) in the detector response performance,
causing multiple sampling modes during detector operation. The major sampling mode is the
integrating mode dominated by the GaAs core and the minor sampling mode is the direct
sampling mode dominated by the GaAs capping layer. Additionally, it is also noted that the
nano-size detection material volume (a single nanowire in this work) combined with an
insulating substrate (quartz) greatly reduces the noise current in the single nanowire detector,
resulting in a relaxed requirement on the material properties (i.e. an ultra-short carrier lifetime)
for THz detection. As such, other I11-V nanowire systems can be chosen for photoconductive
THz detection.

A follow-up study on photoconductive THz detectors developed from single InP nanowires
was described in Chapter 6. These InP nanowires were grown using selective-area
metalorganic vapour phase epitaxy (SA-MOVPE) technique. Compared to the Au-catalysed
VLS growth used for producing GaAs/AlGaAs nanowires, the SA-MOVPE growth are capable
of producing semiconductor nanowires with improved structural and crystallographic
uniformity and thus superior optoelectronic properties, while eliminating the potential metal
catalyst contamination in nanowires. Pure wurtzite and stacking fault-free InP nanowires were
synthesised in this work. The core-only InP nanowires have high photosensitivity due to

suppressed non-radiative recombination originating from their intrinsically low surface
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recombination velocity. As a result, broadband (0.1-2.0 THz) InP single nanowire THz
detectors with high sensitivity were demonstrated. These detectors were shown to be able to
produce high-quality time-domain spectra for real material characterisation in the THz-TDS
system. Furthermore, the response characteristics of the InP single nanowire photoconductive
THz detectors perfectly matched the simulation results, and were found to not only have a
low-noise nature but also a long time-domain sampling window compared to the traditional
(bulk) THz photoconduction detectors, all of which are beneficial for achieving higher spectral
resolutions in THz-TDS.

A further improvement of the InP single nanowire photoconductive detector was achieved
in Chapter 7 by implementing an axially doped n*-i-n" nanowire structure to minimise the
contact resistances through the introduction of contact doping. In order to grow the appropriate
n*-i-n" nanowire structure, undoped InP nanowires and a series of uniformly-Si-doped (n-type)
InP nanowires with different doping concentration were investigated to examine the
relationship between nanowire growth, doping characteristics and resultant device contact
quality. It is noted that effective characterisation of spatially varying carrier concentrations in a
single nanowire has been highly challenging due to the small volumes of material involved. As
such, a simple all-optical technique (combining both power-dependent photoluminescence and
time-resolved photoluminescence measurements to profile the doping concentration along the
length of single nanowires) was employed to measure the local carrier density with
diffraction-limited resolution. By correlating these optical measurements with 2- and
4-terminal current-voltage (I-V) measurements, axial n*-i-n" InP nanowires were then designed
and synthesised. The n*-i-n" InP nanowires were characterised using the optical microscopy
technique for axial doping profiling to confirm the electrical contact design. Finally, the
as-fabricated n*-i-n* InP single nanowire detectors were incorporated in a THz-TDS system
and their performance was compared with the undoped nanowire detectors. The n*-i-n* InP
single nanowire detectors are shown to be superior to undoped nanowire detectors for use in
THz-TDS, with a significantly enhancement in device performance including an increased
detection bandwidth and a 2.5 increased signal-to-noise ratio. Despite having only a nano-size
active volume (and hence a pA-level response current), the n*-i-n" nanowire detector performs

comparably to the conventional bulk InP THz detectors, exhibiting a great potential for future
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implementation in advanced THz systems.

8.2 Future Work

As clearly demonstrated by this thesis, 111-V semiconductor nanowires such as GaAs and
InP nanowires combined with proper detector geometry design are highly suitable for THz
spectroscopy and imaging applications with high spectral and spatial resolution. The next step
is to further employ these single nanowire detectors with new device/system designs for more
advanced applications, including:

o A compact THz-TDS system by coupling a fibre laser system with a single nanowire
THz detector
e An integrated two-single-nanowire based polarisation-sensitive THz detectors,

¢ Single nanowire based on-chip THz spectrometer.

8.2.1 Fibre-Coupled Terahertz Time-Domain Spectroscopy System

Commonly, a mode-locked Ti: Sapphire laser [1] is used in THz-TDS, which allows for
production of femtosecond laser pulses at around 800 nm wavelength to photo-excite the THz
emitter and detector. However, this type of solid state laser is bulky, costly and inconvenient
for integrating into a compact THz system. In recent years, mode-locked femtosecond fibre
lasers [2, 3] have been well developed, which have many advantages such as compact size, low
cost and high efficiency. This type of laser has been proven suitable as optical source to be
incorporated into THz-TDS systems, which allows for a reduction in the number of expensive
optical components for system building, large cost reduction and ease of optical alignment
while minimising the influences of external disturbances in measurement. The implementation
of single nanowire devices in such a fibre-coupled THz-TDS system may result in the most
compact THz system.

