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Abstract

Terahertz (THz) time-domain spectroscopy and optical-pump THz-probe (OPTP)
spectroscopy are powerful, non-contact methods for probing charge transport in semi-
conductors with sub-picosecond time resolution. This thesis advances both the instru-
mentation and analysis of THz spectroscopy, enabling accurate evaluation of material
parameters. These refined tools are then applied to the characterisation and optimisation
of technologically important II1-V semiconductors.

First, I develop spintronic THz emitters with specially designed dielectric coatings:
a high-reflectivity stack that suppresses residual transmission of the 800 nm pump by
over 99.9%, and an anti-reflective coating that increases the excitation pump intensity
inside the emitter. The coated emitters block transmission of the excitation pump,
preventing undesirable photoexcitation of the sample and protecting sensitive detection
optics. Furthermore, the emitted THz electric field is increased by roughly 40% compared
to uncoated emitters, improving the measurement’s signal-to-noise ratio.

Next, using the coated emitters, I investigate the relationship between geometric reson-
ances in THz photoconductivity spectra and the size of features in micro/nanostructured
GaAs. An inverse relationship between resonant frequency and feature size is established
through measurements of nanowire ensembles and well-defined microsquare arrays. The
surface plasmon model is validated as a method to separate the resonance from the
intrinsic material properties, thus enabling precise measurement of the intrinsic charge-
transport parameters.

Finally, OPTP spectroscopy is utilised to characterise and optimise Ing53Gag47As
via two different tuning mechanisms: incorporation of Fe during growth and application
of uniaxial strain. Fe doping reduces electron lifetimes to less than a picosecond while
maintaining high mobility, whereas uniaxial strain has little impact on the electronic
properties of Ings53Gag47As. These results inform practical device design of high-speed
optoelectronics operating at telecommunication wavelengths.
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Introduction

Spectroscopy is a widely used technique for understanding materials. By probing how
matter absorbs, transmits, scatters, and emits electromagnetic (EM) radiation, we learn
about its composition, structure, and electronic transport — all without requiring electrical
contacts that can damage the sample or alter its properties. The use of spectroscopy is
commonplace in both research and industry, with applications ranging from studying
individual atoms to observing distant galaxies.

The information that can be learnt from spectroscopy depends on the region of the
EM spectrum used to interrogate the system under study. Among the many spectral
regions, the terahertz (THz) frequency range stands out for the richness of information
that it can provide. Typically defined as frequencies between 0.1 and 30 THz [1], the
THz band sits between the microwave and infrared (IR) regions of the EM spectrum. In
semiconductors, the THz band overlaps with free-carrier transport processes, phonon
modes, and other low-energy excitations, making THz radiation an excellent probe of
the charge-carrier dynamics of semiconductors. Beyond material characterisation, THz
radiation plays a crucial role in astronomy, security imaging, pharmaceutical quality

control, and next-generation wireless communications — demonstrating the extensive
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range of applications that can be exploited with THz waves.

While the THz band offers a wealth of information, it also poses many technical
challenges that have slowed THz research and adoption compared to other spectral
regions. The foremost challenge is the generation and detection of THz radiation: its
frequency is too high to be easily generated by electronics, as microwaves typically are,
but also too low frequency to easily generate via optical processes, like how IR light often
is. Early work by pioneers of the field (e.g. Auston, Grischkowsky) leveraged ultrafast
lasers to produce and detect single-cycle THz pulses using compact emitters and receivers,
helping to close the “THz gap” [2, 3]. Today, an assortment of different THz sources
exist, including photoconductive antennas [4, 5], electro-optic crystals [6], and spintronic
THz emitters [7, 8], all of which can generate broadband, single-cycle pulses of THz
radiation. Optical gating methods allow for direct detection of the amplitude and phase
information of the THz electric field, enabling direct analysis of pulses without requiring
the Kramers—Kronig relations [9, 10]. These advances have made THz spectroscopy

widely accessible, stimulating rapid progress over the last few decades.

1.1 Thesis Overview

This thesis advances THz spectroscopy by improving the experimental tools and analysis
methods, and applying them to III-V semiconductors. Chapter 2 introduces THz time-
domain and optical-pump THz-probe spectroscopy (THz-TDS and OPTP) in the context
of III-V semiconductors. It outlines the components of a THz spectrometer, variations of
the technique, and how to analyse the raw data to extract the charge-transport parameters.
Chapter 3 develops coated spintronic THz emitters that suppress 800-nm pump leakage
and boost the emitted THz field strength, thereby reducing experimental artefacts and
improving the signal-to-noise ratio (SNR). Chapter 4 explores how subwavelength

geometry in GaAs nanowires and microsquare arrays introduces geometric resonances in
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THz photoconductivity. The surface plasmon model is validated as a method to separate
the geometric effects from the intrinsic response of the material. Chapter 5 applies
the refined tools of the prior chapters to Ings3Gags7As. Two methods for tuning the
electronic properties are explored: introducing Fe dopants during crystal growth, and
applying uniaxial strain. OPTP spectroscopy reveals how these mechanisms modify the
electron lifetime and mobility of Ings3Gag47As. The material parameters are mapped,
outlining the optimal material for different high-speed applications. Finally, Chapter 6
summarises the findings of the experimental chapters, frames the results in the broader

field, and provides an outlook for future research to build upon this work.



Terahertz Spectroscopy

THz spectroscopy is highly suited to studying the charge-carrier dynamics of I1I-V
semiconductors. THz wavelengths correspond to photon energies in the range of 0.4—
40meV, spanning the same energy range as quasiparticles and collective excitations.
Furthermore, typical charge-carrier scattering times in inorganic semiconductors are of a
similar order of magnitude as THz radiation (~107'%s). As a result, THz spectroscopy
can couple to low-energy excitations — such as free carriers, phonon modes, and excitons —
and probe the electrical conductivity of inorganic semiconductors [11, 12]. Key material
properties such as carrier lifetime, mobility, and recombination dynamics can all be
measured in a non-contact manner with sub-picosecond time resolution. These features
make THz spectroscopy an ideal tool for the study of optoelectronic materials and devices.

This chapter establishes the methods of terahertz time-domain spectroscopy (THz-
TDS) and optical-pump THz-probe (OPTP) spectroscopy used throughout this thesis. It
begins with an overview of each technique and the critical components, including THz
sources and detectors. The remaining sections describe the data analysis process to extract

the charge-transport parameters in bulk and nanostructured I11-V semiconductors.
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2.1 Terahertz Time-Domain Spectroscopy

TDS differs from other spectroscopic techniques, which typically measure the intensity
of light as a function of frequency, and instead measures the electric field amplitude as
a function of time. Critically, this means TDS retains both the amplitude and phase
information of the light, whereas measurement of the intensity (I(w) o< |E(w)|?) loses
the phase information. Thus, TDS can simultaneously measure the real and imaginary
components of the complex refractive index, n(w) = n(w) + ik(w), without undertaking
a Kramers—Kronig analysis [13, 14].

THz-TDS is the most widely used THz spectroscopy technique owing to its flexibility
and excellent SNR. The working principle is to measure the amplitude of THz radiation
that transmits (or reflects) through a sample as a function of time. In practice, this
is achieved by splitting an ultrashort IR laser pulse into two beams: one to excite a
THz emitter (THz-generation beam) and one to optically gate a THz detector (gate
beam). Once excited, the emitter generates THz radiation into the far-field where it is
transmitted through (or reflected off) the sample before being focused onto the detector.
The detector is only active when the gate beam excites it. Furthermore, the gate pulse
duration (< 100fs) is much shorter than THz pulses (picosecond timescale). Therefore,
by controlling the relative timing of the gate and THz pulses, usually with precision
translation stages, one can measure each point of the THz electric field with resolution
determined by the gate pulse duration, as shown schematically in Figure 2.1.

The time-domain signal can be Fourier-transformed to obtain the electric field as a
function of frequency. The measured THz electric field through the sample, Egmpie(w)
must be corrected for the spectrometer response to get the THz transmission, T'(w).
This is usually achieved by measuring the THz electric field through a reference, Eof(w),

and dividing the sample response by this reference, T'(w) = Eample/Eret- The THz
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transmission can be related to the complex conductivity of the sample, and different
conductivity models can be used to extract key material properties such as the charge-

carrier mobility and density [15].

Measured
ETHz(t)

THz Detector

Adjust THz-gate

delay

Egate(t)

» Time

Figure 2.1: Schematic diagram of optical gating to detect THz pulses. Adjusting the relative
arrival time of the gate and THz pulses at the THz detector allows for different parts of the
THz pulse to be measured.

A schematic of the THz spectrometer used in this thesis is shown in Figure 2.2. A beam
block prevents propagation of the optical pump, which is used for OPTP spectroscopy
and discussed in Section 2.2. The remaining beam paths form the THz-TDS setup. The
amplified Ti:sapphire laser emits ultrafast pulses (35 fs) with 800 nm central wavelength.
A beam splitter separates the laser into a gate and a THz-generation beam. Both beams
traverse delay lines, with a translation stage in the THz-generation beam controlling the
relative timing of the two beams. The THz-generation beam passes through a mechanical
chopper that removes every second optical pulse and allows for the THz signal to be
separated from the background. A concave lens defocuses the THz-generation beam to

reduce its fluence before it excites the THz emitter. Upon excitation, the emitter generates
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a THz pulse into the far-field. Off-axis parabolic mirrors (OAPs) collect the THz light
and focus it onto the sample. The THz radiation interacts with the sample as it transmits
through. A second pair of OAPs collect the transmitted THz and focus it onto the detector.
A small hole in the centre of the final OAP allows the gate beam to propagate collinearly
with the THz radiation. The detector measures the part of the THz pulse that spatially
and temporally overlaps with the gate beam. This spectrometer detects THz radiation
through electro-optic sampling (detailed in Section 2.5.2) which encodes the THz signal
as a change in the polarisation state of the gate beam that transmits through the detector.
Detection of the gate polarisation is completed using a quarter waveplate (A/4 WP)
to elliptically polarise the light, and then a Wollaston prism spatially separates the
polarisation components. A pair of balanced photodiodes measure the intensity of these
polarisation components and custom software records the results for later data analysis.

Water vapour has many strong absorption features in the THz frequency range [16].
These features reduce the available THz signal and obscure features originating from the
measured sample. Thus, THz spectrometers ideally operate under vacuum or a nitrogen
purge. In this thesis, all parts of the spectrometer between the THz emitter and detector

are maintained at a vacuum of 1 x 1072 mbar inside the vacuum box in Figure 2.2.

2.2 Optical-Pump THz-Probe Spectroscopy

OPTP extends THz-TDS by introducing a third beam of light — referred to as the optical-
pump beam — that photoexcites the sample before the THz pulse arrives. The THz
pulse now interrogates the photoexcited carrier dynamics of the sample, instead of the
equilibrium state that is probed in THz-TDS. The ultrafast evolution of the photoexcited
sample can be studied by controlling the arrival time of the THz pulse relative to the optical

pump. For this reason, OPTP is sometimes known as time-resolved THz spectroscopy [17].
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THz generation Optical pump  Bgjanced N4
Gate beam  delay stage  delay stage pnotodiodes waveplate
optical path
A \ .\ =0 :
Wollaston
prism
Vacuum box
I /
Convex OAP
lens w/ hole THz
Ny— ! V l A detector
Sample
&1
Chopper |Concave THz
lens emitter
Block beam
4 Afor THz-TDS
Amplified Ti:sapphire laser
\ N < 4 W, 5 kHz, 800 nm
35 fs pulse duration

Figure 2.2: Schematic diagram of the THz spectrometer used throughout this thesis. The laser
emission is split into three beams: optical-pump, THz-generation, and gate. Arrows indicate
the direction of the laser beams along each optical path. The pump beam path is blocked for
THz-TDS. Precision translation stages control the relative timing of each beam. Choppers
block selected light pulses. OAPs collect the THz light and focus it on the sample and onto the
THz detector. Small holes in the OAPs allow the pump (when the beam block is removed for
OPTP) and gate beams to travel collinearly with the THz light. THz generation and detection
all occur within a vacuum box.

OPTP allows for two different kinds of measurement: measurement of photoconduct-
ivity spectra, and measurement of photoconductivity decays [11]. Photoconductivity
spectra are obtained by measuring the THz pulse in the time domain some constant
time after photoexcitation (THz-generation delay stage moves, optical-pump delay stage
stationary). This measurement provides the THz electric field through the photoexcited
sample, E,(t). Photoexcitation modifies the sample’s conductivity, resulting in a
change in the transmitted THz pulse. The relative change in THz transmission due

to the photoexcitation is given by
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AT(w) _ iy (w) - By, )
T(w) B

(2.1)

where E$T, (w) is the Fourier transform of the THz electric field transmitted through
the unexcited sample (as measured in THz-TDS). This relative change in THz transmission
is proportional to the photoconductivity, Ao (w) [18]. Using OPTP, the photoconductivity
spectrum can be measured at different times after excitation, providing insight into the
evolution of the photogenerated charge carriers. Figure 2.3 (a) shows example time-
domain THz pulses through a sample with and without photoexcitation. These data can
be used to extract the photoconductivity spectra (details in Section 2.6).

Photoconductivity decay measurements swap the behaviour of the delay stages; the
THz-generation delay stage is stationary while the optical-pump delay stage moves. This
reversal means a single point of the THz pulse is probed (typically the pulse peak) while
the time after photoexcitation changes. Upon photoexcitation, the peak THz signal
will change because of the modified sample conductivity. The peak signal will recover
to its equilibrium value as charge-carriers are trapped and recombine. Typically, the
relative change in THz transmission due to photoexcitation is recorded, and this value will
decrease with time, tracking the decrease in sample photoconductivity. Careful analysis
of this decay can reveal the recombination dynamics of the sample and the charge-carrier
lifetimes. Figure 2.3 (b) shows an example of a photoconductivity decay measurement.

Removing the beam block in Figure 2.2 converts the THz-TDS system into an OPTP
setup. The optical-pump beam timing is controlled by a translation delay stage, and
the beam passes through a mechanical chopper. This chopper is synchronised to the
chopper the THz-generation beam passes through, except it allows two pulses of the pump
beam through before blocking the next two pulses by operating at half the frequency of
the THz-generation chopper (here, the THz-generation chopper modulates the beam to

2.5kHz, optical-pump chopper modulates the beam to 1.25kHz). Figure 2.4 shows the
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Figure 2.3: Example OPTP measurements. (a) THz electric field through the sample
(Inp.53Gag.a7As) without excitation (top panel), after excitation (middle panel), and the
difference between the excited and non-excited cases (bottom panel) in the time domain. The
photoconductivity spectrum can be extracted from these data using the methods in Section 2.6.
(b) Example photoconductivity decay measurement. AT /T is the relative change in THz signal
due to photoexcitation, which is proportional to the photoconductivity. In photoconductivity
decay measurements, only the peak value of the THz electric field is measured as a function of
time after photoexcitation.

relative timings of the choppers and the resulting train of four pulse combinations. Pulse
combinations A and B determine E$Y, = A—B, while C and D determine ESY = C—D.
In this way, the THz pulse through the sample at equilibrium and after photoexcitation
is measured, and any background signal (chopper phases B and D) removed. All the
information necessary to calculate AT /T is acquired simultaneously using this chopper
configuration. After the chopper, the optical pump is focussed through a hole in the
back of the second OAP and expanded onto the sample. The THz pulse then probes
the photoexcited region of the sample and is detected as it was in THz-TDS. Note that
the pump beam can partially clip the edges of the hole in the OAP as it passes through,
which may introduce non-uniformity to the beam’s spatial profile. To minimise the effect
of any beam shaping on the charge-carrier distribution, the photoexcited sample was

probed at least 1 ps after excitation to allow for initial charge-carrier diffusion.
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Figure 2.4: Relative timings of the THz-generation and optical-pump beam choppers. The
THz-generation chopper modulates the beam at 2.5 kHz (one pulse pass, one pulse block), while
the optical-pump chopper modulates at 1.25 kHz (two pulses pass, two pulses block). This
synchronization yields a repeating sequence of four distinct states: (A) THz and pump, (B)
pump only, (C) THz only, and (D) no signal (gate only).

v
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2.3 Beam Size and Effective Areal Overlap

The optical-pump beam and THz pulse have Gaussian energy distributions, which causes
the photoexcited section of the sample to have a spatially varying charge-carrier density.
It is important that the THz radiation probes a highly uniform charge-carrier density,
otherwise artefacts can arise in the data and extracted parameters lose their physical
meaning [19]. Therefore, it is critical that the pump and THz beam sizes and locations
are accurately measured. This section describes the procedure used to measure the

beam diameters and the method used to calculate the effective areal overlap between
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the optical pump and THz probe.

2.3.1 Razor Blade Measurement

The power distribution in one dimension of the pump and THz beams was determined
by a razor blade measurement. In this technique, a razor blade mounted on a translation
stage moves across the beam in small steps, while the transmitted power is measured
at each blade position. The transmitted power will decrease as the blade covers more
of the beam, and the size can be determined by fitting the transmitted power as a
function of blade position.

Figure 2.5 (a) and (b) show a schematic of the razor blade measurement with the
blade moving in the z-direction and blocking all light at = < 2/, where 2’ represents
the position of the razor edge in the x-plane. The beam is assumed to have a radially
symmetric 2D Gaussian profile in the zy-plane. The transmitted power, P, is calculated

by integrating the intensity over the unblocked region of the beam

Py [~ —x? o0 —y?
p= / S / ) ay, 2.2
2w Jur P ( 207 ) o o P (203 4 (2:2)

where Fy is the total power and oy is the standard deviation of the Gaussian beam

profile. The integral in y can be simplified by substituting a = y/ \/§ag and evaluating

\/509/ exp(—a?)da = V270, (2.3)

oo
—0o0
resulting in

PO o0 —x?
p= / B 2.4
V21o, Ja! P (203 ) ’ 24

This expression can be simplified further by splitting the integral into negative

and positive segments
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PU 0 —56'2 fo'e) _x2
P = \/%O_g [/xl exXp (%"3) dl’ +/0 exp (%"3) dﬂ;| . (25)

The second term can be simplified by making a similar substitution to the earlier

integral in y to obtain

B, 0 —z? m B, B a! —z?
P=—- / e — |dz + /= = — — / e — | dz. 2.6
V2o, [ o P (203 > v 2 Ug] 2 \2mo, o P 207 z. (26)

Again, a substitution of the form b = 2’/ \/509 can be made to get the integral

in the form of an error function

Py Py 2 ¥V P '
p=-2_70~ exp(—=b%)db = =2 [ 1 — erf - : (2.7)
2 \/§Jg

Thus, the power as a function of blade position can be fitted to Equation 2.7 to
extract the Gaussian beam width. Figure 2.5 (¢) shows example razor blade measurements
for the THz and pump beam. The fits allow the beam widths to be determined and

the Gaussian profiles to be reconstructed.
2.3.2 Determining Spatial Overlap of Pump and THz Beams

In OPTP spectroscopy, the THz beam probes the local charge-carrier density of the
sample. Therefore, the relevant excitation fluence is not the pump beam fluence, but
rather the effective photon fluence, ®.¢, which takes into account the overlapping area
between the pump and THz beams [20]. It is the photo-injected carrier density weighted

by the THz electric field strength at each spatial position [21]. It is calculated by

N

@e p— pu—
. Aeff

oo 2w
/ / ﬁpumprHzrdrd‘ga (28>
0 0

where N is the total number of photo-injected charge-carriers, A.g is the effective

areal overlap of the THz and pump beams, and r and 6 are the radial and azimuthal
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Figure 2.5: Measurement of beam widths. (a) Schematic diagram of the razor blade
measurement of beam size. (b) The beam is propagating in the z-direction and the razor
blade is positioned in the focal plane — where the sample is usually placed. (¢) Pump and THz
beam measurements using the razor blade technique. The black line is a fit to the data using
Equation 2.7. The Gaussian profile is calculated using the extracted o4 and beam centre point.

components of the spherical coordinate system. The pump and THz beam 2D spatial

distributions are fipump and fru, respectively, which both take the form of Gaussians

1 —r?
z — 5 2.9
fTH 27T0'.2[‘Hz P <20%Hz> ( )
1 —r?
n ump — N—— . 2.10
fpume 27To-gump P <20-;2>ump> ( )

Note that fi,ump is the areal charge density distribution while fry, is the normalized

THz areal distribution. Substituting Equations 2.9 and 2.10 into Equation 2.8 results in
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N 27 _ 1 1
Ag  (27) 2UTHz02 / / eXp( (U%Hz + 3 )) rdrdf. (2.11)

pump pump

Evaluating the integral gives

N N 1
S (2.12)
Aeff o O'THZ + O'pump
Therefore, the effective areal overlap of the pump and THz beams is
Aeff - 271-(O-THZ + Upump) (213>

The beam standard deviations (ory, and opump) are extracted from the razor blade
measurements using Equation 2.7. This allows for direct calculation of A.g, which is
the area used in this thesis to calculate the effective photon fluences after photoex-
citation. Note that the beam widths are often expressed in terms of the beam full-
width at half-maximum (FWHM) throughout this thesis. The standard deviations

are related to the FWHM by

FWHM

Nt (2.14)

2.4 THz Generation

Many methods have been developed to generate THz radiation since the development of
the Auston switch [2, 22-25]. An overview of different THz emitters can be found in refer-
ences [26, 27]. This thesis focuses on emitters of broadband, single-cycle THz pulses that
require a femtosecond laser pulse to drive a transient charge current. These include, among
other techniques, photoconductive antennas (PCAs) [5] and spintronic THz emitters

(STEs) [8]. This section discusses these two approaches to generating THz radiation.
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2.4.1 Photoconductive Antennas

PCAs are widely used to generate broadband THz pulses into the far-field [4, 5, 28, 29].
Their design is compact and robust, making them compatible with many spectrometer
setups. A PCA consists of a pair of biased electrodes on a semiconductor substrate.
Their mode of operation can be described by the current surge model [4]: when the gap
between the electrodes is illuminated by a femtosecond laser pulse with above-bandgap
photon energy, electron-hole pairs are generated in the semiconductor. These charges are
accelerated by the electric field between the electrodes. Over time, the photogenerated
charges will recombine until the system returns to equilibrium. Thus, the femtosecond laser
pulse causes a transient photocurrent between the electrodes that can be described as a

Hertzian dipole. The emitted electric field is proportional to the change in current [30, 31]

E(t) o dIpc(t)/dt, (2.15)

where Ipg is the transient photocurrent.

Figure 2.6 (a) illustrates a basic PCA design and how it emits a THz pulse after
excitation by a femtosecond laser pulse [5]. Figure 2.6 (b-e) show the relationship between
charge carriers generated by the femtosecond pulse and the photocurrent. The carrier
generation is proportional to the pump pulse and the photocurrent depends on how
many photogenerated carriers exist. The rise time of the photocurrent is approximately
the rise time of the pump pulse [5] — this determines the first half-cycle of the THz
electric field. The second half-cycle depends on how long the excited carriers take to
recombine. Figure 2.6 (e) shows the photocurrent decay for semiconductors with two
different lifetimes — the longer lifetime semiconductor supports the photocurrent for

longer, which causes the THz pulse to extend in time.
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A broadband THz pulse corresponds to a narrow pulse in the time-domain, hence
semiconductors with short lifetimes are highly sought for PCAs [32, 33]. Moreover, it is
important the semiconductor has a high carrier mobility to increase the photocurrent
amplitude, and a high resistivity in its equilibrium state to support high electric fields
that further increase the photocurrent and emitted THz electric field amplitude [4, 34].
Low-temperature-grown GaAs (LT-GaAs) is an excellent material for PCAs driven by
800 nm Ti:sapphire lasers owing to its high electron mobility, high dark resistivity, and
sub-picosecond charge-carrier lifetime. However, the wide bandgap of LT-GaAs (~1.42¢V)
is not compatible with cost-effective fiber lasers operating at 1550 nm (0.8 eV). Alternative
materials such as Ing 53Gag47As are better suited to these systems because their narrow
bandgap (~0.75€V) is well-aligned with the telecommunications wavelength. However, the
high intrinsic charge-carrier concentration (which leads to low resistivity) and relatively
long lifetime (hundreds of picoseconds [35]) of Ings3Gag4rAs limit its performance in
PCAs. Modifications to the material, such as introducing deep-level traps via Fe doping,
can reduce the carrier lifetime to sub-picosecond levels while increasing the resistivity.
Chapter 5 discusses and characterises such Fe-doped Ing53Gag47As.

Modern PCAs can produce relatively strong and broadband THz radiation (>6 THz
bandwidth), achieving an SNR over 110dB [5, 36]. Careful design of the electrodes
and semiconductor substrate can allow for emission of complex modes, such as radially
polarised light [37, 38], and for an in-built electric field to replace the need for an
externally applied bias between the electrodes [39]. An appropriate semiconductor can
be selected to match the central wavelength of common femtosecond lasers, making
PCAs accessible in many different lab and industry environments. For example LT-GaAs
is well-suited for Ti:sapphire lasers that output 800 nm light, while Ing53Gag47As is
compatible with fibre lasers operating at 1550 nm [35]. Overall, PCAs are excellent,

versatile sources of THz radiation for spectroscopy.
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Figure 2.6: Generating THz radiation with a PCA. (a) Illustration of generating a THz pulse
using a PCA. (b—e) Relationship between charge carriers generated in the gap (red) and the
photocurrent between the electrodes for a short carrier lifetime (grey) and long carrier lifetime
(blue) semiconductor. Figure reproduced from [5] with permission.

2.4.2 Spintronic THz Emitters

STEs are a relatively new class of THz emitter, with the first realisations reported in
2013 [40]. They have attracted significant research attention and are increasingly utilised

in THz spectrometers thanks to their extremely broadband THz output and compatibility
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with existing THz systems [8]. The basic STE design consists of a bilayer of a thin
non-ferromagnetic (NM) layer and ferromagnetic (FM) layer. The STE is held in an
external magnetic field that controls the spin alignment of electrons in the FM layer.
When the femtosecond laser pulse illuminates the STE, it excites electrons in the FM
layer to states above the Fermi energy. The excited spin majority and minority electrons
have different transport properties (scattering rates, velocities) which causes the diffusion
of excited electrons to also drive a net spin current. This spin current travels into the
NM layer and is subject to spin-orbit coupling effects. As a result, the spin majority
and minority electrons are deflected in different directions, creating a transient charge
current that radiates a broadband, single-cycle THz pulse into the far-field [41, 42]. This
conversion of a spin current into a charge current is known as the inverse spin Hall effect
(ISHE). The deflection of electrons is perpendicular to the spin orientation, which is
aligned to the magnetic field direction. As a result, the charge current is perpendicular
to the magnetic field and thus the emitted THz pulse is linearly polarised perpendicular
to the magnetic field. Figure 2.7 (a—c) show a schematic diagram of STE operation.
Much of the research on STEs has focussed on optimising their properties by tuning
the materials and structure [43]. STE bilayers fabricated with different NM layers were
found to emit THz radiation with vastly different electric field amplitudes [7, 44]. Heavy
metals with strong spin-orbit coupling, like Pt and Pd, resulted in the strongest THz
emission. Interestingly, W was found to generate similar amplitude THz electric fields
to Pt, except with opposite polarity. This polarity difference is because Pt and W have
spin Hall angles of opposite sign, thus they convert spin currents into charge currents
moving in opposite directions [45]. Different FM materials have also been investigated,
including Fe, Ni, Co and their alloys. Most of these materials resulted in STEs with
reasonably similar performance, with CosgFeggBog producing the largest amplitude THz

electric field [7, 46]. Additionally, the effect of thickness of the NM and FM materials



2. Terahertz Spectroscopy 20

(a) ®B () ®B () ®B

EPump Up

Js 4314 Eth
N io
fs laser Down

pulse FM NM FM NM FM NM

(d) TB

EPump

Je ch

NM1 M | NM2

Figure 2.7: Working principles of STEs. (a—c) Illustration of THz generation in a bilayer STE.
B is the magnetic field direction. (a) A femtosecond laser pulse excites electrons in the FM
layer. (b) A net spin-current (js) is injected into the NM layer. Spin-orbit coupling deflects the
spin-up and spin-down electron in opposite directions. Angle of deflection is the spin Hall angle
Osp. (c) There is a majority spin population (here, spin-up) and so the deflection causes a net
charge current j. that radiates a THz pulse. (d) Schematic of a trilayer STE. The THz electric
field is polarised perpendicular to the magnetic field direction.
on the STE performance has been explored. The results show, somewhat surprisingly,
that the THz electric field amplitude decreases as the layer thicknesses increase. Layer
thicknesses of 2-4nm were found to optimise the THz emission from STEs [7, 44, 47].
Many studies have investigated changing the structure of the STE to improve the
THz emission. Notably, trilayer structures of a FM layer sandwiched between two
different NM layers (NM1/FM/NM2) produce much stronger THz fields than the original
bilayer structures [7, 48]. The trilayer requires NM layers with opposite spin Hall angles,
such as Pt and W, such that both NM layers produce THz radiation with the same

polarity that constructively interfere. Figure 2.7 (d) illustrates such a trilayer STE
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design. The trilayer can be further enhanced through dielectric cavities and photonic
crystal structures that increase the absorption of the femtosecond laser pulse [19-51].
Chapter 3 discusses the development of anti-reflective and high-reflective coatings for
a trilayer STE to enhance THz emission and eliminate harmful transmission of the

femtosecond laser through the STE [52].

2.5 THz Detection

Accurate detection of THz radiation is critical to THz spectroscopy. However, its position
in the EM spectrum between microwave and IR radiation has made THz detection
technically challenging. To bridge the “THz gap”, several specialised detection methods
have been developed. A comprehensive review of these approaches can be found in
Ref [53]. This thesis focuses on detectors used in THz-TDS that utilise optical gating to
resolve the THz electric field amplitude and phase with ultrafast time resolution. This
section discusses two of the most widely employed detection techniques for THz-TDS:

PCAs and electro-optic (EO) sampling.

2.5.1 Photoconductive Antennas

Photoconductive antennas are among the most common technologies for generation
(Section 2.4.1) and detection of THz radiation [5, 54]. The PCA design is mostly the same
whether it is used for detection or emission, except no external bias is applied between
the electrodes for detection. Instead, the optical gate pulse generates free carriers in the
gap between the electrodes. When the THz electric field is incident upon the PCA, it
accelerates the photogenerated carriers, producing a transient photocurrent between the
electrodes. The photocurrent is proportional to the amplitude of the THz electric field.

The PCA is activated by the gate pulse and can only detect the THz pulse until the
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charge carriers recombine. This allows for measurement of the temporal profile of the
THz electric field by adjusting the relative timing of the gate and THz pulses.

PCA THz detectors have many advantages, including their compatibility with different
laser systems by selecting appropriate semiconductor materials, direct detection of the
electric field phase and amplitude, and high SNR. The similarity between PCA emitters
and detectors makes it possible to design all-in-one THz transceivers [55, 56]. Interesting
research has also been conducted to develop PCAs where the electrodes are separated
by semiconductor nanowires, instead of a bulk semiconductor substrate [57-60]. The
nanowire design significantly reduces the detector size and raw material cost while taking
advantage of the beneficial charge-carrier dynamics of nanowires (high mobility, short
lifetimes, advantageous surface effects) [11, 61, 62]. Furthermore, nanowires are highly
polarisation sensitive [63], and PCAs made from nanowire cross-structures can fully
resolve the polarisation state of THz radiation [64].

A critical parameter of PCA detectors is the carrier lifetime of the semiconductor [60,
65]. When the lifetime is short (< 1ps), such as in LT-GaAs, Fe-doped Ing 53Gag 47As,
ErAs:GaAs superlattices, and ion-implanted semiconductors [32, 33, 35, 36], the THz
electric field is directly measured at the time it overlaps with the optical gate pulse — this
regime is called direct detection and is the simplest as it requires no extra processing
to recover the THz pulse. When the lifetime is more than ~1 ps charges remain in the
semiconductor after the gate pulse has been absorbed. The THz electric field continues to
drive a photocurrent as long as the photoexcited carriers remain. The detector effectively
integrates the THz electric field over time, and the photocurrent is proportional to the
convolution of the THz electric field and the charge-carrier response function. This regime
is called integrating detection, and requires additional processing to recover the true THz
electric field. For this reason, it is highly desirable to use semiconductors with sub-ps

carrier lifetimes to ensure the PCA detector operates in the direct detection mode.
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2.5.2 Electro-Optic Sampling

EO sampling is a widely used THz detection method that leverages the Pockels (linear
electro-optic) effect — a nonlinear optical process in which an applied electric field induces
a change in the refractive index of non-centrosymmetric crystals (EO crystals) [9, 66,
67]. In EO sampling, an optical pulse (the gate) co-propagates with a THz pulse
through an EO crystal, such as ZnTe, GaP, or GaSe. The THz pulse induces a
birefringence in the crystal that is linearly proportional to the THz electric field amplitude.
Consequently, the polarisation state of the gate pulse is altered by the birefringence,
and the amount of polarisation change is related to the THz electric field that spatially
and temporally overlaps with the gate in the EO crystal. Therefore, measurement
of the gate’s polarisation change as a function of THz pulse arrival time allows for
reconstruction of the full THz electric field.

The polarisation change is typically detected using a balanced detection scheme
involving a A/4 WP, Wollaston prism, and pair of balanced photodiodes. In the absence
of a THz field (for example, when it is blocked by the mechanical choppers), the linear
polarisation of the gate pulse is converted to circular polarisation by the A/4 WP. The
Wollaston prism then splits the gate into its orthogonal polarisation components. Since
the gate is circularly polarised, the orthogonal components have equal intensities, which
results in a balanced signal at the photodiodes and no net voltage measurement. When the
THz pulse is present, the gate’s polarisation changes in the EO crystal due to the induced
birefringence. Now, the A/4 WP elliptically polarises the gate and the two polarisation
components split by the Wollaston prism have different intensities, resulting in a voltage
difference across the balanced photodiodes. This voltage signal is proportional to the
THz electric field at the moment it overlaps with the gate within the EO crystal. A
schematic of the EO detection system is shown in Figure 2.8, with its implementation

in the THz spectrometer also visible in Figure 2.2.
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Figure 2.8: Schematic diagram of THz detection via EO sampling. (Top) the gate pulse is
linearly polarised after transmission through the EO crystal such that the A\/4 WP circularly
polarises it. The balanced photodiodes measure no voltage difference as the orthogonal
polarisation components are equal. (Bottom) the THz electric field induces a birefringence in
the EO crystal that changes the polarisation state of the gate. Now, the A/4 WP elliptically
polarises the gate and a non-zero voltage difference is measured across the photodiodes that is
proportional to the THz electric field amplitude. Note the schematic is not to scale as the THz
electric field is much longer in duration than the gate pulse (several picoseconds compared to
< 100fs).

THz detection via EO sampling has several advantages. Most notably, EO sampling
does not depend on carrier dynamics that can smear sharp features in PCAs. Therefore,
the temporal resolution of EO sampling is primarily limited by the gate pulse duration.
Moreover, the detection bandwidth is mainly limited by the phonon modes of the EO
crystal, which allows EO sampling to often reach bandwidths of 5-10 THz [7]. Additionally,
EO sampling requires no contacts or electrodes, simplifying its implementation, and it

can be used to directly measure individual THz polarisation components by carefully

selecting the EO crystal and detection optics [68, 69].
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The choice of EO crystal is very important for extracting the most information
possible. The amount of polarisation change in the gate, and hence the signal strength,
depends on the electro-optic coefficient, while the bandwidth depends on the phonon
modes. For example, (110) ZnTe is an excellent EO crystal owing to its large electro-optic
coefficient, however it exhibits strong phonon absorption above ~ 3.7 THz that restricts
its detection bandwidth [10]. In contrast, (110) GaP can reliably detect up to ~8 THz
because of its higher phonon resonance frequency, however it has a lower electro-optic
coefficient than ZnTe, which reduces the measurement sensitivity.

For accurate reconstruction of the THz pulse, EO sampling requires phase matching
between the gate and THz pulses as they propagate through the EO crystal. The
refractive index is often very different at optical and THz frequencies, hence thin crystals
are necessary for maintaining the phase matching condition and resolving the high
frequency THz components. However, the gate accumulates less polarisation change after
propagating through a thin crystal compared to a thick one, hence there is a trade-off
between signal strength and detection bandwidth. Another consequence of using a thin
EO crystal is interference from reflections of the THz pulse within the crystal (etalon
echoes). These reflections are typically eliminated by time-windowing the measured
signal, but short time windows cut off the high-frequency THz components. To solve
this problem, the EO crystal can be optically contacted to a non-EO crystal, such as a
symmetric cut of the same crystal, to extend the time window before reflections occur,
allowing high-frequency signals to be cleanly obtained. In this thesis, THz detection is
typically achieved by EO sampling with a 200 um (110) GaP crystal that is optically
contacted to several millimetres of (100) GaP, enabling a THz detection bandwidth of

~8 THz without etalon interference from the EO crystal.
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2.6 Data Analysis

THz-TDS measures the amplitude and phase of the THz electric field after transmission
through a sample. Comparison of the THz pulse transmitted through the sample to the
THz pulse through the reference (typically air/vacuum or a bare substrate) allows for the
complex conductivity of the sample to be determined. Careful fitting of the conductivity to
a physical model allows for the charge-carrier dynamics of the sample to be extracted. This
section details what complex conductivity is and how it relates to the complex permittivity
and complex refractive index before explaining the analysis process for thin-films, optically
thick samples, and for composite materials such as nanowire ensembles. The final section

discusses the conductivity models used in the experimental chapters of this thesis.

2.6.1 Complex Conductivity

There are several ways to quantify how a material responds to electromagnetic radiation.
A common quantity is the complex refractive index, n(w) = n(w) + ik(w), which is
often used to determine transmission and reflection coefficients [70]. Alternatively, the
material response can be described by the complex permittivity (dielectric), é(w) =
€1(w) 4 iea(w). The permittivity describes the polarisability of a material in response
to an electric field and is related to the complex refractive index by n%(w) = €é(w).
The lattice contributions to the permittivity, such as phonon modes, can be separated

from the free charge contribution:

~ i6(w)
=€ + 2.16
) = e+ 2 (2.16)
where e, is the lattice contribution to the permittivity, & = o01(w) + iog(w) is

the complex conductivity of the free carriers, and ¢, is the permittivity of free space

(8.854x107 2 Fm~') [11, 15, 18]. In THz-TDS, the lattice contribution arises from
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transverse optical (TO) phonons. A polar semiconductor with one TO phonon has a
lattice contribution to the permittivity of

2

“To
= € s — € ; ) 2.17
1) = e (e = ) 0O 2.17)

where €., and ¢ are the high-frequency and static dielectric constants for the material,
wro is the resonant frequency of the TO phonon, and I' is the phonon damping rate.
These numbers are well-known for many materials.

Thus, the complex refractive index, permittivity, and conductivity are all equivalent
ways to describe the material response to light. In this thesis, the focus is primarily on

extracting the complex conductivity using THz spectroscopy.

2.6.2 Extracting Conductivity of Thin-films

Consider a thin-film sample of thickness L and refractive index i, on top of a substrate
of thickness D and refractive index ng,p, inside a vacuum (7. = 1). The THz pulse (a
plane wave) travels through vacuum until it hits the sample at normal incidence. Some
of the light is transmitted, some reflected, and some absorbed. There are also internal
reflections within the sample and the substrate to consider. A common assumption
is that the substrate is thick enough to temporally window out internal reflections
within the substrate [71]. The transmitted light through the sample, T, depends
on the properties of the sample and substrate. To isolate the sample properties, it is
essential to also measure the THz transmission through the bare substrate (or through
vacuum if the sample is free standing), Ty,. Figure 2.9 (a) and (b) show the experiment
geometry for these measurements.

The THz transmission through the sample, Ti,,, can be explicitly written by con-
sidering the propagation of the THz wave as it goes from vacuum to the sample and

then into the substrate and finally to the detector:
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Figure 2.9: Schematic of the difference between sample and reference THz measurements.
Transmission of the THz pulse through the sample (a) and through the bare substrate (reference)
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Tsam = tvac|samtsam\sub eXp(iﬁsame/C) X FP x ¢ (218)

Here, t;; = 2n;/(n; + 7;) is the Fresnel coefficient for transmission through medium
i into medium j at normal incidence, the exponential term describes propagation of
the wave (assumed to be a plane wave at normal incidence) through the sample, FP
is the Fabry-Pérot term that accounts for multiple internal reflections in the sample,
and 1 is the propagation through the substrate. Note that the Fabry-Pérot term for
the substrate is 1, as the internal reflections of the relatively thick substrate can be
windowed out and thus do not impact the detected transmitted THz electric field. In

the thin-film limit, the FP term becomes
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3 1
FP = T'vac|samT'sam|sub €XP Qiﬁsame c))? = — ,
pz;)( | | ( / >) 1- T'vac|samT'sam|sub eXp<21nsamLW/c>
(2.19)
where p is the number of internal reflections (oo in the thin-film limit) and r;; =

(n; — nj)/(n; + n;) is the Fresnel reflection coefficient between media i and j. The

transmission of light through the bare substrate, Ty, can be written in a similar way

T = tvac\sub exp(iﬁvach/C) X ¢ (220)

Note that 1 contains all propagation terms within the substrate. The relative

transmission function through the sample is then given by

,I'sam _ tvac|samtsam|sub exp(i<ﬁsam - ﬁvac)Lw/C)
Tsub tvac|sub(1 — TvaclsamT'sam|sub eXp(2iﬁsame/c)) '

(2.21)

Equation 2.21 can be simplified using the thin-film approximation: fgmwl/c << 1.
Satisfying this condition, we can use the approximation exp(if) = cos()+isin(f) ~ 1410,
where 0 is small. Applying these approximations and using 7.,. = 1 results in the

I3

expression |11, 15, 72]

T‘sam 1 NSU
- T Mo - (2.22)
Tor (14 figup) — i(R2,,, + Nsup)wL/c
This equation can be rearranged to solve for 72 = €am
~ i ~ Tsub<w) ~
sam — T 1 1 su — 1| — Ngup- 2.23
o = 2 0t ) (72282 1) = 22

The permittivity is related to conductivity by Equation 2.16. Making this substitution
and rearranging gives the complex conductivity of the sample
€oC

TSU . ~
&sam == f(l + ﬁsub) (Tsa;iz)) - 1) + ZWeo(EL + nsub). (224)
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For highly conductive samples, the conductivity can be further approximated as

€pC

=7 (1 + ) (

O-S&m

Tsub ((.U) - Tsam>

T (@) (2.25)

Equation 2.25 is the common approximation for relating the conductivity to the
THz transmission when the sample is at equilibrium.

When the sample is photoexcited, we are interested in extracting the complex
photoconductivity. We assume that the photoexcitation is uniform throughout the
sample, which is a reasonable assumption for thin-films excited by above-bandgap light.
The complex photoconductivity, Ag, is related to the relative change in THz transmission
due to the photoexcitation, AT /T, where AT = T,, — Tog is the difference is transmission
when the sample is photoexcited and at equilibrium, and T" = T,g. The relationship
between photoconductivity and AT'/T can be derived in a similar way to Equation 2.25,
with T, and Ty, replaced by T,, and T,g respectively. The resulting equation for

photoconductivity is ([18])

eoc(1 + Ngup) AT

AG — — .
7 L T

(2.26)

Therefore, the equilibrium conductivity of a thin-film sample can be determined by
measuring the THz transmission through the sample and a bare substrate (or vacuum
for a free standing sample), while the photoconductivity can be calculated from the THz

transmission through the sample with and without photoexcitation.
2.6.3 Photoconductivity of Nanowire Ensembles

Nanowire ensembles form an important part of the experimental work in Chapter 4 and
their analysis requires special consideration. They can be considered as a composite
layer consisting of the nanowires and their surrounding medium — typically vacuum or

polymer — on a substrate [73-75]. Figure 2.10 shows a schematic diagram of this sample
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structure. The effective conductivity and photoconductivity of the composite layer can
be calculated using the thin-film equations (Equations 2.25 and 2.26 respectively) [11].