Currently, high-intensity mode-locked femtosecond fibre lasers are commercially available

operating at 780 nm ~ 1.56 pm wavelength bands [4]. Among these, the 1.3 pm and 1.5 pm
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femtosecond fibre lasers [5, 6] are considered as the most promising optical sources to develop
fibre-coupled THz-TDS systems, owing to their low manufacturing cost and low loss for silica
fibre. In order to realise such nanowire-based fibre-coupled THz-TDS system, new IlI-V
nanowire systems are required, whose band gap should match the operating wavelength of 1.3
or 1.5 um (to maximise the photon-to-carrier generation efficiency). -V ternary
semiconductor nanowires with tunable band gap (from ultraviolet to mid/far infrared range by
adjusting their alloy composition), are strongly suggested as candidates for use in optical
fibre-coupled THz-TDS. Bulk In,Ga; <As photodetectors [7, 8] have been shown to offer a
broadband response from 900 nm to 2.6 um, and successfully used in fibre-coupled THz-TDS
systems [9]. Accordingly, In,Ga;As single nanowire detectors could also be suited for use in
fibre-coupled THz-TDS systems. A project regarding the growth study of In,Ga;As
nanowires is being conducted in the Australian National University group. Figure 8.1(a) shows
that structurally-uniform In,Ga;As nanowires have been achieved [10]. These In,Ga;As
nanowires were fabricated into single nanowire detectors for basic electrical characterisation,
showing a good photo-response and low dark current (see Figure 8.1(b)), which are desirable
for low-noise photoconductive detection. A precise composition control of these In,Ga; As
nanowires for the required band gap (for operational wavelength at 1.3 or 1.5 um) remains
challenging. However it is worth pushing further to develop In,Ga;..As nanowires to realise

nanowire-based fibre-coupled THz-TDS systems.
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Figure 8.1: (a) A scanning-electron-microscopy image of the as-grown InGaAs nanowires. (b)
Dark/photocurrent I-V characteristics of a single InGaAs nanowire device (under the excitation

of a pulsed green laser).
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8.2.2 Polarisation-Resolved Terahertz Detection

In addition to the capability of characterising complex optical constants of a material [11,
12], polarisation states of the THz radiation can also be probed using THz-TDS [13-15], and
thus allow characterisation of the anisotropic properties of the material [16] (i.e. birefringence
and optical activity). The anisotropic characteristics of a material are affected by many factors,
including surface topography, crystal structure, stress and magnetic fields. Hence
polarisation-sensitive THz-TDS measurements can offer a more thorough understanding of
those important material properties.

At present, polarisation detection in THz-TDS can be realised using THz polarisers[17]
(which have low sensitivity and limited bandwidth) or using polarisation-sensitive detectors
(such as electro-optic crystal detector [18] or multi-pole photoconductive detectors [13, 19,
20]). Amongst them, multi-pole photoconductive detectors (see Figure 8.2) stand out due to
their high sensitivity and angular resolution [21]. Multi-pole photoconductive detectors are
capable of simultaneously measuring the electric field (phase and amplitude) and polarisation
state of a THz pulse through a single time-domain scan in THz-TDS measurement. Figure 8.2
shows three different multi-pole photoconductive detectors that have been reported for

polarisation-resolved THZ-TDS measurements.

Figure 8.2: Three different polarisation-sensitive photoconductive detector designs (from
Castro-Camus et al. [15]). From left to right designs published by Hussain et al. [20], Makabe

et al. [13] and Castro-Camus et al. [19].
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Taking advantages of their one-dimensional geometry, 111-V semiconductor nanowires are
more suitable for polarisation-resolved THz measurements. Single nanowire photoconductive
THz detectors are intrinsically highly polarisation-sensitive detectors, which have proven to be
able to measure one electric field component of the THz pulse with polarisation (only) parallel
to nanowire axis (see Section 4.4.6). Simply, by rotating the nanowire detector, the other
components of the THz pulse can be measured. In order to further improve the measurement
accuracy while reducing data acquisition time, advanced polarisation-sensitive nanowire
detector in combination of a multi-contact geometry (similar as the ones shown in Figure 8.2)
can be explored. By fabricating a photoconductive detector using two crossed nanowires
(preferably orthogonal) with multi-pole contacts, polarisation-sensitive nanowire detectors
capable of simultaneously measuring two components of the THz pulse may be realised as the
measured polarisation is confined by the axis of the two nanowires.