To extract the conductivity of the nanowires, it is necessary to separate the nanowire
response from that of the surrounding medium. One widely used approach is to apply an
effective medium theory (EMT). Common EMTs for this task are the Maxwell-Garnett
and Bruggeman EMTs [76, 77]. However these models require assumptions about the

nanowire geometry and are not suitable when nanowires bundle together [11, 73].

Nanowire + vacuum
E_§ @D &= | composite layer

Substrate

Figure 2.10: Schematic diagram of a nanowire ensemble forming a composite layer with the
surrounding dielectric (vacuum).

Alternatively, the nanowire photoconductivity can be extracted by explicitly consid-
ering the nanowire geometry — particularly the length, diameter, and surface density —
in a thin-film approximation [74, 78]. This approach assumes that the nanowires act as
discrete, subwavelength conductive elements in a transparent medium with some thickness,
L. The nanowire collective response is assumed to be proportional to the density of
nanowires and their individual responses. In this model, the nanowire photoconductivity
is related to the THz transmission by measuring the transmission through the nanowire
ensemble with and without photoexcitation. Assuming the nanowires are embedded in

vacuum, the transmitted THz electric fields before and after photoexcitation are

Toff = anTl’lW + (1 - an)Tvac (227)
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Ton = anTnW* + (1 - an)Tvac, (228)

where f,, is the nanowire areal fill factor, T, and Ti,. are the transmitted THz electric
fields through the nanowire and vacuum sections of the composite layer respectively, and
T, indicates that the nanowires are photoexcited. Each of the electric field terms can

be expressed in terms of the incident THz electric field, E;:

Tvac = exp(iwL/c)E; (2.29)
an = tvac\nwtnw|vacFvav eXp(iﬂWL/C) EZ (230)
Taw = tvacinw tow* vacEF Pywrv exp(in*wL /c) E;. (2.31)

The Fabry Pérot terms, FP;;;, have subscripts that indicate the interfaces the light
reflects between, and n and n* are the nanowire refractive indices at equilibrium and
after photoexcitation respectively. Note that the vacuum refractive index equals 1
and does not change with photoexcitation. The relative change in transmitted THz

electric field is given by

AT o Ton - Toff o fannw* + (1 - fnw)Tvac
T B Toff B anTer + (1 - an)Tvac

— 1. (2.32)

This equation can be rearranged to isolate the nanowire transmission terms

Tt AT 1-— T
aw* 2L 1 + ( f nw) vac
an T f nw an

+1. (2.33)

The composite layer is very thin as the nanowire diameter is small (often on the scale
of tens to hundreds of nanometres). Therefore, the thin-film approximation is valid and

the simplification Tya./Thw = 1 can be made. Equation 2.33 becomes

T AT 1
THW N T fl’lW

+1. (2.34)
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We can define the parameter A = T, /Ty that will be used later. We can
use Equations 2.30 and 2.31 with thin-film approximations made to simplify the ¢;;
and FP;j; terms to get

Tw  2—i(R*+ DwL/c

1
L _ L , 2.35
A Tw 2—i(n**+1)wl/e (2.35)

2

Substituting in the permittivity for refractive index, n* = €, and rearranging results in

2 IR o R | .
“cTT. (( +6) iwL>+iwL ) (2.36)

where € is the permittivity of the photoexcited nanowires. The photoconductivity is

given by

iAg

Wey

(2.37)

€ — €=

Substituting Equation 2.37 into Equation 2.36 and solving for photoconductivity gives

weg [ Tow ( 2c ) 2c )
Ao = W TR DI A 9.
7= (an* (I+e =3 1) Tl ¢ (2.38)

Finally, we can simplify the above and substitute the parameter A to get the

nanowire photoconductivity

Ao = (A—1) 2; —iw(1+6)] e (2.39)

Using Equation 2.39 to extract the nanowire photoconductivity requires few assump-
tions about the nanowire geometry while providing insight into the carrier dynamics
of the individual nanowires. These traits are highly relevant to the work in Chapter 4,

hence Equation 2.39 is used in this thesis over alternative EMT approaches.
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2.6.4 Equilibrium Conductivity of Optically Thick Materials

In the case of thick samples, the thin-film approximation (iwL/c << 1) is no longer
valid. Therefore, we must alter the approach to calculate the material conductivity. The
relevant case in this thesis is a free-standing sample of thickness L (where L is large
relative to the wavelength) at equilibrium. The transmitted THz electric field through

the sample is a modified form of Equation 2.18

Toam = tvac|samtsam|vac eXp(iﬁsame/C)Eiu (240)

where F; is the incident THz electric field that replaces the substrate propagation term,
1 from Equation 2.18. Note that Equation 2.40 has no Fabry-Pérot term because the
internal reflections in the thick sample can be temporally windowed out. The reference

transmission through vacuum is given by

Tac = exp(ifiyacLw/c) E;. (2.41)

The relative transmission then equals

TSa,m 477LSa,m ol ~
T = At i) exp(i(Msam — 1) Lw/c), (2.42)

where the Fresnel transmission coefficients have been expanded and the vacuum
refractive index is set to 1 [71]. Equation 2.42 has no analytic solution for the refractive
index; instead numerical methods are required. However, the roots of the transmission
function oscillate as a function of 7., which prevents convergence with standard
numerical techniques such as the Newton-Raphson method [79]. An alternative error

function should be used

§(n, ) = Eroa(n, K) + &y (n, ), (2.43)
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where Ngm = n + 1k,

Emod = In(|T'(w)[) = (| Tineas (w)]), (2.44)

and

Carg = arg(T'(w)) — arg(Tineas(w))- (2.45)

Teale and Theas are the calculated (with Equation 2.42) and measured values of
the THz transmission function. The two functions, {mnoqa and &g, are smooth and
monotonous, ensuring the overall error function, £ will converge [71, 79]. Therefore,
the complex refractive index of a thick, free-standing sample can be determined by
finding the roots of the error function £. The permittivity and conductivity can then

be determined, as described in Section 2.6.1.

2.7 Conductivity Models

THz-TDS and OPTP spectroscopy yield the dark (equilibrium) conductivity and pho-
toconductivity spectra respectively. Fitting these spectra to physical models provides
key insights into the charge-carrier dynamics of the sample and allows for important
material parameters — such as the carrier density, relaxation time, and mobility — to
be extracted. This section presents the relevant conductivity models for the material
systems investigated in this thesis: the Drude model and the surface plasmon model.
Note that, unless otherwise stated, all fitting of conductivity models or polynomials to
experimental data in this thesis is done by a nonlinear least squares algorithm with the

data weighted by the inverse of the measurement error.
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2.7.1 Drude Model

The Drude model is a simple, classical model to describe the motion of free carriers in
metals and semiconductors [11, 80]. It treats electrons as a classical, non-interacting
gas that scatter off the immobile ions in the lattice with a characteristic scattering
time, 7. Each scattering event randomises the electron momentum and the electrons
respond to the external electric and magnetic fields between scattering events. The

equation of motion for the electrons is

d
dp_o P

2.46
dt T’ ( )

where p is the momentum and F is the electromagnetic force. For charges driven
by a THz electric field, the force is F = gEqexp(—iwt), where ¢ = 1.602 x 1071 C is
the elementary charge and Ej is the incident electric field amplitude. Rewriting the
momentum in terms of mass m and velocity v allows Equation 2.46 to be written as
dv  mv

m + — = qEq exp(—iwt). (2.47)

We assume the electrons follow the oscillatory motion of the applied electric field

v = vjexp(—iwt). (2.48)

Substituting Equation 2.48 into Equation 2.47 and rearranging results in

qEo
m (L —iw)
(5 -iw)

If the material has a density N of electrons, each moving with velocity vy then

Vo = (2.49)

the current density, j in the material is

Nq2E0

— (2.50)
m (; — Z(U)

J=Ngvy =
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Conductivity is defined as j = cE. Therefore, the Drude model conductivity, op, is

given by

Ng*r

m*(1 — iwT) (251)

op(w) =

In a semiconductor, the free electrons are in the conduction band and have an
effective mass, m* determined by the band structure. Hence, the mass in Equation 2.51
uses the effective mass as this thesis is focussed on semiconductors. The scattering
rate, v, is the inverse of the scattering time 7. The mobility is another important

material property that is defined as

q
m*y’

= (2.52)

Figure 2.11 shows example Drude conductivity spectra for a range of scattering
times. At low frequencies (wr << 1), the Drude conductivity is fully real and equals the
DC conductivity, opc = N¢?>7/m*. As the frequency increases, the real part decreases
while the imaginary component increases until its peak at w = . At high frequencies
(wr >> 1) the Drude conductivity is dominated by the imaginary component and the
material behaves more like an insulator.

The Drude model has been highly successful at describing conductivity in bulk
semiconductors, such as Si and GaAs [11]. However, many nanoscale materials, including
nanowires and nanoparticles, exhibit a negative imaginary conductivity at low frequencies
that the Drude model cannot explain. To properly describe charge transport in such

materials, additional factors must be implemented into the Drude model.
2.7.2 Surface Plasmon Model

The surface plasmon model was developed by Nienhuys and Stindstrom to describe how

small-scale structure impacts the conductivity spectrum of materials [81]. This model
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Figure 2.11: Example Drude conductivity spectra with different scattering times.

introduces an electrostatic restoring force to the Drude equation of motion. When an
electric field is applied to the sample, such as the field from a THz pulse, the free electrons
and holes are accelerated in opposite directions. When the dimensions of the sample
are comparable to the THz wavelength, the charges accumulate at opposite ends of the
sample structure, creating an electric dipole [78]. The electric field of this dipole opposes
the external electric field, thus it is often referred to as a depolarisation field [32]. The
depolarisation field acts as a restoring force on the charge carriers and causes them to
undergo harmonic oscillations. Figure 2.12 depicts how a depolarisation field forms inside
semiconductor nanowires when a THz electric field is applied.

Introducing the electrostatic restoring force means the charge-carrier equation of

motion is that of a damped harmonic oscillator [81]



2. Terahertz Spectroscopy 39

N AN
N —] N —] A

T Eth,

-+

+ -

-+

+ -

-+

+ -

-+

. v
N— \+_/ ED
Equilibrium Photoexcitated Formation of
nanowire nanowire depolarisation field

Figure 2.12: Schematic diagram of the formation of a depolarisation field in a semiconductor
nanowire. At equilibrium there are no free carriers. After photoexcitation, electron-hole pairs (-
and + symbols) are excited and available for conduction. The applied THz electric field, Epyy,
accelerates the electrons and holes to opposite ends of the nanowire, forming a transient dipole
that creates an opposing electric field — the depolarisation field, Ep.

d? d
md—;; + md—? + mwix = qEq exp(—iwt), (2.53)

where x is the carrier displacement from equilibrium and wy is the resonant frequency
of the oscillator. As in the previous section, the surface plasmon model conductivity,

osp, can be derived from the equation of motion

Ng? w
m* w2 — w +iwy’

(2.54)

O'SP(CL)) =

Equation 2.54 has the form of a Lorentzian. Figure 2.13 shows some example surface-
plasmon conductivity spectra with different scattering times and resonant frequencies.
In contrast to the Drude spectra, the surface plasmon model exhibits a resonance at
w = wy. The imaginary component of the conductivity is negative below the resonant
frequency and both the real and imaginary components are zero at frequency zero. At
frequencies higher than the resonance, the spectra follow the same lineshape as the
Drude model. These features align very well with the conductivity spectra of nanowires

and other nanostructures [33-88].
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Figure 2.13: Example surface-plasmon conductivity spectra with different scattering times
and resonant frequencies.

The charge-carrier mobility is related to the scattering time by Equation 2.52. The

resonant frequency is related to the carrier density by

N¢?

m*eg

Wy = = gy, (2.55)

where ¢ is a factor dependent on the sample geometry and dielectric properties, and
wp is the plasma frequency. Equation 2.55 states that the resonant frequency scales as

the square root of the carrier density — a key signature of plasmons.

Aside: Drude-Smith Model

Other models exist that can replicate the negative imaginary conductivity observed
in nanostructures. One commonly used approach is the Drude-Smith model, which

is a phenomenological extension of the Drude model [89, 90]. This model accounts
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for preferential scattering by introducing a parameter, c,, that is the fraction of the
initial carrier velocity that is retained after scattering event p. For ¢, > 0, the carriers
preferentially scatter forwards, ¢, = 0 indicates isotropic scattering and simplifies to the
Drude model, and ¢, < 0 means carriers are preferentially scattered backwards — for

example from the boundary of a nanoparticle or grain. The conductivity is expressed as

Nq2 T
m* 1 — wwt

ops(w) =

1+3 C”] . (2.56)

— (1 —iwT)P

The infinite summation in Equation 2.56 is typically simplified to only include the
first scattering term p = 1. The Drude-Smith model can replicate the negative imaginary
conductivity in nanostructures, and is equivalent to the surface plasmon model when
cg = —1, vyps = 7sp/2, and wy = 7ps, where the subscripts ps and gp specify the
Drude-Smith and surface plasmon parameters respectively [11]. However, unlike the
surface plasmon model, the Drude-Smith model cannot explain the changing resonant
frequency with increasing carrier density that is observed in nanowires [85] (Equation 2.55).
Furthermore, the physical reasoning for ignoring scattering events beyond the first term
is not well justified. Therefore, this thesis employs the surface plasmon model to describe

carrier dynamics of nanostructured materials instead of Drude-Smith.



Optimised Spintronic Terahertz
Emitters for Time-Domain
Spectroscopy

3.1 Introduction

Spintronic THz emitters (STEs) have emerged as high-power, broadband sources of THz
radiation for time-domain spectroscopy [7, 8, 40, 48, 51, 91]. One of the most efficient
STE designs is the trilayer structure of a ferromagnetic material sandwiched between
two different non-ferromagnetic materials: NM1|FM|NM2. Notably, W|CoyoFe4Bao|Pt
STEs have demonstrated broadband emission from 0.1 to 30 THz with similar or greater
electric field amplitudes than conventional THz sources, such as biased photoconductive
antennas and electro-optic crystals [7]. The compact geometry and ability to drive the
STE with wavelengths between 800 and 1550 nm [50, 92] make STEs highly versatile
and compatible with many existing THz-TDS systems.

Optimal THz emission occurs when the STE layers are extremely thin (< 2nm each),
which restricts how much of the THz-generation pulse is absorbed by the STE. As a result,

a significant proportion (>20%) of the femtosecond laser pulse transmits through the

42
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STE [50, 52]. This transmitted light can introduce artefacts by photoexciting the sample
under investigation or damaging the detection elements of the spectrometer. Therefore,
it is essential to sufficiently attenuate the transmitted beam. One approach to mitigating
this problem is to place thin polymer films, such as cellulose nitrate (CN), behind the
STE to scatter the transmitted THz-generation beam while allowing the THz radiation
to transmit. While effective, this method adds complexity to the experimental setup
and can also attenuate or distort the THz radiation.

An alternative method of controlling the transmitted excitation beam is to utilise
the light to enhance the THz emission. For example, Feng et al. [19] developed an
STE with a photonic crystal structure, such that the excitation pulse traverses multiple
NM1|FM|NM2 trilayers, reducing the transmission through the full STE structure and
enhancing the emitted THz electric field strength. Herapath et al. [50] demonstrated a
different approach by constructing a dielectric cavity adjacent to the STE that increased
absorption of the excitation pulse, leading to an increase in THz emission. This approach
was recently extended by Rouzegar et al. [51] by coupling the dielectric cavity with
a Si substrate that removes heat more efficiently from the STE and enables a greater
proportion of the THz radiation to be emitted in the forward direction. However, these
approaches are designed to focus on enhancing the emitted THz electric field strength,
instead of minimising transmission of the excitation beam.

In this chapter, the issue of transmitted light is addressed by integrating an STE
with a broadband high-reflectivity (HR) coating optimised for 800 nm excitation. Both
the design and characterisation of the HR coating are presented to demonstrate that
it suppresses over 99.9% of the THz-generation beam. This level of attenuation is
comparable to placing 0.1 mm of CN behind the STE, thus the HR coating effectively
removes the need for additional attenuators. Moreover, the presence of the HR coating

significantly enhances the emitted THZ electric field strength by increasing the intensity
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of the THz-generation beam inside the STE layers. The field enhancement is improved
further by combining the HR coating with an anti-reflective (AR) coating on the opposite
side of the STE. These AR+HR-coated STEs are optimised for THz spectroscopy and
form an essential part of the experiments in the remaining chapters of this thesis. This

chapter is an adaptation of my work published in Ref. [52].

3.2 Coating Design and Fabrication

A schematic diagram of the AR+HR-coated emitter along with the coating structures is
presented in Figure 3.1 (a). This chapter characterises the performance of the AR+HR-
coated emitter and compares it to an HR-coated emitter and an uncoated emitter, all
of which are illustrated in Figure 3.1 (b). The STE consists of W (1.9nm)|CoyFeq4Bag
(2.0nm)|Pt (1.9nm), and matches the optimised structures reported in [7]. The STE
materials were DC-sputtered in Ar background gas onto a 1-mm-thick, 25-mm-diameter
c-cut sapphire substrate using a sputter tool (Rotaris, Singulus Technologies, Germany).
Sapphire was selected for the substrate material owing to its relatively high thermal
conductivity (~30 Wm~'K™!) [93]. The substrate helps dissipate heat away from the
metallic STE layers after laser excitation. Thus, the greater the thermal conductivity
of the substrate, the greater laser power that can be applied, leading to increased THz
generation before the STE reaches its damage threshold. STE fabrication was done by
Joel Cramer at Johannes Gutenberg University in Germany.

The AR and HR coatings were fabricated from alternating layers of Tay,O5; and
SiOq deposited by ion-beam sputtering (Navigator, Cutting Edge Coatings, Germany).
Specifically, the AR coating consisted of a 155.5-nm-thick layer of SiO, on a 44.5-nm-
thick layer of TasO5 deposited directly on the sapphire substrate. The HR coating was
deposited onto the Pt layer of the STE and consisted of 22 layers to sufficiently reduce

the THz-generation beam transmission. A 30-nm layer of TayOs was in contact with
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Figure 3.1: (a) Schematic diagram of the STE with AR and HR coatings along with the layer
structure of both coatings. (b) Schematic diagrams of the three emitter structures investigated
in this work. (c) [Figure produced by Dr. Simas Melnikas| Electric field profile of the excitation
pulse (Epump) through the HR coating. The peak electric field is at the boundary between the
substrate and HR coating — exactly the position of the STE trilayer. Hence, the coating design
maximises the absorption of the THz-generation pulse by the STE. Almost none of the incident
field transmits through the HR coating into air.
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the Pt, with 88 nm of SiO5 on top, followed by nine pairs of 95-nm-thick Tay;O5 and
136-nm-thick SiO,. The coating was completed with a 95-nm-thick layer of TayO5 and
272-nm-thick layer of SiOy. Figure 3.1 (c) shows the simulated electric field profile
of the excitation laser in the HR coating. The peak electric field is near the STE
metallic layers, which allowed for maximum absorption of the laser energy into the STE.
Both the AR and HR coatings were optimised for 800-nm wavelength light at normal
incidence, making them well-suited for operation with Ti:sapphire lasers. The coating
layer thicknesses can be adjusted to optimise for different excitation wavelengths [94].
Dr. Simas Melnikas designed and deposited the HR and AR coatings to the STEs and
simulated the electric field enhancement (Figure 3.1 (c)) at the Center for Physical

Sciences and Technology in Lithuania.

The AR and HR coatings operate using the principle of interference between their
different layers. Greater reflection/transmission is achieved by choosing materials with a
large contrast in their refractive index [95]. SiOj is the material with the lowest refractive
index (~ 1.45 at 800nm [96]) that can be deposited in a standard configuration ion-beam
sputtering coating plant. Hence, SiO was selected as the low-refractive-index material in
the coatings to ensure the highest contrast between the refractive indices of the deposited
layers. TasO5 was chosen as the high-refractive-index material because it has a relatively
large refractive index in the visible to near-IR spectral range (~ 2.1 at 800 nm), and
features a higher laser induced damage threshold than alternative materials like NbyOj
or TiOq [97]. Furthermore, TasO5 was found to adhere well to the Pt layer of the STE

during development, making it highly compatible with the emitters.
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3.3 Experimental Methods

3.3.1 THz Time-Domain Spectroscopy

THz-TDS was employed to characterise the THz emission from the coated STEs, and
to demonstrate their suitability for dark conductivity (i.e. at equilibrium without
photoexcitation) measurements. A diagram of the THz spectrometer is presented in
Figure 2.2. In this study, only THz-TDS was needed and so the optical-pump beam
was blocked. The THz-generation beam was directed at normal incidence onto the STE.
The beam had a Gaussian profile with a FWHM (full-width half-maximum) of ~0.9 mm
and excited the emitter with a fluence of ~15mJem=2. An external pair of neodymium
magnets provided an effective magnetic field of ~ 20mT at the centre of the STE, with
the magnetic field direction parallel to the STE surface, as shown in Figure 3.1 (a).
The emitted pulses of THz radiation were detected by electro-optic sampling using a
200-pm-thick (110) GaP crystal optically contacted to a 4-mm-thick (100) GaP crystal.

THz generation and detection occurred under a vacuum of 1072 mbar.
3.3.2 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy with a Bruker Vertex 80v spectrometer
was used to characterise the optical transmission of the AR and HR coatings around the
target wavelength of 800 nm. In FTIR spectroscopy, light from a broadband source (here, a
tungsten—halogen lamp) is first directed into a Michelson interferometer, where the beam is
split into two arms with different optical path lengths, recombined, and sent to the sample.
The recombined beam carries a modulated interferogram that encodes information from
all wavelengths of the source. This light is transmitted through the sample at a small
angle of incidence (~11°) to suppress any back-reflection artefacts. The transmitted
beam is collected by a detector (silicon diode). By Fourier-transforming the detected

interferogram, the transmission intensity as a function of wavelength can be extracted.
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3.4 Results and Discussion

3.4.1 Optical Properties

Figure 3.2 (a) shows the optical transmission spectra through the STE with different
coating arrangements, along with the transmission through a 0.1-mm-thick CN film.
Without coatings, the STE transmitted roughly 31% of the light between 600 and
1000 nm, which is consistent with the relatively flat transmission reported previously in
this wavelength range [7, 50]. The HR-coated and AR+HR-coated emitters exhibited
very similar transmission spectra, with both coating arrangements allowing less than
1% of light through between 720 and 880 nm. As highlighted in the inset, emitters with
the HR coating transmit ~ 0.05% of light at 800 nm, which is nearly identical to the
transmission through the 0.1-mm-thick CN. Hence, the HR coating sufficiently suppresses

the transmission of 800 nm light for use in THz spectroscopy.
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Figure 3.2: Optical transmission spectra of coated spintronic THz emitters measured by
FTIR spectroscopy. (a) Transmission through a 0.1-mm-thick cellulose nitrate (CN) film and
through an uncoated, HR-coated, and AR+HR-~coated W|CoygoFes9B2o|Pt STE. The labels on
the figure describe the sample structure, with the light entering the left-most material and
exiting the right-most. (b) Transmission through a bare, 1-mm-thick c-sapphire substrate and
an AR-coated sapphire substrate. The red-dashed line highlights the target wavelength of
800 nm. The insets zoom on the spectra near the target wavelength.

Figure 3.2 (b) shows the transmission through the 1-mm-thick c-sapphire substrate
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with and without an AR coating. The AR-coated sapphire allowed approximately 8%
more 800-nm wavelength light through than the bare sapphire. This value is very similar
to the ~7.5% Fresnel reflection of unpolarised light at normal incidence upon a single
vacuum-sapphire interface (R = |(n —1)/(n + 1)[*,n ~ 1.75 [98]). This result indicates
that the AR coating succeeds in allowing the maximum amount of the target wavelength
to enter the substrate, and thus enhances the fraction of the THz-generation beam that
reaches the metallic STE layers for conversion to THz radiation.

To confirm that the 800-nm laser light is effectively blocked by the HR coating, the
average power of 800-nm femtosecond laser pulses was measured directly before and after
STEs with different coating arrangements using a power meter (Coherent LM2 VIS).
Table 3.1 summarises the power measurements and calculated transmission. Note that
for these measurements, the incident laser power on the emitters was attenuated by a
factor of 100 using neutral density filters placed directly before the STE. The attenuation
was necessary to ensure the excitation beam power was within a highly linear range of
the power meter. The power transmission values in Table 3.1 are very similar to the
800 nm transmission values in Figure 3.2 (a), which emphasises the effectiveness of the

HR coating to block the transmission of 800-nm light.

Sub-STE Sub-STE-HR,  AR-Sub-STE-HR
Power before emitter 10.5 & 0.2mW 10.5 £ 0.2mW 10.5 £ 0.2mW
Power after emitter 3.7 £ 0.2mW 6.8 + 0.4 uW 7.6 £0.4uW
Transmission 35 + 3% 0.065 £ 0.005%  0.072 £ 0.005%

Table 3.1: Average power measurements of 35-fs laser pulses (800-nm centre wavelength, 5-kHz
repetition rate) before and after STEs with different coatings. The laser power was attenuated
by a factor of 100 by neutral density filters before reaching the STEs to ensure the incident
power was within a highly linear range of the power meter.

3.4.2 Enhancement of THz Emission

The emission of THz radiation from an uncoated, HR-coated, and AR+HR-coated STE

was measured by THz-TDS. As discussed in Section 3.4.1, the uncoated emitter transmits
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over 30% of incident light. Therefore, to prevent damage to the detection optics, it
was necessary to attenuate the transmitted beam with a 0.1-mm-thick CN film placed
directly behind the STE. The same CN film was also positioned behind the HR and
AR+HR-coated emitters to ensure the experimental conditions were identical for all

STEs. The effect of the CN film on the THz emission is discussed further in Section 3.4.5.
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Figure 3.3: THz emission from W|CoygoFe 0B2o|Pt STEs with different coatings measured
using a 200-pm-thick GaP detector via electro-optic sampling. (a) THz electric field in the time
domain. The inset shows a schematic of the experiment geometry, with a 0.1-mm-thick CN
film used to attenuate the transmitted laser beam (Epump). (b,c) Emitted THz electric field in
the frequency domain (Fourier transform of (a)) on a logarithmic and linear scale respectively.
The inset in (c) highlights the peak amplitude of the THz emission. Solid lines are the average
of three repeated scans, while the semi-transparent surrounding regions show the standard
deviation between measurements. Note that the standard deviation was very small and is
mainly observed at frequencies above ~6 THz at this scale. Additionally, the spectral intensity
of the emitters is convolved with the GaP detector response in the spectra of (b) and (c).



3. Optimised Spintronic Terahertz Emitters for Time-Domain Spectroscopy 51

Figure 3.3 (a) shows the THz electric field generated by each emitter in the time
domain. The HR coating increased the electric field amplitude by 35% compared to the
uncoated emitter. This enhancement of the THz electric field arises from the design of the
HR coating, which maximises the electric field of the THz-generation pulse at the STE
metallic trilayer (see Figure 3.1 (b)), thereby maximising absorption of the laser pulse
and increasing the intensity of the THz emission [49, 50, 52]. A further 4% enhancement
(net 40% increase compared to the uncoated emitter) in field amplitude was observed
for emission from the AR+HR-coated emitter compared to the HR-coated emitter. This
additional field amplitude is a result of the AR coating allowing greater transmission of
the THz-generation pulse into the substrate, and thus more of the excitation light reaches
the STE layers for absorption, increasing THz generation. This 40% increase in emitted
field strength is less than reported for other methods [49, 50], however the design of the
HR coating is focussed on eliminating the need for further attenuation of the transmitted
excitation beam, whereas other studies aimed to maximise THz generation.

Figure 3.3 (b) and (c) show the emitted THz electric field in the frequency domain on
a logarithmic and linear scale respectively. The emitted spectra have approximately the
same shape from 0-2 THz, with an average 35% (42%) greater signal from the HR-coated
(AR+HR-coated) emitter compared to the uncoated emitter. Interestingly, the uncoated
emitter generated similar or slightly more THz field strength from 4-7 THz compared
to the coated emitters. This effect can also be seen in the time-domain figure, with the
coated emitters generating THz pulses that are slightly broader than pulses from the
uncoated emitter. It is important to note that the presented spectra are a convolution
of the emitted THz electric field and the GaP detector response function [99]. As a
result, the detected THz electric field drops sharply near 8 THz as the GaP response

function dips near 8 THz [99, 100]. A different detection crystal with a larger response
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function at higher frequencies, such as organic polymers [101], would reveal that the
emitted THz bandwidth is limited by the excitation pulse duration [7].

The drop in the high-frequency performance of the coated emitters compared to
uncoated emitters likely arises from the absorption coefficient of TayO5 increasing at higher
THz frequencies [102]. Further improvement in the high-frequency emitter performance
is expected if an alternative material with less THz absorption than TasOj5 is utilised.
Another potential cause of the reduced bandwidth from coated emitters is the extra
layers of the coatings introducing some dispersion to the THz pulse, broadening it in the
time domain and thus slightly reducing the bandwidth [103]. Despite the slight loss of
high-frequency signal, the HR coating significantly increases the emitted THz electric
field strength below 4 THz, which is often where the most interesting features in the

AC conductivity spectra of inorganic semiconductors occur.

3.4.3 STE Spatial Dependence on THz Emission

To further probe the STEs and their coatings, additional measurements were performed
in which the THz-generation beam was deliberately positioned at different locations
across the emitter surface. The aim was to determine whether local excitation of
specific regions yielded variation in the THz emission, which would indicate defects
in the trilayers or coatings.

Figure 3.4 (a) show the time-domain THz electric field emitted by an HR-coated
STE when the femtosecond laser illuminated different positions on the emitter. The
pulse shape was nearly identical for all excitation positions, and the peak amplitude was
constant within ~3%. The THz frequency spectra in Figure 3.4 (b) and (c) are also
nearly identical for all excitation spot positions, with the amplitudes varying by less than
3%. The negligible variation strongly suggests that the deposition process has created a

highly uniform coating on the STE with no hot spots. This uniformity is promising for
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applying the coatings to larger area devices. Furthermore, it enables a large excitation
spot size to be used on the STE, spreading out any heat accumulation and allowing

higher input power to be used, resulting in greater THz generation [418].
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Figure 3.4: THz emission an HR-coated STE when different locations on the emitter surface
are excited. (a) THz electric field in the time domain. The top inset shows a schematic of the
experiment geometry. The bottom inset shows the relative positions of the THz-generation beam
on the emitter. (b,c) Emitted THz electric field in the frequency domain (Fourier transform
of (a)) on a logarithmic and linear scale respectively. The inset in (c) highlights the peak
amplitude of the THz emission. Solid lines are the average of three repeated scans, while the
semi-transparent surrounding regions show the standard deviation between measurements. Note
that the spectral intensity of the emitters is convolved with the GaP detector response in the
spectra of (b) and (c).
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3.4.4 THz Time-Domain Spectroscopy of GaAs

A powerful application of THz-TDS is to measure the intrinsic properties of a material,
such as the complex refractive index. It is important that the sample is not photoexcited
during such measurements, as any photoexcitation can significantly alter the dielectric
response of the sample. Therefore, careful control of the light transmitted through the
THz emitter is essential for accurate THz-TDS measurements. To demonstrate the
effectiveness of the HR coating for eliminating this transmitted light, the refractive index
and equilibrium conductivity of a 2.96 + 0.01-mm-thick, semi-insulating GaAs wafer was
measured by THz-TDS using coated and uncoated STEs. Unlike the measurements in
Sections 3.4.2 and 3.4.3, no CN film was placed behind the emitters unless explicitly stated.

The GaAs is too thick to apply thin-film approximations, so the method described in
Section 2.6.4 was required to extract the complex refractive of the GaAs. Briefly, the
THz transmission function takes the form of Equation 2.42, and the refractive index
can be solved numerically by minimising the error function between the experimentally
determined transmission and Equation 2.42 [71, 79]. Figure 3.5 (a) shows the error
function surface over a range of different complex refractive index values for GaAs
(measured with an HR-coated STE). The surface has a minimum near 7 = 3.6 4+ 0.00154,
as shown clearly in the contours in Figure 3.5 (b), agreeing well with literature values of
the refractive index of GaAs [104]. Note that the surface must be calculated for each
frequency in the THz spectrum to extract the full frequency dependent refractive index.

After extracting the complex refractive index from THz-TDS, it was converted to the
complex conductivity using Equation 2.16, with € = 71? and €;, = €, = 13 [105]. Figure 3.6
(a) and (b) show the real and imaginary components of the conductivity respectively.
For all emitters, the real conductivity exhibited a small feature near 0.7 THz and a much
larger peak near 2.4 THz. Both of these features have been previously reported and

are attributed to multiphonon processes [104, 106, 107]. The real conductivity tends
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Figure 3.5: Error Function, £2, Equation 2.43, of the theoretical THz transmission against
the experimentally determined transmission. (a) Surface of error function values at different
refractive index values. (b) Contours of the error function showing the minimum near n =
3.6 + 0.0015:.

to increase with frequency, whereas the imaginary component tends to decrease. These
observations are consistent with the background conductivity arising from the TO phonon
mode of GaAs near 8 THz [108]. Equation 2.17 describes the effect of the TO phonon on
the permittivity, which can be converted to conductivity using Equation 2.16. Figure 3.6
(a) and (b) show the real and imaginary conductivity contributions from the TO phonon,
and the inset of (b) displays the full TO phonon conductivity.

The measured real conductivity of GaAs is nearly identical when measured with the
HR, AR+HR, and uncoated+CN STE configurations. In contrast, the uncoated emitter
without CN resulted in a significantly higher real conductivity from 0.5-2.2 THz. This

higher conductivity can be explained as follows: the bandgap of GaAs (1.41 eV [109]) is
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Figure 3.6: (a,b) Real and imaginary components of the conductivity of GaAs extracted from
THz-TDS using W|CoygFeq9Bao|Pt STEs with different coatings. The background conductivity
from the TO phonon was calculated using Equation 2.17 and scaled by a factor of 20 for
comparison to the experimental data. The inset in (b) shows the real and imaginary components
of the TO phonon conductivity. (c) Photoconductivity of GaAs resulting from transmission of
800-nm light through the uncoated STE. The photoconductivity was calculated as the difference
in conductivity when using the uncoated emitter with and without a CN film behind it. The
dashed lines are a fit to the Drude model (Equation 2.51).

less than the energy of the 800-nm excitation laser (1.55 eV), hence any 800-nm light
transmitted through the emitter will photoexcite electron-hole pairs in the GaAs. As
roughly 30% of the THz-generation pulse transmits through the uncoated emitter, the
GaAs will be photoexcited by this transmitted light and the conductivity will rise. On

the other hand, less than 0.1% of the 800-nm laser transmits through the HR-coated
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emitters and the CN, hence the GaAs experiences negligible photoexcitation with these

emitter configurations and the true equilibrium conductivity is recovered.

To further demonstrate the photoexcitation resulting from the excess transmitted
800-nm light, Figure 3.6 (c) shows the difference in conductivity measured when the
uncoated emitter does and does not have CN behind it. The dashed lines in the figure
show a simple Drude model fit (Equation 2.51) to the data, which agrees reasonably well
with the experimental data across the mid-to-high frequency range. Previous studies
have shown that the Drude model is an excellent fit to the photoconductivity of bulk
GaAs [110], hence the observed difference in conductivity between the uncoated emitter
without CN and the other emitters can be attributed to photoexcitation of the GaAs
by the transmitted 800-nm laser pulse. However, a significant deviation between the
model and experimental data at frequencies below ~1 THz. This deviation arises because
the various frequency components of the THz beam focus on the sample to different,
diffraction-limited sizes, whereas the transmitted 800-nm light has a fixed FWHM of
~0.9mm (assuming a similar size at the emitter and sample positions). Consequently, at
lower THz frequencies where the THz spot is larger than the transmitted beam, the THz
beam probes both the photoexcited region and the surrounding dark GaAs. This spatial
averaging over a non-uniform charge-carrier distribution causes the observed breakdown
of the Drude model fit at the low-frequency end of the spectrum [19].

These conductivity results demonstrate the importance of controlling the transmission
of the THz-generation beam through the STE for THz-TDS. Furthermore, it shows that
the HR coating effectively blocks the 800-nm light and prevents sample photoexcitation,

allowing for accurate determination of the intrinsic material properties.
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3.4.5 Effect of Cellulose Nitrate

The HR coating makes the CN film redundant, so it is useful to understand the effect of
removing this film on the THz signal. Figure 3.7 (a) shows the detected THz electric
field from an HR-coated emitter with and without a 0.1-mm-thick CN film directly
behind the emitter. The THz pulse has a slightly greater amplitude when no CN is
behind the emitter. The corresponding emitted THz spectra are shown in Figure 3.7 (b).
The spectral profile is very similar with and without CN, however the electric field is
~10% weaker on average from 0-6 THz when the CN is present. These results indicate
that the CN weakly absorbs in the THz frequency range. To quantify this absorption,

the absorption coefficient, «, was calculated by

a(w) = ———In (ICNM), (3.1)

v \Lwae(w)

where Ion(w) and I, (w) are the THz electric field intensities through vacuum and
CN respectively, and [cy is the thickness of the CN film.

The absorption coefficient is plotted in Figure 3.7 (¢). At frequencies below 1 THz, the
absorption coefficient is relatively small, but increases with frequency. Upon comparison
of the CN results in Figure 3.7 and the coated emitter results in Figure 3.3, it is clear
that the HR coating is preferable to CN, as the HR coating enhances the THz electric
field while attenuating transmission of the THz-generation pulse to the same degree that
the CN does, whereas the CN weakly absorbs and reduces the THz electric field intensity.
Additionally, the HR coating acts as a robust protective layer on the STE that should make
the emitter more resistant to chemical and mechanical damage while being easy to clean.
In the case of surface scratches on the coating, only a small fraction of the incident laser

pulse should be scattered and the THz conversion efficiency should remain unchanged.
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Figure 3.7: THz emission from an HR-coated W|CoyoFes0Bo|Pt STE with and without
0.1 mm of CN behind it. (a) THz electric field in the time domain. The inset shows a schematic
diagram of the experiment geometry. (b) Corresponding THz electric field in the frequency
domain on a logarithmic scale. (¢) Absorption coefficient of CN as calculated by Equation 3.1
The solid lines are the average of three scans, while the semi-transparent surrounding regions
show the standard deviation between measurements. Note that the spectral intensity of the
emitters is convolved with the GaP detector response in the spectra of (b).

3.5 Conclusion

In this chapter, the performance of W|CogoFeqoCoq|Pt trilayer STEs with AR and HR
coatings optimised for 800-nm light has been studied. The inclusion of the HR coating
reduces transmission of 800-nm light through the STE to less than 0.1%, matching the
attenuation achieved by a 0.1-mm-thick cellulose nitrate film. Hence, the HR coating

removes the need for additional attenuating elements and eliminates their associated
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drawbacks, such as absorption of the emitted THz radiation. Moreover, the HR-coated
emitters generated THz electric field amplitudes that were approximately 35% greater than
from an uncoated emitter. The addition of an AR coating further enhanced the emitted
THz electric field strength, resulting in a net ~40% increase compared to an uncoated STE.

The coated emitter performance was slightly diminished above ~4 THz, likely owing
to absorption in the TayO5 layers of the HR coating. Future emitter designs could be
improved at these higher frequencies by replacing the Ta;O5 with an alternative high-
index dielectric with less absorption in the THz frequency range. Additionally, further
thought could be given to the substrate material to improve the thermal conductivity
and promote forward-propagation of the emitted THz radiation, as explored in Ref. [51].

Beyond technical performance, the coated STEs prove highly practical: by markedly
reducing laser transmission through the STE, they prevent unwanted photoexcitation
of the sample, enabling accurate determination of intrinsic material properties — such
as dark conductivity and refractive index — in THz-TDS measurements. Additionally,
while the AR and HR coatings were optimised for the 800-nm light from Ti:sapphire
lasers, the coatings can be tuned for other excitation wavelengths, making them ideal
for a range of THz systems and applications.

The AR+HR-coated emitters developed and characterised in this chapter form an
essential part of experiments in the upcoming experimental chapters. The emitters
prevent unwanted photoexcitation while enhancing the THz electric field strength. These
improvements strengthen the reliability and sensitivity of THz spectroscopy results
throughout the rest of the dissertation. In particular, the following chapter leverages
the increased THz SNR to investigate semiconductor nanostructures, which typically
have significantly weaker responses than their bulk counterparts. Thus, the emitter

advancements introduced here enable the subsequent experimental results.
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Electrical Properties of
Semiconductors by Terahertz
Spectroscopy

4.1 Introduction

The miniaturisation of semiconductors has driven improvements in technology and enabled
access to new phenomena at the micro- and nanoscales. For example, semiconductor
nanowires pair excellent charge transport properties with nanoscale dimensions, making
them promising candidates as the building blocks of future optoelectronics [11, 62,
74, 111, 112], while semiconductor metasurfaces utilise nanostructures for the tunable
manipulation of light [113-116]. Other emerging material systems — such as metal-halide
perovskite semiconductors — form nanoscale grains, with studies showing that larger
grains lead to improved charge transport owing to reduced charge-carrier scattering
at grain boundaries [117-119].

Optimisation of structured semiconductor devices requires a robust understanding of

61
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their intrinsic charge-carrier dynamics. However, the micro/nanoscale of such structures
make conventional characterisation techniques difficult and impractical to conduct. For
example, Hall effect measurements, a foundational technique for characterisation of
electrical properties in the semiconductor industry [120], require electrical contacts
to be fabricated on the sample [121]. The fabrication process is extremely difficult
and time-consuming at the nanoscale, although it is still possible, as shown by Storm
et al. [122]. However, even if contacts are successfully fabricated on the sample, the
deposition process can cause local damage to the crystal, introduce strain, and alter
the surface chemistry [123, 124]. Nanostructures have exceptionally large surface-to-
volume ratios, hence any changes to their surface state can significantly impact their
properties [11, 125, 126]. Therefore, it is necessary to use alternative, non-contact
characterisation tools to avoid the complications of contacts and measure the intrinsic
properties of micro/nanoscale semiconductors.

THz spectroscopy is an ideal tool to study micro- and nanostructured semiconductors
with ultrafast time resolution. As a contact-free technique, THz spectroscopy can
measure the pristine semiconductor with high throughput. Additionally, the timescale of
charge transport processes in nanoscale materials is similar to their bulk forms, which
THz radiation is sensitive to [11].

THz spectroscopy has been employed to investigate a range of different structured
semiconductors, including nanoparticles [127, 128], nanowires [62, 74, 75, 85, 86, 111],
and nanobars [129]. The conductivity spectrum for these materials includes a resonance
— a large deviation from the free-electron response (Drude) of the corresponding bulk
semiconductors [73, 104, 130, 131]. This resonance is a result of the sample geometry
and is not part of the intrinsic carrier response [81]. Such structural resonances must
be carefully treated in the analysis to ensure that the spectra are correctly interpreted

and any extracted properties are representative of the material.
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In this chapter, the influence of micro- and nanoscale structure on the photoconduct-
ivity spectra of semiconductors is explored and a method for separating this influence
from the intrinsic THz carrier dynamics is verified. Initial experiments focus on GaAs
nanowires of different lengths in order to establish a microscopic (physical) mechanism
behind the resonances and to gain insight about the influence of structure size. Next, a
well-defined system of microsquare arrays, ranging in size from 500 x 500 to 7 x 7 pm?,
fabricated from GaAs thin film is studied. An increase in the THz resonant frequency is
observed as the size of the microsquares decreases, which mirrors the result observed in
the length-dependent nanowires. The surface plasmon model [81] is verified as a method
to separate the geometric resonance from the intrinsic GaAs response. Charge-carrier
density dependent experiments and finite-difference time-domain (FDTD) simulations are
employed to confirm the plasmonic nature of the resonances in the conductivity spectra.

GaAs nanowires play an essential role in this chapter — as both motivation for the
study and as a material to analyse — and so the following section provides a condensed
review of the relevant III-V semiconductor nanowire literature. This chapter is an

adaptation of my work published in Ref. [78].