The main challenge for this work is device fabrication. On the one hand, precisely
positioning nanowires and making them cross over each other with designated angle is difficult.
In many published reports, the crossed nanowires were obtained by distributing them randomly.
On the other hand, the two crossed nanowires must be electrically isolated from each other for
device operation. A silicon oxide coating on the bottom nanowire or other methods could be
used to realise such isolation, which will involve multiple fabrication steps. In addition, based
on the feature size of the detector electrodes and the substrate (commonly z-cut quartz
substrates for THz detection), device patterning technique (i.e. electron beam lithography

and/or ultraviolet photolithography) need to be carefully chosen and implemented.

8.2.3 On-Chip Terahertz Spectrometer

The spatial resolution of a typical THz system is restricted by the wavelengths of generated
THz waves (around several hundred micrometers, as 1 THz is equivalent to 300 um), due to
diffraction effects. A problem arises when the size or features of the target sample is far smaller
than THz wavelengths involved. A sub-wavelength aperture or tip induced technique [22, 23]
can overcome the diffraction limit in the near field, however, such methods significantly

reduce the strength of the electric field measured and may induce a distortion of the waveform.
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Another approach, in which the source or/and detector size is reduced to the sub-wavelength
range, has been investigated, and ‘on-chip THz system’ was proposed [24, 25]. In 2010,
Cunningham and colleagues published a review [26] to trace the history of on-chip THz
systems. Their group built an integrated THz system with photoconductive emitter and detector
coupled by a THz waveguide on a chip. In comparison with the free-space THz system, a piece
of lactose was measured in both systems. The on-chip system, having one thousand times less
interacting energy, showed comparable spectral sensitivity and frequency resolution. Further
work based on a similar on-chip system achieved a good imaging (100 and 20 pum in x and y
resolution, respectively) of a GaAs sample. It is anticipated that one-dimensional
semiconductor nanowires could be potential candidates to build such on-chip THz systems. In
2012, Erhard and co-workers [27] reported the incorporation of a single InAs nanowire in an
on-chip photocurrent pump-probe THz spectroscopy system for THz emission (based on
photo-Dember effect [28]), as shown in Figure 8.3. A 200 nm-thick layer of ion implanted
silicon was used for THz detection in this system. By replacing this silicon detector with a
single nanowire detector (as developed in this thesis), nanowire-based integrated THz photonic
system could be achieved. It is worth mentioning that the photoconductive THz antenna
introduced in this thesis can work either as an emitter or a detector (see Section 2.3), dependent
on the operation settings. As such, two single nanowire photoconductive antennas (one served
as the emitter and the other as the detector) could be potentially coupled through a THz

waveguide to form an on-chip THz-TDS spectrometer, similar to that in Cunningham’s work.
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Figure 8.3 Schematic of a pump-probe circuit and device geometry of a single InAs nanowires

THz emitter (from reference [27]).
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The key challenges to realise such nanowire-based on-chip THz systems are (1) to develop
THz waveguides for minimal transmission loss and dispersion, (2) to design/optimise both
antenna (electrodes) structure and nanowire material system for high-intensity photoconductive
THz emission and high-sensitivity detection, and (3) to design/optimise the system with good
coupling efficiency between the THz emitter, waveguide and detector. As an important initial
step for future work, modelling will be essential for the design of the waveguide and its
coupling with the nanowire THz emitter and detector respectively. Additionally, array-based
nanowire emitter or detector may be further explored to address single nanowire related low
THz response issue and furthermore, to achieve nanowire-based THz emitter/detector

integrated on-chip system.

8.3 Summary

This work has made considerable progress in the design, fabrication and development of
photoconductive THz detectors based on I11-V semiconductor single nanowires including
GaAs/AlGaAs and InP nanowires. The nano-size nature of nanowire detectors with very little
active material volume and the device being fabricated on insulating quartz substrate enables
the detectors with low-noise, long time-delay sampling window and tunable detection
bandwidth (which can be adjusted by using specific detector geometry design). It is anticipated
that, with further advances in 111-V nanowire growth, device geometry optimisation and device
contact improvement, single nanowire detectors will become crucial nano-components for
future advanced THz systems for applications such as nanostructured material characterisation

or sub-wavelength imaging.
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