4.2 TIII-V Semiconductor Nanowires

III-V semiconductor nanowires are quasi-one dimensional structures with diameters
typically less than 300 nm and lengths that extend up to several microns. Their reduced
dimensionality grants nanowires unique properties that can greatly differ from their
bulk counterparts. III-V nanowires are highly attractive building blocks for next-
generation optoelectronic devices owing to their direct bandgaps, excellent charge
transport properties, and compatibility with existing silicon electronics [11, 132, 133].
Nanowires have been demonstrated as part of field-effect transistors [134], nanoscale

light emitters and detectors [135], and as components for photovoltaics [136]. Their
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ability to guide and confine light at the nanoscale has enabled nanowire waveguides and
lasers, while their high surface-to-volume ratio makes them excellent candidates for
sensing applications [137].

Nanowires are highly sensitive to changes in their composition and crystallographic
phase [61, 138=141]. Therefore, optimal nanowire fabrication requires a highly controlled
process. There are two general approaches to nanowire fabrication: top-down and bottom-
up [142]. The top-down approach uses etching and lithographic processes to pattern
nanowires out of a bulk material. Top-down methods were adopted by the microelectronics
industry, however lithographic resolution limits have made it challenging to fabricate
ever-smaller, defect-free nanowires. In contrast, bottom-up techniques synthesise the
nanowires by combining the constituent atoms to “grow” the nanowire [143]. Bottom-up
growth allows for extreme control over the nanowire composition and geometry, making
these methods especially promising for applications in nanoscale optoelectronics.

One of the most widely utilised nanowire growth mechanisms is the vapour-liquid-solid
(VLS) mechanism [144, 145]. In VLS, a liquid metal droplet (the liquid), commonly gold,
is used as a catalyst for growth. This catalyst mediates the absorption of gas-phase
precursors (the vapour) and their crystallisation into a nanowire (the solid). Figure 4.1
depicts the VLS mechanism in the growth of a silicon nanowire. Other growth mechanisms
are also used, including template-assisted growth, in which a template confines the crystal
growth to one dimension [61]. Advances in fabrication techniques, such as molecular
beam epitaxy (MBE) and metal-organic chemical vapour deposition (MOCVD), have
enabled the synthesis of high-quality nanowires across a wide range of I1I-V materials,

including GaAs, InP, and InAs [11, 146].
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Figure 4.1: Schematic diagram of the VLS mechanism for the growth of a silicon nanowire
using a gold catalyst.

4.2.1 Electronic and Optical Properties

ITI-V semiconductor nanowires are a particularly promising system because their electronic
and optical properties can be precisely tuned through variations in composition and
morphology. One of the most interesting parameters to tune is the degree of radial
confinement. Quantum confinement phenomena can arise if the nanowire diameter
becomes comparable to the semiconductor Bohr exciton radius, leading to size-dependent
properties [147]. For example, the photoluminescence spectra of InP nanowires was shown
to shift to higher energies as the nanowire diameter decreased [148]. Size dependent
tuning of nanowire properties presents many opportunities for fundamental research on
low dimensional systems as well as for novel device designs [147].

The large surface-to-volume ratio of nanowires makes properties such as charge-
carrier lifetime and mobility extremely sensitive to the surface states [125]. Often
non-radiative recombination centres form at the nanowire surface, which restricts the
nanowire optoelectronic properties. A common method for mitigating this effect is by

surface passivation. For example, growing an AlGaAs shell around a GaAs nanowire core



4. Influence of Subwavelength Geometry on Fxtracting the Electrical Properties of
Semiconductors by Terahertz Spectroscopy 66

to create a GaAs/AlGaAs core-shell nanowire can significantly increase the charge-carrier
lifetime and mobility compared to bare GaAs nanowires [149-151].

The anisotropic geometry of nanowires, coupled with their large dielectric mismatch
with their environment, leads to strong polarisation sensitivity [63]. That is, the absorption
and emission coefficients depend on whether the light is polarised parallel or perpendicular
to the long axis of the nanowire, which can be exploited for polarisation sensitive
devices, such as polarisation-sensitive THz detectors [57-59, 64]. The subwavelength
geometry of nanowires also enables excellent waveguiding properties and strong light-
matter interactions. These properties have allowed for development of nanowire lasers,
LEDs, and photodetectors [147]. Furthermore, nanowire ensembles have been shown to

provide enhanced light trapping, which can be leveraged in photovoltaic applications [136].

4.2.2 GaAs Nanowires

GaAs nanowires represent one of the most extensively studied III-V nanostructures [11].
Bulk GaAs is a very important semiconductor owing to its direct bandgap of approximately
1.41 eV (corresponding to photon wavelengths of ~880nm) [109] and very high electron
mobility, which make GaAs ideally suited for high-performance optoelectronic applications.
GaAs nanowires retain these advantages while offering greater tunability for specific
applications. As this chapter studies GaAs nanowires, this section of the review focuses
on their growth and characterisation by THz spectroscopy.

GaAs nanowires are commonly grown by MBE or MOCVD using gold nanoparticle
catalysts. In particular, MOCVD allows for scalable nanowire fabrication with excellent
control over diameter, length, orientation, and doping, making it the most promising
method for industrial production. Au-assisted MOCVD works using the VLS growth
mechanism, where the vapour phase group III and V precursors decompose to yield

group IIT and V elements. These elements preferentially deposit at the Au-substrate



4. Influence of Subwavelength Geometry on Fxtracting the Electrical Properties of
Semiconductors by Terahertz Spectroscopy 67

interface, thus mediating nanowire nucleation. Deposition of the constituent I1I-V
material continues at the nanowire-Au interface, driving axial nanowire growth. The
nanowire tip diameter is determined by the Au nanoparticle diameter. Simultaneously,
III-V material can be deposited on the nanowire side walls, expanding the nanowire
radially. This radial growth often results in tapering, where the nanowire base is wider
than the tip. The growth conditions control the amount of axial and radial growth. See
Ref. [61] for a detailed description of Au-assisted MOCVD nanowire growth.

THz spectroscopy has emerged as a powerful tool for characterising GaAs nanowires
owing to its non-contact nature. Initial OPTP studies by Parkinson et al. demonstrated
that the THz conductivity spectra of GaAs nanowires deviates strongly from the
Drude response of bulk GaAs owing to a strong resonance [85]. The frequency of
this resonance was found to decrease with increasing photoexcitation fluence (thus
increasing charge-carrier density), following the trend expected for surface plasmon
resonances (Equation 2.55) [81]. Fitting the surface plasmon model (Equation 2.54)
to the nanowire conductivity allowed for extraction of the charge-carrier mobility and
density. The bare GaAs nanowires had significantly lower electron mobilities than bulk
GaAs, which was attributed to scattering at surface defects. Photoconductivity decay
traces revealed short carrier lifetimes (< 10ps) in the nanowires owing to ultrafast
trapping at the nanowire surface. These short lifetimes have been exploited in ultrafast
polarisation modulators [152].

Research by Joyce et al. investigated the relationship between GaAs nanowire
diameter and charge-carrier lifetime [62]. Lifetimes were found to decrease with decreasing
diameter, highlighting the effect of surface states on the optoelectronic properties of
nanowires. Furthermore, they found that GaAs nanowires have a very high surface

1

recombination velocity of 5.4x10% cms™!, making surface passivation highly important

for most device applications. A later study found that the mobility of GaAs nanowires
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was strongly degraded when the diameter was reduced, further emphasising the need
for surface passivation [153].

Many studies have explored the effect of passivating the GaAs surface by overcoating
it with AlGaAs to create a GaAs/AlGaAs core-shell nanowire. Work by Parkinson et
al. determined that the surface-trap density was 82% lower in GaAs/AlGaAs core-shell
nanowires than in bare GaAs nanowires, leading to an increase in carrier lifetime by a factor
of ~ 4 [86]. Additionally, improvements to the growth process allowed crystallographic
twin defects to be eliminated, which further increased the nanowire mobility and lifetime.
Joyce et al. later optimised the GaAs/AlGaAs nanowires to achieve photoconductivity
lifetimes of 1.6 ns and mobilities up to 3000 cm?V~1s™! comparable to bulk GaAs [151].

Boland et al. extended the research on GaAs/AlGaAs core-shell nanowires by
incorporating a Si-doped layer to the AlGaAs shell. The surface plasmon model was
employed to determine the charge-carrier density at different photoexcitation fluences,
which allowed the number of photoinjected carriers to be separated from the equilibrium

3 was recorded, demon-

carrier density. An extrinsic electron density of 1.1x10'®cm™
strating the effectiveness of modulation doping for increasing the nanowire charge-carrier
density. Additionally, the photoconductivity lifetime was extended to 3.9 ns, showing
that modulation doping can effectively passivate interfacial traps [111, 154]. Boland et
al. also investigated the effect of overcoating the GaAs core with p- and n-type doped

3 were measured for n-

GaAs shells. Electron and hole densities greater than 108 cm™
and p-type doping respectively. These high carrier concentrations are very promising for
GaAs nanowire device applications. Moreover, the photoconductivity lifetimes increased
from 0.13ns in the undoped nanowires to 3.8 and 2.5ns in the n- and p-doped nanowires
respectively, indicating that this doping method can be an alternative method of surface

passivation. However, the carrier mobilities were significantly reduced owing to scattering

off the introduced impurities [74].
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More recently, high electron mobility has also been reported in strained GaAs
nanowires, where careful control of growth conditions enhanced the transport prop-
erties [155]. In addition to highlighting the importance of strain engineering for mobility
enhancement, this work subtly pointed to the role of nanowire geometry in determining
transport behaviour. In particular, the study compared nanowires arranged side-by-side
with those aligned end-to-end and observed a decrease in the resonant frequency for
the vertically aligned nanowires. This investigation implicitly raises the question of
how nanowire length and collective geometry influence measured THz responses. While
the focus of that work was on strain-induced mobility enhancement, the observations
reinforce that nanowire length and arrangement can play a significant role in determining
photoconductivity spectra. This connection motivates the work presented in this
chapter, where the effect of nanowire length on THz photoconductivity resonances
is explicitly investigated.

Overall, THz spectroscopy has established itself as an important tool for characterising
GaAs nanowires. While previous studies have addressed property characterisation, surface
passivation, and doping, the role of nanowire geometry — particularly length — remains
less explored. This chapter addresses this gap by exploring the effect of nanowire length
on the surface plasmon resonances and validating the surface plasmon model as a means

to extract the charge-carrier properties from nanowires and other nanostructures [78].

4.3 Experimental Methods

The samples were studied by OPTP spectroscopy using the same conditions as described
in Section 3.3.1, except the optical-pump beam was not blocked. Instead, the pump beam
was directed onto the sample to photoexcite free charge carriers. A neutral density filter
wheel was used to control the pump fluence and thus the photoinjected carrier density.

THz radiation was generated using the AR+HR-coated STE described in Chapter 3.
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The emitted THz pulse was focused onto the sample and overlapped with the centre of
the pump beam. At the sample, the THz spot had a FWHM of ~0.8 mm, which was
much smaller than the ~7.5mm FWHM of the optical-pump beam. This size difference
ensured the THz pulse probed a homogeneous charge-carrier density. A delay stage was

used to control the relative timing of the pump beam and THz pulse at the sample.

4.4 Results and Discussion

4.4.1 Length Dependence of Nanowires on THz Photoconduct-
ivity Spectra

GaAs nanowires were grown by Dr. Chawit Uswachoke at the University of Cambridge,
UK. Briefly, the nanowires were grown on (111)B GaAs substrates by the VLS mechanism
inside a MOCVD system. The duration of each growth was carefully controlled such that
nanowires of different lengths were produced. In total, three samples were grown with
nominal lengths of 8 6, and 2 um. All nanowires had approximately 50 nm diameters.
After growth, the nanowires were mechanically transferred onto 2-mm-thick, z-cut quartz
substrates for measurement.

After substrate transfer, the nanowire samples were imaged using a scanning electron
microscope (SEM) by Dr. Kun Peng at the University of Oxford, UK. Thin conductive
layers of 5nm/10nm Ti/Au were deposited onto the nanowires by sputter coating in order
to reduce the electrical charging of the nanowires under the electron beam. The SEM
images are presented in Figure 4.2 (a). As shown in the figure, the substrate transfer
method ensured the nanowires were reasonably well aligned, minimising the effects of
nanowire polarisation anisotropy on the photoconductivity spectra [63, 152].

Many nanowires broke during substrate transfer, thus they are much shorter than
their growth lengths and each sample has a distribution of nanowire lengths. To assess the

post-transfer nanowire lengths, Fiji image analysis software [156] was used to manually
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Figure 4.2: (a) SEM images of the GaAs nanowire ensembles after transfer to quartz substrates
[images taken by Dr. Kun Peng]. The nominal growth lengths from left to right are: 8 um,
6 pm, and 2 um. The scale bar is 4 um in each image. (b) Histograms of the nanowire length
distributions for each sample after transfer onto quartz substrates. Note that the supporting
boxplots were calculated with pre-binned data.
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calculate the length of nanowires from the SEM images. Table 4.1 summarises the results
and Figure 4.2 (b) presents histograms of the length distributions. Note that the nanowires
often bundled together, particularly the longer nanowires, which made it impossible to
confidently measure their length. Hence, the length statistics are weighted towards the
shorter, more confidently measured nanowires, and the length statistics act as a lower
bound for the true average lengths. While there is a large distribution of lengths for each

sample, there is a clear increase in nanowire average length with increasing growth length.

Growth Mode Mean Median Standard Total
length  length length length deviation measured

(pm)  (um) (um)  (um)  (um)  nanowires

8 3 241 2.38 1.20 433
6 2 1.66 1.91 0.69 535
2 0.5 0.79 0.65 0.35 262

Table 4.1: Statistics for the nanowire length distributions for the three nanowire samples. All
data was manually measured from SEM images using Fiji software [156].

Here onward, the nanowire samples are referred to by the mode of their length
distribution after substrate transfer: 0.5, 2, and 3 um. Dr. Djamshid Damry (University
of Oxford, UK) used OPTP spectroscopy to measure the photoconductivity spectra of the
nanowires while I conducted all data processing and analysis. The photoconductivity was
extracted from the OPTP measurements using the procedure described in Section 2.6.3,
with sample fill factors determined by analysis of optical microscope images of the
nanowires, which were captured by Dr. Kun Peng.

The photoconductivity spectra of the nanowire ensembles are presented in Figure 4.3.
Each spectrum exhibits a distinct resonance that increases in frequency as the nanowire
length decreases. Importantly, this trend holds regardless of whether the mode, median,
or mean of the length distribution (Table 4.1) is taken as the characteristic length,
demonstrating a robust inverse relationship between nanowire length and resonant

frequency. This behaviour is consistent with simulations of neighbouring GaAs nanowires,
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Figure 4.3: THz photoconductivity spectra of the three different nanowire samples, labelled by
their mode length after substrate transfer. The solid lines show fits to the surface plasmon model
(Equation 2.54), and the arrows indicate the resonant frequencies. Data were measured 0.5 ps

after photoexcitation with a pump beam fluence of 395 pJem 2. These data were measured by
Dr. Djamshid Damry, while I conducted the analysis.

which show that end-to-end aligned nanowires can behave as a single longer structure
with a lower resonant frequency [155]. Moreover, a similar length-frequency relationship
has been reported in mid-infrared studies of silicon nanowires [157], suggesting that this
phenomenon is general to semiconductor nanowire systems.

The origin of the geometric resonance is described by Nienhuys and Sundstom [81],
who developed the surface plasmon model to explain how small-scale structure can
change the conductivity spectrum of a material. This model is detailed in Section 2.7.2.

Briefly, the surface plasmon model introduces an electrostatic restoring force to the Drude
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equation of motion, which results in harmonic oscillations with a resonant frequency.
The conductivity under this model is given by Equation 2.54. The resonant frequency
is related to the sample geometry through a factor g (Equation 2.55). By fitting the
surface plasmon model to the photoconductivity spectra, the charge-carrier mobility (u)
and density (V) can be extracted, along with the resonant frequency (wg) and geometric
factor. Note that the effective mass of electrons in GaAs (0.063 m., where the rest mass
of the electron is m, = 9.109 x 1073 kg) is much smaller than the mass of holes (~
0.5m,) [158]. Thus, the electrons have a greater contribution to conductivity than the
holes, and any extracted properties are attributed fully to the electrons.

The solid lines in the spectra of Figure 4.3 indicate fits to the surface plasmon model
using a non-linear least squares algorithm with three free parameters: N, wg, and pu.
The model agrees reasonably well with the experimental data. Table 4.2 displays the fit
parameters along with the fill factor for each sample. The charge-carrier densities strongly
depend on the fill factor, which is challenging to estimate in these inhomogeneous nanowire
arrays. Hence, the calculated differences in NV are likely due to differences between the
calculated fill factor and the true fill factor of the nanowires at the measured position.

The extracted mobilities were similar across all nanowire samples and are consistent
with previously reported values for GaAs nanowires of comparable dimensions [62]. This
indicates that nanowire length has little to no influence on charge-carrier mobility.
By contrast, studies investigating nanowire diameter have reported a reduction in
mobility as diameter decreases, which is attributed to the enhanced impact of surface
scattering at higher surface-to-volume ratios [153]. However, unlike diameter, variations
in length do not significantly alter the surface-to-volume ratio, as both parameters scale
approximately linearly with nanowire size. Consequently, mobility remains largely

independent of nanowire length.
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Mode length  Fill factor N Wo !
(pm) (X107 cm™3) (THz) (em?V~1is™)
3 0.19 4+ 0.07 2+1 1.50 + 0.08 1500 + 100
2 0.14 + 0.04 4+ 2 2.09 £ 0.08 1500 £ 100
0.5 0.12 4+ 0.03 1.9 £0.5 2.6 £0.2 1100 £ 300

Table 4.2: Nanowire material characteristics extracted from fits to the surface plasmon model
to the spectra shown in Figure 4.3. Errors were determined by propagating the error in the
nanowire fill factor.

The inverse relationship between nanowire length and resonance frequency has direct
consequences for interpreting THz spectra from ensembles of nanowires, as illustrated in
Figure 4.4. In particular, the width of the resonance is directly related to the charge-
carrier mobility: the broader the resonance, the lower the mobility [I1]. In an ensemble
of nanowires with a distribution of lengths — commonly as result of nanowires breaking
during substrate transfer — each nanowire will have a slightly different resonance frequency.
The superposition of these resonances yields a broadened feature that, if fitted by a
single resonance model, will result in an artificial decrease in the nanowire mobility.
As a result, the mobility extracted from THz analysis of nanowire ensembles should
be treated as a lower bound on the true mobility.

The artificial resonance broadening effect and the difficulty in determining fill factor
and average nanowire length after substrate transfer are complications that arise from
working with the inhomogeneous nanowire ensembles. These results can suggest a
relationship between length and geometric resonances, but the sample inhomogeneities
make it difficult to conclude anything meaningful. Thus, to fully understand the
relationship between these resonances and structure size, it is necessary to investigate a

well-defined system that does not suffer from the effects of inhomogeneity.
4.4.2 GaAs Microsquare Arrays

To confirm the link between size and resonance in structured semiconductors, a system of

GaAs microsquare arrays were fabricated and studied. The microsquares were fabricated
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Figure 4.4: Example conductivity spectra emphasising the impact of resonant frequency being
inversely related to nanowire length. The dashed lines show the conductivity of nanowires of
different lengths (resonant frequencies 0.8, 1.0, 1.2 THz) but the same charge-carrier mobility of
1000 cm? V~1s~1. The solid line shows a potential surface-plasmon fit to the nanowire ensemble.
The ensemble has a lower mobility of 750 cm? V~'s™! as a result of the spectral broadening
from the different nanowire resonant frequencies.

by Dr. Tuomas Haggren (Australian National University, Australia) and full details of
the fabrication are available in Appendix A.1. Briefly, 600-nm-thick GaAs films were
epitaxially grown using MOCVD on (100) GaAs substrates. Electron beam lithography
was used to pattern an approximately 5x5mm area into an array of squares. The GaAs
wafer was then hot embossed onto a 2-mm-thick c-sapphire substrate, and then the
bulk GaAs was etched away, leaving the patterned GaAs film on c-sapphire. Sapphire
offers excellent thermal conductivity and is transparent over the THz range, making it
an excellent substrate for THz photoconductivity studies [104]. A thin-layer of PMMA
(1.2 pm) and SU8 (800 nm) separated the GaAs and sapphire for lithographic and adhesion
purposes. Measurements of a sapphire substrate with the same polymers showed no

response, thus the polymers are expected to have negligible impact on the results.

In total, four samples were prepared: one with 500x500 ym? squares, another with
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50x50 um? squares, and one with 7x7 um? squares. Each microsquare was isolated from
the others by 300 nm to ensure electrical isolation. The final sample was an unpatterned,
600-nm-thick GaAs film on c-sapphire, which was used as a reference. Figure 4.5 (b-d)
shows SEM images of the microsquare arrays, while Figure 4.5 (a) shows a schematic
diagram of the sample geometry relative to the THz pulses during OPTP spectroscopy.
All SEM images of the microsquare arrays were taken by Dr. Tuomas Haggren.

The microsquare arrays are an ideal platform to understand the size dependence
of the geometric resonances. All samples were fabricated from identically prepared
GaAs thin-films, hence any observed differences in their photoconductivity spectra can
be directly attributed to their structural differences. Note that these samples satisfy
the thin-film approximation, allowing the photoconductivity to be extracted from the

OPTP data using the procedure in Section 2.6.2.

(@) 600 nm (b)
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Figure 4.5: (a) Schematic diagram of the GaAs microsquare sample geometry with respect
to the incident THz pulse. (b-d) SEM images of the 500x500 pm?, 50x50 ym?, and 7x7 pm?
GaAs microsquare arrays respectively. The gap between squares is approximately 300 nm. All
SEM images of the microsquare arrays were captured by Dr. Tuomas Haggren.
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The THz photoconductivity spectra of the GaAs microsquares and reference film are
shown in Figure 4.6. The reference GaAs film exhibits a typical Drude photoconductivity
spectrum, consistent with results for bulk GaAs [110]. The spectrum of the 500x500 pm?
microsquares is very similar to the spectrum for the GaAs film, indicating that the
geometric resonances are not clearly observed in THz measurements at this scale. In
contrast, the photoconductivity spectra of the 50x50 pm? and 7x7 um? microsquares
show clear resonances at non-zero frequencies. The resonance is at a significantly higher
frequency in the 7x7 pum? microsquares, which aligns with an inverse relationship between
structure size and resonant frequency. This result is consistent with the observations in
the nanowire ensembles and strongly suggests a general trend in how THz conductivity
spectra change with structure size.

The surface plasmon model was fitted to the spectra in Figure 4.6 (solid lines)
and is in excellent agreement with the experimental data across most of the frequency
range. A small deviation is visible at frequencies below ~0.25THz, particularly in
the 7 x 7 and 50 x 50 um? samples. This deviation is attributed to aperture-related
artefacts resulting from the beam geometry. Specifically, the THz beam is collimated
and refocused by a pair of OAP mirrors. This process is highly sensitive to the alignment
of the divergent lens located immediately before the THz emitter (see Figure 2.2).
Small misalignments of this lens can lead to imperfect collimation and consequently a
distorted focus at the sample position. The lower-frequency components, which occupy a
larger diffraction-limited spatial area, can clip the edges of the sample aperture or the
boundary of the patterned microsquare array. This frequency-dependent clipping can
introduce artefacts to the THz transmission, as observed in the low-frequency "bump" in
Figure 4.6. Hence, data below 0.25 THz (indicated by transparent circles) were excluded

from the surface plasmon model fits.
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Figure 4.6: THz photoconductivity spectrum of (top to bottom) a 600-nm-thick film of GaAs,
a 5x5mm? array of 500x500 um? GaAs microsquares, 50x50 um? GaAs microsquares, and
7x7 pm? GaAs microsquares. The circles represent measured data while the solid lines are fits
to the surface plasmon model. Data below 0.25 THz (transparent data points) were excluded
from the fit because they suffered from aperture-related artefacts. Data were measured 8 ps
after photoexcitation at a fluence of 23.6 1J cm™2. Note that the presented bare GaAs film data
was measured by Dr. Jasmin-Clara Biirger and Dr. Terng Junn Keat to correct for artefacts in
my initial measurements.

Table 4.3 shows the extracted parameters from the surface plasmon model fits. Note
that the reference film was fitted with the Drude model (Equation 2.54 with wy = 0)
as it had no structure to allow for the formation of a depolarisation field. Interestingly,
the fitted data suggests that there was a resonance at very low frequencies (0.1 THz)
in the 500x500 um? sample. This resonance is at too low a frequency to be accurately
resolved in our spectrometer, but would be expected to appear in measurements that

can better resolve this low frequency range. The charge-carrier densities varied from

the experimentally calculated value of 5.4x10' cm™2, however the values were within
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expectations when accounting for differences in absorption and charge recombination
between samples. Critically, the electron mobilities were similar across all samples, despite
the significant differences in their photoconductivity spectra. It was known that the
samples had similar properties as they were prepared from identical GaAs films. Hence,
this result confirms that the surface plasmon model can successfully separate the influence

of sample geometry from the intrinsic charge-carrier response in THz spectroscopy.

Microsquare Sample N (x1017em™3)  wy (THz) p (em?V-is™i)

Film 3.5£0.3 0 3700 £ 500

500 x 500 pm? 59=£0.1 0.1£0.1 3000 £ 300
50 x 50 pm? 3.5£0.3 1.14 £0.01 3200 £ 100
7 X 7 pm? 4.0+£0.1 3.7x£0.1 2800 £ 200

Table 4.3: GaAs microsquare array material characteristics extracted from fits to the surface
plasmon model to the spectra shown in Figure 4.6. Errors are the standard deviation of fits to
three repeated THz scans.

4.4.3 Plasmonic Nature of the Resonance

Sections 4.4.1 and 4.4.2 established an inverse relationship between feature size and
geometric resonance frequency in THz studies of structured semiconductors. This
section confirms that the resonances follow the plasmonic description of Nienhuys
and Sundstrém [81] by measuring the photoconductivity spectrum of the 7x7 pum?
microsquare array at different photoexcitation fluences. Figure 4.7 (a) shows the measured
photoconductivity spectra. The resonant frequency significantly increases with excitation
fluence. Figure 4.7 (¢) shows that this increase in resonant frequency is proportional to the
square root of the charge-carrier density — a clear signature of plasmons (Equation 2.55).

The experimental results are supported by FDTD simulations conducted by Dr.
Thomas Siday (University of Oxford, UK) using the Lumerical commercial FDTD solver.
In the simulation, an individual, isolated, 7x7 um? GaAs microsquare was excited by a
total field scattered field source at normal incidence with a centre frequency of 3 THz.

Aside from being isolated to avoid strong diffraction effects, the GaAs microsquares were
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Figure 4.7: (a) THz photoconductivity spectra of the 7x7 ym? microsquare array measured
~8 ps after photoexcitation with excitation fluences of 0.3 to 23.6 uJ cm™2. The circles are the
measured data while solid lines are fits to the surface plasmon model. Black arrows indicate the
resonant frequency. (b) Select photoconductivity spectra from FDTD simulations [conducted
by Dr. Thomas Siday] of a single 7x7 ym? microsquare at different charge-carrier densities
ranging from 1x10' to 9x10'" cm™3. The arrow indicates the increasing resonant frequency
with increasing charge-carrier density, N (low densities are blue and become progressively redder
as the charge-carrier density increases). (c¢) Plot of the resonant frequency against V/N. The
blue data shows the relationship for the experimental data presented in (a), whereas the red
data shows the relationship for the simulation data in (b).

otherwise modelled as closely as possible to the experimental configuration, including
the sapphire substrate and PMMA /SUS8 polymer layers. A Drude model conductivity
was added to the GaAs to model the photoexcitation, and then the power transmission
through the sample was measured with a transmission monitor and normalised to
the non-photoexcited case.

Figure 4.7 (b) shows the FDTD THz transmission spectra at charge-carrier densities
of 1x10' to 9x10'" cm™3. The transmission has a strong peak that shifts to higher

frequencies as the charge-carrier density increases. This maximum corresponds to the
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resonance condition, where incident THz radiation couples most effectively into the
structure. This is the same resonance that appears as a peak in the photoconductivity
spectra of the experimental data. The red data in Figure 4.7 (c) shows that the resonant
frequencies from the FDTD simulations are proportional to the square root of the charge-
carrier density. This result matches the experiments, except with an offset of a factor of
2. This offset is likely due to differences in the background doping and optical absorption
between the experiment and simulation. Yet, the good agreement between simulations
and experiments strongly indicates a plasmonic origin to the resonance observed in the
microsquares. Previous studies have identified this same trend in nanowires [85, 86],
thus linking the results on nanowires and microsquares to the same phenomena relating
plasmonic resonant frequencies to their geometry.

According to Equation 2.55, the geometric factor g determines the proportionality
between wy and v/N, with higher values of ¢ corresponding to stronger confinement of
the plasmon mode. Figure 4.8 (a) plots the extracted geometric factor for the nanowire
samples as a function of nanowire length. As expected, shorter nanowires exhibit larger
g values, reflecting stronger confinement and higher resonant frequencies. The trend
confirms that length plays a key role in defining the resonance behaviour through its
influence on the depolarization field. In comparison, Figure 4.8 (b) shows the geometric
factor for the microsquare samples as a function of side length on a log-log scale. Here, ¢
spans several orders of magnitude, decreasing sharply with increasing microsquare size.
This result highlights the strong size dependence of plasmonic resonances in microscale
structures. Finally, to confirm that ¢ is independent of photoexcited carrier density, the
geometric factor was extracted for the 7 x 7 um? microsquares across a range of excitation
fluences, as shown in Figure 4.8 (¢). The geometric factor remains approximately constant,
within uncertainty, confirming that ¢ is a purely geometric quantity and is not influenced

by changes in carrier density or pump fluence. Together, these results validate the
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surface plasmon model and demonstrate that the geometric factor describes the resonant

behaviour in nanostructured semiconductors.
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Figure 4.8: Geometric factors, g, for (a) nanowires of different lengths, and (b) microsquares
of different sizes. Note that (b) is on a log-log scale to improve data visibility. (c) shows the
geometric factor of the 7 x 7 um? microsquares sample for the different excitation fluences used
in Figure 4.7 (a). The dotted line is a guide to the eye to highlight the stable value of g. Errors
in each plot were estimated by propagating the error in N and wy into Equation 2.55.

4.5 Conclusion

This chapter has investigated the influence of sample geometry on THz photoconductivity
measurements, with a particular focus on ensembles of GaAs nanowires and microsquare

arrays. Plasmonic resonances were observed in both material systems, with the resonant
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frequency increasing as feature size decreased. These resonances were accurately described
using the surface plasmon model, which enabled extraction of key material properties. In
particular, electron mobilities could be accurately separated from the geometric resonance
using the surface plasmon model. Furthermore, the electron mobilities of the GaAs
nanowires were largely unaffected by nanowire length, which is consistent with the
expectation that length does not significantly alter the nanowire surface-to-volume ratio.

From a broader perspective, this study demonstrated that structural inhomogeneities
— such as variations in nanowire lengths within an ensemble — can artificially broaden the
plasmonic resonance and thus reduce the mobility extracted using the surface plasmon
model. Consequently, the charge-carrier mobilities extracted from such samples should
be interpreted as lower bounds for the true mobility.

Fluence-dependent experiments and FDTD simulations demonstrated that the reson-
ant frequency also scaled with the square root of the charge-carrier density — a defining
characteristic of surface plasmon modes. Hence, the size dependence observed in this
study is expected to apply to any material system exhibiting such plasmonic resonances.

The geometric factor, g, quantifies the link between structure and the surface plasmon
resonant frequency. The value of g increased as feature size decreased, reflecting the
stronger plasmonic confinement in smaller structures. Notably, g was shown to be
independent of excitation fluence (charge-carrier density), confirming its role as a
purely geometric factor.

Within the broader scope of this thesis, this chapter serves as a focused investigation
into the role of geometry in shaping THz photoconductivity measurements. The optimised
THz emitters from the previous chapter enabled measurement of the high SNR THz
photoconductivity spectra, while this chapter focussed on the interpretation of THz signals
from structured nanomaterials. The findings highlight the importance of accounting for

geometric resonances when working with nanoscale systems, particularly when extracting
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charge transport properties. The next chapter shifts the focus from instrumentation and
analysis to practical demonstrations of how THz spectroscopy can characterise I111-V

semiconductors and methods to engineer their electronic properties.



Controlling and Characterising the
Properties of Ing 53Gag 47As with
Terahertz Spectroscopy

The previous experimental chapters focused on improving THz spectroscopy by
optimising the THz emitter (Chapter 3) and by addressing how to accurately interpret
THz measurements of nanostructured semiconductors (Chapter 4). Here, the focus shifts
to using THz spectroscopy to accurately characterise semiconductors and to determine

the optimal material composition and conditions for device applications.

5.1 Introduction

The ternary group II1I-V semiconductor In,Ga;_,As has received widespread attention
owing to its high electron mobility and direct bandgap in the infrared (IR) range.
These intrinsic properties make In,Ga;_,As particularly well-suited for high-speed
photodetectors operating at the low-loss fibre-optic communication wavelengths of 1300
and 1550nm [159-161]. The telecommunications industry has driven optimisation of
In,Ga;_,As, lowering its cost and making In,Ga;_,As-based components widely available.

As these components become increasingly optimised and economical, they become more

86
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viable for an expanding range of applications. For example, In,Ga;_,As components
are now used for quantum communications, high-speed electronics, and off-the-shelf
In,Ga;_,As detectors have recently been tested as low-cost alternatives to HgCdTe
detectors for astronomical imaging projects [162—-164]. The most widely used alloy
fraction is Ings3Gags7As because it is lattice matched to InP, allowing the growth
of thick, low-defect density epitaxial layers, which enables reproducible fabrication of
high-performance devices. Furthermore, Ings3Gag47As can be easily integrated with
other materials that are lattice matched to InP, such as Ings2Alg4sAs [165]. Overall,
In,Ga,_,As balances performance, price, and compatibility with existing semiconductor
infrastructure, making it an attractive material system for a diverse range of electronic
and optoelectronic technologies.

Despite these advantages, the relatively long charge-carrier lifetime of In,Ga;_,As,
which typically exceeds hundreds of picoseconds in undoped/lightly-doped samples [35],
limits its applicability in devices that require ultrafast response times, such as high-speed
photodetectors and modulators [166—-170]. Ultrafast charge-carrier lifetimes (< 1ps) are
particularly important for THz photoconductive antennas (PCAs) for both detection and
emission of THz frequency radiation [1, 5, 65, 171]. Therefore, engineering In,Ga;_,As
to reduce the charge-carrier lifetime is highly desirable, such that it can be utilised
in ultrafast optoelectronic applications.

The main challenge is to reduce the charge-carrier lifetime of In,Ga;_,As without
hindering its mobility and resistivity. THz spectroscopy is an ideal tool for accurately
characterising both the charge-carrier lifetime and mobility of In,Ga;_,As: THz spectro-
scopy probes the complex, frequency-dependent conductivity on a sub-picosecond time
scale without the need for electrical contacts. Thus, it can assess both the charge-carrier

mobility and recombination dynamics.
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This chapter presents two THz-based studies aimed at controlling and optimising the
optoelectronic response of Ing53Gag47As. First, the influence of Fe dopants on the carrier
lifetime and mobility of Ings3Gag4rAs is investigated. Second, the effect of uniaxial
strain on the optoelectronic properties is explored. The chapter begins with a brief
review of the relevant In,Ga;_,As material properties and prior work, followed by the
experimental methods. Next, the results and discussion for the Fe-doped samples are
presented, followed by the strain study. Finally, the conclusion brings together the results

of both studies and discusses the future outlook for this research.

5.2 In,Ga;_,As Material Properties and Literature
Review

In,Ga;_,As is a ternary III-V alloy of GaAs and InAs whose properties can be tuned
continuously between the two binaries by adjusting the alloy fraction, x. This chapter
focuses on the widely used Ings3GagsrAs composition, hence the term “InGaAs” is
hereafter used to refer exclusively to the Ings3Gags7As composition. Additionally, all
material properties in this short review are at room temperature, unless stated otherwise.

InGaAs has a direct bandgap of ~0.75 eV, aligning well with the 1300-1550 nm low-loss
fibre-optic transmission regime (photon energies of ~0.95-0.8eV) [172]. InGaAs absorbs
strongly at 1550 nm, with an absorption coefficient of approximately 8100cm™! [173].
The electron effective mass (~0.041m,) is much smaller than for holes (heavy-hole
effective mass ~0.46 m.) [172], which means the electrons dominate the conductivity of
InGaAs. This small effective mass facilitates high electron mobilities of approximately
12000 cm?V~!s~1 in high-quality films [174]. This mobility is larger than typical values
for high-quality GaAs (~8000 cm?V~!s™1) [109], which, together with its strong IR

absorption, makes InGaAs highly attractive for high-speed IR photodetectors.
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However, high-quality InGaAs has a low resistivity (~0.4 Qcm) [55] that leads to a
significant dark conductivity (conductivity at equilibrium). This background conductivity
is detrimental to device performance as it reduces the breakdown electric field and
achievable signal-to-noise ratio (SNR) [175]. Ideally, the resistivity of a semiconductor
is limited by its intrinsic (no doping) carrier density, n;, which represents the minimum
number of thermally generated carriers. At room temperature (" =300K), n; for

InGaAs is given by

1 (ksT\*? . . _E
n; = ﬁ (%) (memh)3/4 €xp <2k£}> ) (5.1)

where kp is the Boltzmann constant, E, is the bandgap, and m} and mj are the
effective electron and hole masses respectively [80]. Inserting the relevant values for
InGaAs (m} = 0.041m., mj = 0.46m., and E, = 0.75€eV) results in an intrinsic

carrier density of n; ~ 6.3 x 10t ecm™3.

For a high-quality film with a typical elec-
tron mobility of g ~ 12000cm?>V~!s7! the theoretical intrinsic limit for resistivity is
p = (qgnipn)™" ~ 1000 Qcm. The fact that literature values for nominally undoped
InGaAs are three orders of magnitude less than this limit (~0.4 Qcm) indicates that the
equilibrium properties are dominated by unintentional background impurities, typically
resulting in an n-type carrier concentration of ~ 10 cm™ [55].

Compounding the issue of low resistivity is the relatively long electron lifetime of
InGaAs, which often exceeds hundreds of picoseconds [35]. This slow recombination
limits the applicability of InGaAs for ultrafast optoelectronic devices, such as THz
photoconductive antennas. Consequently, these limitations have motivated significant
research efforts into engineering InGaAs to simultaneously reduce its electron lifetime
while increasing its resistivity towards the intrinsic limit.

The following section reviews the key research on optimising these properties of

InGaAs. Specifically, it covers low-temperature growth of InGaAs, Be-doped InGaAs,
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InGaAs/Ing 50Alp 45 As superlattices, and transition-metal-doped InGaAs. The transition-
metal dopants (Fe and Rh) show the most promising properties, with the Fe-dopants low
cost making them highly attractive for ultrafast optoelectronic applications. Note that
this review is not a comprehensive coverage of all routes to ultrafast electron lifetimes in
InGaAs. Other methods have been explored, such as irradiation of InGaAs with high-
energy ions, doping with ErAs during growth, or creating ErAs/InGaAs superlattices [176—
178]. These topics are well covered in the recent review by Chen et al. [35].

5.2.1 Optimising InGaAs Electron Lifetime, Mobility, and Res-

istivity
Shockley-Read-Hall (SRH) recombination theory predicts an inverse relationship between
the charge-carrier lifetime, 7, and the density of charge-carrier traps, N;
1

— - 5.2
! Nto'ccvth’ ( )

where o is the carrier capture cross-section, and vy, is the thermal velocity of
the carriers [179, 180]. Therefore, a clear pathway to optimising InGaAs for ultrafast
applications is to intentionally increase the trap density. Note that the electron lifetime
is the critical parameter owing to their small effective mass, hence this review will

focus explicitly on the electron properties.

Low-temperature molecular-beam epitaxy (LT-MBE)

LT-MBE of IT1I-V semiconductors has been very successful at introducing defects to
reduce charge-carrier lifetimes [181]. In conventional MBE, the substrate is held at a high
temperature (~500-600°C) to allow deposited adatoms to diffuse to their equilibrium
lattice sites, enabling highly stoichiometric growth. In contrast, LT-MBE uses much
lower substrate temperatures (~150-300°C) to limit surface diffusion, resulting in high

densities of point defects, such as group—V antisites and interstitials [181, 182]. For



5. Controlling and Characterising the Properties of Ing s3Gag 47As with Terahertz
Spectroscopy 91

LT-MBE of InGaAs (LT-InGaAs), these As-antisites (As atom in the expected position
of a Ga atom) have a defect energy level slightly less (< 0.1¢eV) than the conduction band
minimum of InGaAs [183, 184]. These defects are readily ionised at room temperature,
creating As™ states that can trap electrons.

Early studies of LT-InGaAs by Gupta et al. demonstrated the growth process
significantly decreased the electron lifetime, with a lifetime of 2.5 ps reported for InGaAs
grown on InP at 180°C [175, 180]. Further studies revealed that the density of ionised
As-antisite defects increased as the substrate temperature decreased, resulting in a
growth-temperature dependent electron lifetime [183, 185]. Researchers also found that
LT-InGaAs became amorphous at substrate temperatures below ~125° C, which limited
the lifetime reduction possible with just LT-MBE. Additionally, as the defect density
increased with decreasing substrate temperature, the electron mobility decreased [175].
However, the most pressing issue with LT-InGaAs is the resistivity: the ionisation of the
As-antisites liberates electrons into the conduction band, resulting in a very high n-type
conductivity (small dark resistivity) that is further from the intrinsic limit than undoped
InGaAs [186]. This low resistivity reduces the SNR of potential LT-InGaAs devices and
severely lowers their breakdown electric field. Consequently, other methods must be used

in conjunction with LT growth to make it a viable material for device applications.
Beryllium doping

An obvious step to increasing the resistivity of LT-InGaAs is to dope it with an acceptor
to compensate for the n-type conductivity and bring its resistivity closer to the intrinsic
limit. One of the most widely studied dopants for this purpose is Be [187-190]. Be
doping significantly reduces the free electron concentration of LT-InGaAs [186, 189].
Interestingly, scanning tunnelling microscopy has revealed that Be-doped LT-InGaAs has

fewer As-antisites than undoped LT-InGaAs. However, the Be doping lowers the Fermi
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level of InGaAs, leading to a larger proportion of the As-antisites being ionised. Overall,
this effect means Be-doped LT-InGaAs has more ionised As-antisites — the defect that
most readily traps electrons — than undoped LT-InGaAs [188]. As a result, Be-doped LT-
InGaAs has a shorter electron lifetime than undoped LT-InGaAs, with electron lifetimes
of ~1ps reported [184, 191]. The lifetime is shorter for higher Be doping concentrations,
however the Be dopants also act as scattering centres that lower the electron mobility [35].
Additionally, the Be concentration should be carefully balanced with the background
electron concentration — too little leaves a significant n-type conductivity, but too much

may lead to p-type conductivity [186, 189] — which can prove technically challenging.

Superlattices

To make fabrication more tolerant, the Be-doped LT-InGaAs can be implemented in
superlattices (multilayer heterostructures) of InGaAs and Ings2AlgsAs [184, 186, 189,
192]. Ings2Alg4sAs (hereafter, InAlAs) is also lattice-matched to InP and has a much
larger bandgap (~1.47eV [193]) than InGaAs. Therefore, light between 900 and 1650 nm
incident on InGaAs/InAlAs heterostructures will pass through the InAlAs layers and
only photoexcite the InGaAs layers. When InAlAs is grown at substrate temperatures
of ~300-500°C, it forms cluster defects (InAs or AlAs-like regions) with activation
energies of approximately 0.7 eV. The conduction band of InAlAs is approximately 0.44 eV
above the conduction band of InGaAs, resulting in the cluster defects having an energy
level within the bandgap of InGaAs, as depicted in Figure 5.1. When the InAlAs is
thin enough — several nanometres such that the InGaAs electron wavefunction overlaps
with the InAlAs defect — electrons from the conduction band of InGaAs (or holes from
valence band, as the defect is a mid-gap state) can be captured by the InAlAs [193].
Therefore, superlattices of InGaAs/InAlAs can effectively increase the resistivity of

InGaAs by removing free charge carriers.
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Figure 5.1: (a) Schematic diagram of the InGaAs/InAlAs superlattice. Up to 100 periods
are typically used in the full structure [193]. (b) Schematic band-diagram showing the position
of the cluster defect states relative to the InGaAs band gap. The InGaAs is thin such that
electrons can be captured from the conduction band into the InAlAs trap states.

Such superlattices have been implemented with Be-doped LT-InGaAs as well as
undoped InGaAs grown at higher temperatures [194-197]. InGaAs/InAlAs superlattices
using Be-doped LT-InGaAs have achieved electron lifetimes as low as 140 fs, however the
mobilities were severely reduced to ~200 cm?*V~tem™! [55]. Other studies found similarly
low mobilities as well as resistivity values of ~240Qcm [193]. In contrast, superlattices
with InGaAs grown at higher temperatures (350-450°C) have relatively high mobilities
of 1500-3000 cm?V~tem™!, owing to their higher crystallinity, and resistivities of nearly
6000 Qcm — close to the intrinsic limit for an electron mobility of 1500 cm?V~tem™=! [193].
Moreover, the superlattices reduce the photoexcited electron lifetime of the undoped

InGaAs to ~2ps [194, 195]. InGaAs/InAlAs superlattice THz PCAs have been reported

by many groups [35].
Transition metal doping

Transition metal doping offers an alternative method for reducing the electron lifetime
of InGaAs. Transition metal dopants introduce deep energy levels within the bandgap

that act as efficient SRH recombination centres, simultaneously reducing the electron
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lifetime and increasing the resistivity [55]. Of the transition metal dopants, Fe has been
the most extensively studied for InGaAs [198-202].

Fe dopants substitute for In or Ga cations, forming substitutional Fe?* impurities
that can capture an electron to form Fe?* [55]. The impurity acts as a deep trap with
an energy level approximately 0.39eV above the valance band maximum — roughly half
of the 0.75eV band gap [200, 201]. Free electrons and holes are rapidly captured by
these mid-gap states and cannot be thermally re-excited. As a result, the Fe dopants
compensate for the background conductivity and function as ultrafast recombination
centres that significantly shorten the electron lifetime of InGaAs.

Fe can be incorporated during epitaxial growth (MBE, MOCVD (metal-organic
chemical vapour deposition)) or by ion implantation of already grown InGaAs. Early
studies on Fe-ion implantation showed that electron lifetimes as low as 300fs could
be achieved, while increasing the resistivity above the levels of undoped-InGaAs [202].
Suzuki et al. demonstrated that Fe-implanted InGaAs could be used in THz PCA
detectors pumped by 1550 nm light [203]. However, the ion implantation caused damage
to the InGaAs and introduced many scattering centres that reduced the electron mobility
to less than 200 cm?V~tem™" [202].

Doping Fe into InGaAs during MBE allows for extremely uniform doping distributions
without the lattice damage associated with ion implantation. Globisch et al. demonstrated
Fe-doped InGaAs (InGaAs:Fe) with Fe concentrations between 1x10*® and 5x10% cm ™3
grown by MBE at growth temperatures between 350 and 450°C [55]. Hall effect
and differential transmission (DT) measurements showed the resistivity increased and
electron lifetime decreased as the Fe concentration increased, with reported values of
~2000 Qcm and 300 fs respectively at an Fe concentration of 5x10%° cm™=3. Moreover,

1

relatively high mobilities of ~900cm?V~!s~! were measured despite the large dopant

density. Analysis of the InGaAs:Fe suggests that only a small fraction (~0.5%) of
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the incorporated Fe is electrically active (forms a substitutional defect) while the
remainder form inactive interstitial defects. This low yield explains why such high
Fe concentrations are required to push the lifetime to sub-picosecond levels. Globisch et
al. also fabricated THz PCA detectors from the highest doped InGaAs:Fe samples and
recorded an impressive bandwidth of 6 THz and a dynamic range of 95dB, demonstrating
the excellent performance of Fe-doped InGaAs. A later study showed that InGaAs:Fe
could be used in fibre-compatible THz transceivers — capable of detection and emission
of THz radiation — that is ideal for reflection-mode THz spectroscopy [56].

Other transition metals can be substituted for Fe. For example, Rh dopants in InGaAs
form a deep level defect at 0.38 eV below the conduction band minimum, also serving
as ultrafast recombination centres [204]. At a doping concentration of ~8x 10 cm™3,
Rh-doped InGaAs grown by MBE has achieved electron lifetimes as short as 220 fs, with a
mobility of 1010 cm?V~!s™! and a high resistivity of ~3200 Qcm — all slight improvements
over Fe-doped InGaAs at a doping concentration of 5x10%° cm™2 [205]. This Rh-doped
InGaAs has been utilised in THz PCAs with a record detection dynamic range of 111 dB
and bandwidth of 6.5 THz, as well as in efficient THz emitters [36]. Despite the excellent
properties of Rh-doped InGaAs, Rh is a significantly more expensive and less available

dopant than Fe, limiting the viability of Rh-doped InGaAs devices.

Summary

Overall, many methods have been explored for making InGaAs suitable for ultrafast
device applications. Table 5.1 summarises the material properties for each method.
Of the different techniques reviewed, MBE-grown InGaAs:Fe is particularly promising
owing to its high electron mobility and resistivity, sub-picosecond electron lifetime, and
availability as a dopant material. The next steps in the development of InGaAs:Fe

is to understand fully how Fe concentration and photoexcited charge-carrier density
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impact the material properties. With this information, the ideal material composition

for a given application can be readily identified.

5.3 Experimental Methods: OPTP Setup

OPTP spectroscopy was used to study the InGaAs samples in both the Fe-dopant and
strain studies after photoexcitation with 1550 nm light. The experiment was setup
similarly to the previous chapter (see Section 4.3), except the optical-pump beam from
the Ti:sapphire laser was redirected into an optical parametric amplifier (Light Conversion,
TOPAS). The TOPAS converted the 800-nm wavelength light into 1550-nm light, and a
1550-nm bandpass filter was placed after the TOPAS to remove any residual wavelengths,
as shown in Figure 5.2. There was significant power loss during conversion — the initial
~2W of 800-nm light entering the TOPAS was reduced to ~60 mW of 1550-nm light. As
a result, the photoexcitation fluence on the sample was limited and two different pump
beam sizes were required: a small spot (2.8 mm FWHM) to achieve high fluences, and a
large one (5.3mm FWHM) to ensure a highly uniform charge-carrier density at lower
fluences. Measurements using the different beam sizes are compared in Appendix A.3 to
check that the change in beam size did not significantly impact the results. As for the
THz pulse, it was focussed onto the sample with a spot size of 1.3 mm FWHM. Using
this system, photoconductivity spectra can be measured by holding the pump-probe
delay, At,,, constant and measuring the full THz pulse in the time domain. Alternatively,
the signal from the THz peak can be tracked as the pump-probe delay changes, thus
tracking the decay in photoconductivity over time (see Section 2.2 for details of each
measurement). To account for the inherent instabilities in the output of the TOPAS; all
measurements were repeated three times. These repeated scans allowed for determination

of the average signal and the associated experimental error in all the reported data.
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Figure 5.2: Schematic diagram of the OPTP spectroscopy setup with the TOPAS. Arrows
indicate the direction of the laser beams along each optical path. See Section 2.2 for further
details of the spectrometer.

5.4 Study 1: Characterisation of InGaAs:Fe

InGaAs doped with Fe is a highly promising material for ultrafast optoelectronics that

are compatible with fibre-optic systems. Each application that may use InGaAs:Fe will

operate at a different charge-carrier density. These changes in carrier density will impact

the material properties, and so it is important to have a comprehensive understanding of

what the key charge-transport properties (electron lifetime, mobility) are over a range

of charge-carrier densities. To address this gap, this section investigates MBE-grown
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InGaAs:Fe over a wide range of photoexcitation fluences and Fe-doping concentrations
using OPTP spectroscopy. These results form a map of the electron lifetimes and
mobilities in the parameter space such that the ideal material for a given application can
be selected. The photoexcitation wavelength was 1550 nm to ensure the measurements

addressed the most technologically relevant wavelength.

5.4.1 Material Fabrication

The InGaAs samples were grown by my collaborators using gas-source MBE on a
10x10 mm? semi-insulating InP substrate (350-um thick) at the Fraunhofer Institute
for Telecommunications. First, a nominally undoped Ing 50Alg 45As buffer layer (660 nm)
was grown on the substrate. Next, a thin doped layer of IngsoAlgssAs:Fe (~40nm)
was deposited, followed by 1200 nm of Ings3Gag47As:Fe. Finally, a capping layer of
Ing 52Alp4sAs (~20nm) completed the structure. Note that the Ing52Alp45As layers were
included to protect and passivate the Ing53Gag47As top surface. The capping layer plays
no part in the photoconductivity signal beyond passivating the Ing53Gag47As surface
because the energy of the 1550-nm-wavelength photons is much less than the bandgap of
Ing50Alp48As. A schematic diagram of the sample structure is presented in Figure 5.3.
The full structure is referred to as InGaAs:Fe throughout this chapter.

The samples in this study were analysed by my collaborators with secondary ion
mass spectrometry (SIMS) at the Fraunhofer Institute for Applied Solid State Physics.
The Fe doping concentrations were: nominally undoped, 1.7x10'7, 2.7x10'7, 1.1x10'8,
3.4x10'%, 1.6x 10, 1.5x10%, and 4.6x10?° cm~3. Each sample is usually referred to by
its Fe concentration using the notation [Fe] = xcm™3. For example, the sample with an

Fe concentration of 3.4x10'™ cm™? is typically referenced by [Fe] = 3.4x10' cm™3.



5. Controlling and Characterising the Properties of Ing 53Gag 47As with Terahertz
Spectroscopy 100

InAlAS - 20 nm

InGaAs:Fe
- 1200 nm

InAlAs:Fe - 40 nm

Figure 5.3: Schematic diagram of the InGaAs:Fe sample structure and the OPTP experiment
geometry. Aty is the time delay between the optical-pump beam (Epump) and THz probe

(E1z).

5.4.2 Evaluating Electron Lifetime

Figure 5.4 shows the effect of changing the Fe doping concentration on the electron lifetime
of InGaAs:Fe. The photoconductivity decayed faster as [Fe] increased. For example, the
photoconductivity of the [Fe] = 4.6x10% cm™ sample decayed within a few picoseconds
for all photoinjected carrier densities, whereas the [Fe] = 1.1x10*® cm™ sample decayed
much more gradually. These results clearly link the Fe dopant concentration to the trap
density (/V;), and demonstrate that the electron lifetime can be tuned by adjusting [Fe].

The photoconductivity decay is dominated by trap-assisted (SRH) capture due to
the high density of Fe-induced deep traps, thus higher-order contributions (radiative and
Auger recombination) are negligible here. Therefore, the decay rate of the photoin-
jected carrier density is

dN (t)

— = kN (), (5.3)

where k is the SRH capture rate constant. Solving the above rate equation results in
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Figure 5.4: Photoconductivity of InGaAs:Fe as a function of time after photoexcitation
using a 60 pJem ™2 (a) and 33 pJem™? (b) excitation beam (initial photoexcited carrier density,
N, of 1.7x10*® and 1.9x10'7 cm~3 respectively). The different coloured data correspond to
different Fe doping concentrations, [Fel, as indicated on the figure. The black lines are fits to a
monoexponential decay and the semi-transparent regions are the standard deviation of three
repeated measurements. The fitting window was selected as the best fit (highest R? coefficient
of determination) that covered at least 70 % of the decay in the photoconductivity amplitude.
Curves that did not decay at least 70 % within the first 7.5 ps used the full 7.5 ps fitting window.

N(t) = Nyexp(—t/7), (5.4)

where Ny is the initial photoinjected carrier density immediately after photoexcitation
and 7 is the (trap-limited) lifetime. The photoconductivity is proportional to the carrier
density and mobility (Ao (t) o< ¢N(t)u(t)). Assuming the mobility is roughly constant,
the photoconductivity exhibits the same monoexponential decay as N (t).

Monoexponential fits were individually applied (not globally) to the photoconductivity
decay data to extract the electron lifetimes. Note that fits were only applied to the
first ~7.5 ps after photoexcitation to avoid a back-reflection artefact (see Appendix A.2),
which made it too challenging to fit the longest-lived samples (nominally undoped
and [Fe] = 1.7x10cm™3). The electron lifetimes for all other samples at each N

are presented in Table 5.2. Notably, sub-picosecond lifetimes were achieved in both
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samples with Fe concentrations above 1x10?°cm™2 at all N below ~3.6x10'" cm™3
(corresponding to an excitation fluence of ~13 uJem™2), demonstrating the suitability
of InGaAs:Fe for ultrafast applications.

The electron lifetimes reported here are slightly longer than those in Ref. [55] for
similarly prepared InGaAs:Fe at comparable Fe concentrations and photoexcited carrier
densities (e.g., ~600 fs at [Fe] = 4.6 x 102° cm ™2 for N = 3.6 x 10'® cm ™ here, and ~300 fs
at [Fe] = 5x 102 cm™ for N = 5 x 10" cm™3 in Ref. [55]). This difference is likely related
to fundamental differences in the measurement techniques: Ref.[55] used DT to measure
the electron lifetime, while OPTP spectroscopy is used here. OPTP was used to monitor
the photoinduced change of the transmitted THz field at the time-domain peak — this
is effectively a spectrally weighted measure of the photoconductivity averaged through
the full 1200 nm film thickness. As the charge-carrier density and/or mobility decreases
after excitation, the photoconductivity decays and the transmitted THz field recovers
to its equilibrium value. In contrast, DT measurements track the transmission of an
optical probe after photoexcitation. This probes the recovery of the band-edge absorption
(Pauli blocking) — transmission of the optical probe increases immediately after excitation
because band-edge states are occupied, and then transmission decreases as states near the
conduction-band minimum (I" point) empty, mainly due to trapping and recombination.

Four effects can bias OPTP toward longer time constants than DT. Firstly, hot carriers
(carriers excited above the band edge) have a reduced mobility that increases as they
rapidly cool (typical timescale of hundreds of femtoseconds [110]). This increase in p(t) can
partially compensate for the drop in N(t), thus slowing the apparent photoconductivity
decay and extending the extracted lifetime from OPTP measurements. Secondly, DT
at 1550 nm is strongly weighted towards the sample surface due to optical absorption,
whereas the THz pulse probes an average over the full film. Hence, any surface deviations,

such as an increased trap density, contribute more to the DT signal than OPTP. Thirdly,
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monitoring the peak of the THz transmission emphasises the low—mid THz frequencies,
which can reduce the contribution of high frequency changes at early times (charge-carrier
thermalisation) and thus the influence of fast components on the fitted photoconductivity.
Finally, sample-to-sample variation in the density of Fe dopants and the proportion
that are electrically active can shift the electron lifetime. Taken together, these factors
account for the slightly longer OPTP-derived electron lifetimes. Despite these differences,
the central conclusion of sub-picosecond dynamics at high Fe-doping concentrations
is consistent across both studies [55].

The electron lifetime results in Table 5.2 are summarised in Figure 5.5. As indicated
by the dashed line, the lifetimes are reasonably close to an inverse proportionality to the
Fe doping concentration, as predicted by SRH recombination theory (Equation 5.2) [179].
The slight offset to a perfect 1/x relationship likely arises from three factors: (i) the long
lifetimes are underestimated as the exponential fits were restricted to the first ~7.5 ps;
(ii) short lifetimes are overestimated as explained in the previous paragraph; (iii) the
proportion of electrically active dopants may decrease as more Fe is introduced, thus a
linear increase in doping concentration is not a linear increase in trap density.

The electron lifetimes generally increased with charge-carrier density. This effect can
be explained in terms of trap filling: upon photoexcitation, the free electrons are rapidly
trapped by the Fe impurities, but recombination at the trap occurs on a longer timescale.
Thus, traps become filled and no longer participate in carrier capture until recombination
occurs, resulting in an increase in the effective electron lifetime [55]. Unfortunately,
the TOPAS limited the achievable fluences in these experiments, and so a full study
of the saturation effects could not be conducted.

While Fe doping sharply reduced the electron lifetime in InGaAs, high-speed opto-

electronics also require high carrier mobilities. To assess the impact of Fe doping on the
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Figure 5.5: Electron lifetimes extracted from the exponential decay model fits for selected
photoinjected charge-carrier density, N, and [Fe]. The dashed line shows an inverse relationship,
while the solid lines are guides to the eye.

electron mobility, a second series of OPTP measurements were conducted with the pump-
probe delay time (At,,) fixed, and the full THz pulse measured in the time-domain. With
this data, the photoconductivity spectra could be calculated using the thin-film analysis
described in Section 2.6.2. It is important that the THz pulse probes a highly uniform
charge-carrier density at the sample [19], therefore these measurements only used the larger
optical-pump beam size of 5.3 mm FWHM. Consequently, the initial photoinjected carrier
densities were restricted to ~5.3x10'7 cm ™3 and below (fluences of 19 pJem ™2 and below).

Figure 5.6 shows representative photoconductivity spectra for several InGaAs:Fe
samples measured 1 ps after photoexcitation. The spectra exhibit a characteristic Drude
shape across all doping levels: the real and imaginary parts of the conductivity remain
positive and intersect at a non-zero frequency. The crossing point shifts to higher
frequencies with increasing Fe concentration, indicating increased scattering and hence

reduced electron mobilities. The spectra were fitted to the Drude model (Equation 2.51)
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using a least squares fitting algorithm. The extracted electron mobilities are tabulated
in Table 5.3 and Figure 5.7 (a) plots the relationship between electron mobility and

[Fe| for several charge-carrier densities.
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Figure 5.6: THz photoconductivity spectra of InGaAs:Fe samples at different [Fe]. The
initial average photoexcited charge-carrier density was N = 5.3x10'" cm ™2 (excitation fluence
of 19 uJem=2). The solid lines are fits to the Drude model (Equation 2.51). All spectra were

measured at a pump-probe delay of 1 ps. Errors were calculated from the standard deviation of
three separate measurements under the same conditions.

Very high electron mobilities over 10000 cm?V~!s~! were measured in the nominally
undoped InGaAs, which agrees well with literature values for high-quality InGaAs

films [174], demonstrating the quality of the InGaAs growth process and validity of the THz

analysis. The mobility remained high as [Fe| increased to ~1x10'"® ¢cm™3, but proceeded
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Figure 5.7: (a) Electron mobilities of InGaAs:Fe samples at different photoinjected charge-
carrier densities, N, as [Fe] is varied. The solid lines are guides to the eye. The lowest [Fe]
data point represents the nominally undoped sample. (b) Summary of the electron lifetimes
and mobilities for each InGaAs:Fe sample that both properties could be measured from. Each
colour /data-point shape indicates a different [Fe|, as shown by the numbers in the figure. The
different points of the same colour/shape correspond to the properties at a different N. The
arrows indicate the trend of increasing N for each [Fe].
to decrease quickly as more Fe was incorporated, with the highest doping concentration
of [Fe] = 4.6x10?° cm ™3 exhibiting a mobility between ~1000-2000 cm?*V~'s~!. These
results are consistent with Fe dopants acting as scattering centres that reduce mobility.
Higher photoexcitation fluences generally led to reduced electron mobilities. This effect
was most pronounced in the low-[Fe] samples and may arise from electrons occupying
higher-energy states in the conduction band when the carrier density is high. In InGaAs,
the conduction band is non-parabolic, so electrons at higher energies experience increased
effective masses that reduce their mobility [206-208]. This effect is less prominent
in the high-[Fe] samples as the excited charge-carrier density is significantly lower
1 ps after photoexcitation than in the lower-[Fe] samples owing to the rapid charge
trapping (see Appendix A.4).

Figure 5.7 (b) combines the electron lifetime and mobility data for each doping

concentration and photoinjected charge-carrier density. The arrows indicate the trend
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of increasing electron lifetime and decreasing mobility as N increases. These results
map out the properties of InGaAs:Fe, illustrating the trade-off between electron mobility

and lifetime. Importantly, these results show an Fe concentration of 1.5x10% cm™

can achieve sub-picosecond lifetimes while retaining mobilities above ~2500 cm?V~1s~!

— priming it for high-speed applications that require a balance of ultrafast response

time and rapid charge transport.

5.5 Study 2: Effect of Mechanical Strain on InGaAs

The previous section demonstrated that Fe doping is a powerful mechanism for tuning
the optoelectronic properties of InGaAs. This section examines a complementary tuning
tool: strain. By definition, strain, ¢, is the fractional change in the lattice constant, a,
of a material: ¢ = Aa/a. The electronic band structure is determined by the crystal
lattice, therefore even modest amounts of strain can strongly impact the optoelectronic
properties of the material. For example, strain can break crystal symmetries to lift
degeneracies, alter band curvatures, and shift the band edges, all of which changes the
effective mass, scattering rate, and bandgap [209].

Strain engineering is used extensively in both research and industry. In silicon CMOS,
biaxial and uniaxial strain have been leveraged to increase the carrier mobility of n- and p-
type MOSFETS, raising the drive current without increasing leakage current or overhauling
the fabrication process [210]. Beyond Si, strain has improved performance across a

55],

diverse range of systems, including enhancing electron mobility in GaAs nanowires [l
raising the superconductive critical temperature of SroRuO, [211], and inducing a direct
bandgap in Ge to enable lasing [212]. The success of strain for enhancing material

properties, together with the significant interest in flexible electronics, motivates this

targeted study of strain in InGaAs.
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Several studies have explored strain in In,Ga;_,As. One strategy to implement strain
is through lattice-mismatch, where In,Ga;_,As is grown on/against a material with a
different lattice constant. Ponomarev et al. used lattice-mismatched IngsgAlygaAs in
their InGaAs/In,Al;_,As superlattices and observed a decrease in the InGaAs bandgap,
as well as increased interface roughness that reduced the electron lifetimes compared to
non-strained superlattices [195]. Alternatively, the alloy fraction of In,Ga;_,As can be
changed such that it is not lattice matched to InP. Kuo et al. reported how the strain
induced by changing the composition of In,Ga;_,As on InP shifted the bandgap [213].
However, these composition changes also change the interface quality and material
properties, making it challenging to attribute any changes solely to strain. A more direct
approach is to apply external stress to the material, for example through bending. Shi et
al. studied InGaAs HEMTs and found only small changes in the device performance
under strain [214]. However, this study explored strain of less than 0.5% and focussed
on the device properties instead of the response of bare InGaAs.

To isolate the effects of strain in InGaAs, this section investigates the effect of uniaxial
bending on the optoelectronic properties of undoped, lattice-matched Ings3Gags7As
(InGaAs) on flexible PET substrates. The strained InGaAs is probed with OPTP
spectroscopy to obtain the electron mobility and lifetime without contacts or modifying
the sample strain. X-ray diffraction (XRD) spectroscopy is utilised to confirm the degree
of strain in the InGaAs films. This approach allows for the strain response of InGaAs to
be quantified and for its potential as a complementary tuning mechanism to Fe doping
to be evaluated. The following sections describe the sample fabrication, method for
controlling the applied strain, XRD results, and THz spectroscopy characterisation

of the strained InGaAs.
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5.5.1 Straining InGaAs on PET

InGaAs thin-films were grown by MOCVD at the Australian National University by
Dr. Tuomas Haggren. Full details of the fabrication are available in Appendix A.5.
Briefly, Ing 53Gag47As was grown on an InP substrate before being hot embossed onto
a film of PET. The InP was etched away, leaving an InGaAs film on a flexible PET
substrate. Two samples were studied; one with a 400-nm-thick InGaAs layer, and the
other with a 620-nm-thick InGaAs layer. The PET was approximately 150 um thick.
Figure 5.8 (a) shows a schematic of the sample geometry and a photograph of the
400-nm-thick InGaAs on PET sample.

The sample was strained by putting it into a sample holder that bends it to a controlled
radius of curvature. See Appendix A.6 for full details of the sample holder design. Both
tensile and compressive strain could be achieved with this approach by flipping the sample
holder. Figure 5.8 (b) illustrates the compressive (e¢) and tensile (e7) strain experiment
geometries, and (d) shows a photograph of the sample holder for a radius of curvature of
12mm (Rc = 12mm). The InGaAs film was always oriented outward, such that XRD
and THz spectroscopy probed a top layer of InGaAs and a bottom layer of PET.

The amount of strain the InGaAs experiences can be calculated by considering the
InGaAs and PET as a composite beam. When the beam is bent like in Figure 5.8 (c), the
bottom surface is compressed (£¢) while the top surface is extended (er). Along some arc
between the these surfaces, the beam has the same length as it would at equilibrium (no
applied stress) — this arc is the neutral axis (NA). All points on one side of the NA are
under compressive strain, while all points on the other are under tensile strain. The strain
at a certain radius is given by its strained length divided by its unstrained length (length
at NA). Assuming the arc of the bent beam covers an angle § and the radius of curvature

at the NA is Rya, then the strain along an arc some distance x from the neutral axis is
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Figure 5.8: (a) (top) Photograph of the 400-nm-thick InGaAs on PET sample with the (110)
plane highlighted. (bottom) Schematic diagram of the InGaAs on PET sample structure. (b)
Geometry with the InGaAs layer under compressive strain (¢¢) and tensile strain (er) relative
to the THz pulse during OPTP spectroscopy. (¢) Schematic of the effect of bending the sample
to a radius of curvature Rc. The neutral axis (NA) has the same length as the unstrained
sample. All points on one side of the NA are under compressive strain whereas all points on
the opposite side are under tensile strain. (d) Photograph of the sample holder used to bend
the InGaAs on PET during measurement. This holder has a 12 mm radius of curvature.
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e(x) = IR = R (5.5)

The radius of curvature at the NA can be calculated by ensuring the zero net axial
force in the beam: [YedA = 0, where Y is Young modulus for the material and A is
the cross-sectional area. Assuming that the InGaAs and PET have the same width, the

radius of curvature for the NA of the InGaAs on PET samples is given by

Ytst5<t8/2) + thf(ts + tf/Q)

5.6

Rxa = Re +
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where Y; are the Young’s moduli of the PET (Y, ~ 3GPa [215]) and InGaAs film
(Yy =~ 60 GPa [216]) and t; are the thicknesses of the PET (t; ~ 150 um) and InGaAs
(t; = 4000r620nm) [217]. Substituting these values into Equation 5.6 gives Rya ~
Re + 79 um for the 400-nm-thick InGaAs and Rya &~ Rc + 81 pm for the 620-nm-thick
InGaAs. This places the NA near the centre of the PET, but slightly closer to the InGaAs
layer, as the InGaAs is much stiffer than the PET (greater Young’s modulus). Thus, the
entire InGaAs film experiences the same kind of strain when bent in the sample holder.

A series of sample holders were created, covering radii of curvature from 5mm to
12 mm, with an extra holder created to keep the film flat (Rc = 00). The holders were
designed such that their inner radius was Rc — 0.5 mm and outer radius Re + 0.5 mm,
allowing the InGaAs on PET to slide in-between the two surfaces and be bent to the
target Rc. Using the different Ro along with Rya and Equation 5.5, the amount of
strain in the InGaAs films can be calculated.

Table 5.4 lists the calculated strain in each InGaAs sample for each sample holder
radius of curvature. Both the outer and inner surfaces of the InGaAs are included in
the results to emphasise that the strain is approximately constant across the thin film.
Tensile and compressive strain have the same magnitude but opposite sign — in this study,
positive values indicate tensile strain, whereas negative values are compressive strain.
The applied strain ranges from ~0.5% to ~1.4%, covering a modest range that exceeds

that of previous studies on external strain in InGaAs [214].

5.5.2 X-ray Diffraction

Strain was verified by symmetric -2 XRD on a Rigaku Smartlab diffractometer using a
Cu source and Ge monochromator to select the Ka; line (wavelength A = 1.54059 A).
InGaAs has a zinc-blende crystal structure, thus the (001) reflection is forbidden [218]. The

first allowed reflection along the growth direction is the (002) reflection. The XRD scans
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% strain in 400 nm film % strain in 620 nm film
Re (mm)
Inner surface Outer surface Inner surface Outer surface
5 1.402 1.410 1.363 1.375
6 1.171 1.178 1.139 1.149
7 1.006 1.011 0.978 0.987
8 0.881 0.886 0.857 0.865
9 0.784 0.789 0.763 0.769
10 0.706 0.710 0.687 0.693
11 0.643 0.646 0.625 0.631
12 0.589 0.593 0.573 0.578

Table 5.4: Surface strain (%) at the inner (contacted to PET) and outer surfaces of the
InGaAs film for the two film thicknesses.

covered 20 = 27-34°, ensuring the InGaAs (002) reflection near 30.4° was resolved [219].
In a symmetric scan, the scattering vector lies in the instrument’s scattering plane and
is parallel to the sample’s surface normal. The InGaAs film is single-crystal, hence the
(002) peak only appears when the surface normal is in the scattering plane. Under strain,
the bent InGaAs has its surface normal rotated about the bend axis, thus the sample
was rotated about its normal such that the bend axis was in the scattering plane. The
(002) peak signal was maximised when the sample was correctly rotated.

The position of the (002) peak relates to the interplanar spacing, dgoe, via Bragg’s law:

nA = 2dsin(6), (5.7)

where n is an integer for the reflection order (here n = 1), and € is the angle of
the x-rays relative to the lattice plane. The out-of-place lattice constant of InGaAs,
a, is then given by a = 2dgp. The resulting out-of-plane strain (gg01 = Aa/a) was
converted to the strain in the (110) direction using

S11+S12 + Sa4
4

€110 = 800127 ~ —1.88 €001 (58)
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where s;; are components of the cubic compliance tensor (inverse of the elasticity
tensor) [220]. See Appendix A.7 for details of the strain conversion. This relation means
that an out-of-plane compression corresponds to extension along the (110) direction
of nearly double the magnitude. Due to time and space constraints, XRD was only
performed under tensile strain with the 400-nm film. The same alignment protocol
was used for all bending radii.

Figure 5.9 (a) shows wide 6-20 scans for 400-nm InGaAs on PET at different bend
radii, along with a scan of bare PET. PET exhibits a broad amorphous feature around
20-30°, and the high-angle tail is visible in each scan [221]. All InGaAs scans display a
sharp peak near 20 = 30.4°, which is assigned to the (002) reflection of InGaAs. Panel (b)
zooms on the region around the (002) peak. The peak shifts to higher scattering angles
as the radius of curvature decreases, indicating smaller dyg, — consistent with out-of-plane
compression when the sample is under tensile strain along the (110) plane. Note that
the measurements were repeated to ensure the peak positions were reproducible and
not a result of experimental error or damage to the sample.

The scattering angle of the peak was determined by fitting to a Gaussian profile and
then converted to dogy using Bragg’s law. For the flat holder (Rc = 00), the peak at
20 ~ 30.4° gives dyoy ~ 2.94 A, which corresponds to a lattice constant of a ~ 5.887 A
— reasonably close to the literature value of a ~ 5.65 A for Ings3GagarAs [219]. The
out-of-plane strain was calculated as the relative change in dyps compared to the flat
case, and then converted to in-plane strain along (110) using Equation 5.8. Figure 5.9
(c) plots both the out-of-plane and in-plane strain for each bending radius.

The measured in-plane strain along the (110) direction is approximately half the
expected theoretical value calculated in Table 5.4. This discrepancy between theory and
experiment is primarily attributed to the formation of microcracks within the brittle

InGaAs layer as it reaches its critical strain limit (fracture toughness) [222]. Such
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Figure 5.9: (a) 620 XRD spectra of bare PET (in the R = oo holder) and of the 400-nm-
thick InGaAs on PET sample when bent to different radii of curvature. All strain was tensile.
(b) Zoom of the angles near the InGaAs (002) diffraction peak. Black lines show Gaussian fits
to the data and shaded regions are the standard deviation of multiple scans. (c¢) Out-of-plane
strain (in (001) direction) (left axis) at each bending radius calculated from the change in lattice
spacing determined by XRD. These values were converted to strain along the (110) direction

using Equation 5.8 and plotted on the right axis. Error bars were calculated using the error in
the Gaussian fits.

microcracking is a well-known strain relaxation mechanism in thin films on flexible
substrates where, once the fracture toughness is exceeded, the film fragments into
discrete regions. This cracking allows material near the crack edges to relax towards
its equilibrium lattice constant [223, 224].

This fragmentation can explain the observed broadening of the (002) XRD peak at
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smaller radii of curvature. Within the cracked regions, a range of strain values exist,
from a maximum at the centre to a minimum at the crack edges where the strain is
relaxed. Consequently, there is a range of lattice constants across the microcrack that
result in a broadened XRD peak. Furthermore, as will be discussed in Section 5.5.3,
these microcracks also act as scattering centres that reduce the electron mobility of
the InGaAs. Beyond cracking, the difference in experimental and theoretical strain
may be influenced by the sample not perfectly following the bend of the sample holder
due to bridging (the sample lifting slightly off the curved surface of the sample holder).
Regardless of the observed relaxation effects, the XRD data confirms that increasing
the sample curvature leads to a modest, reproducible strain in the InGaAs layer, the

effect of which can be tested in the subsequent THz analysis.

5.5.3 THz Spectroscopy

OPTP spectroscopy was employed to study the photoconductivity of the InGaAs on
PET samples under strain. Figure 5.10 (a) shows some example spectra for the 620-
nm-thick InGaAs sample under different degrees of compressive strain. The spectra are
similar for all bending radii, although there is a slight shift to higher frequencies in the
crossing point between the imaginary and real conductivity components, which indicates
a small decrease in mobility with increasing strain. Additionally, the amplitude of the
photoconductivity decreases with strain, further suggesting a decrease in mobility. Note
that the raw photoconductivity spectra featured oscillations originating from Fabry-Pérot
interference within the thin PET substrate that could not be time-windowed out. The
presented spectra have most of the oscillations removed, though there are still residual
features. See Appendix A.8 for details of the raw spectra and the correction procedure.

Drude model fits closely matched the photoconductivity spectra and allowed for

extraction of the electron mobility at each level of strain. Tables 5.5 and 5.6 summarise
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Figure 5.10: (a) THz photoconductivity spectra at different bending radii for compressively
strained 620-nm-thick InGaAs on PET films. All spectra were measured 8 ps after a 16 pJem ™2
photoexcitation (average initial photoexcited carrier density N ~ 5.6 x 10'7 ecm~3). The strain
(negative for compression, taken from Table 5.4) and bending radii are recorded next to each
spectrum. Solid lines show Drude model fits to the experimental data. Frequencies below
0.4 THz were impacted by aperture artefacts and are thus excluded from the figure. The raw
spectra featured Fabry-Pérot oscillations that have been subtracted in these spectra. (b,c)
Electron mobilities extracted from Drude fits to THz photoconductivity spectra for compressively
strained 620-nm-thick InGaAs on PET (b) and tensile strained 400-nm-thick InGaAs on PET
(c). Dotted lines show linear fits to the data. Different colours indicate data measured at
different excitation fluences with the initial average photoexcited carrier densities are shown
next to each set of data.

the mobility results for compressive strain and tensile strain respectively. Panels (b) and
(c) plot the extracted mobilities of 620-nm-thick InGaAs under compressive strain and
400-nm-thick InGaAs under tensile strain respectively. The mobility generally decreases
as the strain increases for both compressive and tensile strain. There is significant noise
within the mobilities that arises from fluctuations in the optical pump from instabilities
in the TOPAS, which can lead to a spread in the mobility values — which likely caused the

mobility to slightly increase with increasing strain when the 400-nm thick InGaAs had a
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photoinjected carrier density of N = 2.3 x 10 cm™3 (purple line in panel (c)). Despite
this limitation, linear fits to the data indicate an average decrease of ~ 1200 cm?V~1s~!
per % of compressive strain and ~ 2000 cm?V~1s™! per % of tensile strain. Note that the
compressive strain here is the geometric strain of the inner surface of the 620-nm-thick
InGaAs from Table 5.4, whereas the tensile strain is the strain in the (110) direction
calculated from XRD. Assuming the true compressive strain is approximately half the
geometrically calculated strain, as it was for the tensile strain, then the change in mobility
with strain is almost identical for both compressive and tensile bending.

As observed in the InGaAs:Fe samples, mobilities are reduced at higher charge-carrier
densities. Similarly, this trend is attributed to band non-parabolicity and carrier-carrier
scattering. The 400-nm-thick InGaAs had lower mobilities than the 620-nm-thick film,
likely owing to the formation of microcracks in the 400-nm-thick film that act as scattering
centres to reduce charge-carrier mobility. Note that the microcracks require tensile strain
to form, which is why the 620-nm-thick film under compressive strain did not exhibit
these cracks, however it was still susceptible to other strain relaxation mechanisms, such
as delamination and buckling [225]. Finally, it is important to note that these THz
measurements were conducted in the following order for compressive strain: Ro = oo,
6mm, 12mm, 7mm, 11 mm, 8mm, 10mm, 9mm, and lastly 5mm; and for tensile
strain: R = oo, 6mm, 10mm, 8mm. This approach of alternating between low
and high bending radii was to prevent any trends from resulting solely from damage
to the films from excessive stress. Note that the 620-nm-thick InGaAs was visibly
delaminating from the PET at Rc = 5 mm, hence the switch to the 400-nm-thick sample
for the tensile strain measurements.

Figure 5.11 shows how the photoconductivity of the InGaAs on PET samples decayed
after photoexcitation for the 620-nm-thick InGaAs on PET under compressive strain (a)

and the 400-nm-thick InGaAs on PET under tensile strain (b). While the data is noisy
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2.3%1016 6.4x1016 2.1x10"7 6.1x10%7
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6 0.74  8500£100 6900+ 200 60004400 5600 = 400

Table 5.6: Mobility u from Drude fits to the THz photoconductivity spectra of 400-nm-thick
InGaAs on PET under tensile strain. Strain exrp is the strain along the (110) direction
extracted from XRD measurements.
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Figure 5.11: THz photoconductivity as a function of time after a 16 uJem ™2 photoexcitation
for different levels of compressive strain in 620-nm-thick InGaAs on PET (a) and tensile strain
in 400-nm-thick InGaAs on PET (b). Solid lines show fits to a monoexponential decay and the
fitted lifetimes are shown next to the data.

due to the instabilities in the TOPAS, it is clear that the charge-carriers have lifetimes
that cannot be precisely resolved on the time-scale of this THz spectrometer. Estimates of
the electron lifetimes from monoexponential fits suggest lifetimes of several nanoseconds,
with no obvious change as a function of strain. Measurements were conducted across a
range of excitation fluences with no measurable change in lifetime. Measurement with a
system that can resolve a greater time window is necessary to identify a trend in electron
lifetime with strain in these samples. Regardless, the data here shows that strain alone

cannot reduce the lifetimes to the picosecond range that Fe-doping achieved.
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5.6 Conclusions

This chapter has explored two different approaches for controlling the properties of
Ing 53Gag47As: doping with Fe during MBE growth, and applying external uniaxial
strain. Fe doping was shown to be highly effective at controlling the electron lifetime of
InGaAs by introducing deep trap states. Lifetimes of hundreds of picoseconds to ~600 fs
could be achieved by adjusting the Fe dopant concentration from nominally undoped to
4.6x10%° cm~2. The electron mobility also dropped as the Fe concentration increased,
but mobilities over 2000 cm?V ~1s™! were paired with sub-ps lifetimes for InGaAs:Fe with

an Fe concentration of 1.5x10%° cm™3.

Such a material is highly promising for high
speed optoelectronics operating at 1550 nm. The results presented here form a map
of the electron mobilities and lifetimes of InGaAs:Fe as a function of both Fe doping
density and charge-carrier density, providing a clear description of the optimal properties
for a range of device operating conditions.

The study on uniaxial strain revealed no changes in the electron lifetime of InGaAs,
but did show a modest decrease in mobility with increasing strain — approximately 1000
2000 cm?V~1s™! per % strain for both tensile and compressive bending along the (110) axis
of InGaAs. These results demonstrate that strain is not an effective tool for controlling the
optoelectronic properties of InGaAs, but show that InGaAs can maintain its high electron
mobilities even under significant bending, indicating its potential in flexible electronics.
Development of the sample holders to strain the samples and the experimental methods
for conducting XRD and THz spectroscopy are useful tools that can be employed in future
strain studies on other materials that have a stronger response to strain than InGaAs.
Identifying such materials with band structure calculations will be an important step

before undertaking the experimental work. Overall, this chapter has demonstrated the

effectiveness of THz spectroscopy for the study and optimisation of [TI-V semiconductors.



Conclusion

Terahertz (THz) spectroscopy has matured into a powerful tool for probing charge
transport and ultrafast dynamics in semiconductors. This thesis has advanced both the
experimental toolkit and the analysis, and utilised the refined methods to characterise
and optimise the optoelectronic properties of nanostructures and thin films.

Chapter 3 highlighted the problems of residual light transmitting through spintronic
THz emitters (STEs) and subsequently photoexciting samples or damaging detection
elements. An improved STE design incorporating high-reflectivity (HR) and anti-reflective
(AR) coatings addressed this problem. The HR coating suppressed transmission of the
target wavelength (800nm) to less than 0.1 % while increasing the absorption of the
optical pulse within the STE layers. The AR coating on the front surface further increased
the absorption of the optical pulse by the STE. As a result, the AR+HR-coated STE
generated THz radiation with a roughly 40 % increase in electric field strength compared
to an uncoated STE. These enhanced emitters enable THz spectroscopy with greater
signal levels and sensitivity while eliminating undesirable photoexcitation to the sample.
Measurements of a GaAs wafer demonstrated the effectiveness of the coated STEs for

accurately extracting the equilibrium transport parameters.
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Chapter 4 investigated how geometry impacts the THz conductivity spectra of
micro and nanostructured semiconductors. GaAs nanowires of different lengths exhibited
resonances in their photoconductivity spectra, with the resonant frequency increasing as
the length of the nanowire decreased. This effect was made clear in measurements of well-
defined GaAs microsquare arrays, confirming the inverse relationship between resonance
frequency and feature size. The resonant frequency scaled with the square root of the
charge-carrier density, consistent with a plasmonic origin, corroborated by finite-difference
time-domain simulations. The plasmon resonances were separated from the intrinsic
response of the materials using the surface plasmon model [81] — verifying the model
as a means to accurately extract the charge-carrier mobility from micro/nanostructures
with vastly different geometries. An important consequence of the relationship between
geometry and plasmon resonance is that ensembles of nanostructures with different
feature sizes (such as nanowire ensembles with a distribution of lengths) will broaden the
geometric resonance and reduce the extracted THz mobility. Hence, mobilities measured
by THz spectroscopy in ensembles with significant size distributions should be considered
a lower bound for the true mobility of the samples.

Chapter 5 explored how the optoelectronic properties of InGaAs are impacted by
two different methods: Fe doping during crystal growth; and applying mechanical strain
to Ing53Gaga7As (InGaAs) thin-films. Optical-pump THz-probe spectroscopy revealed
that Fe-doping can reduce the electron lifetime from hundreds of picoseconds in nominally
undoped InGaAs to several hundred femtoseconds in highly Fe-doped InGaAs. Moreover,
the electron mobilities of the highly-doped InGaAs remained high (> 2000 cm?V~1s™1)
at Fe doping densities as high as 1.5x10%° cm ™3, priming InGaAs:Fe for operation in
high-speed optoelectronics. The results in this thesis map out the electron mobilities and
lifetimes of InGaAs:Fe as a function of Fe concentration and photoinjected charge-carrier

density, such that the ideal material composition can be selected for a given application.
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In contrast, uniaxial bending of thin-film InGaAs on PET resulted in no observable
decrease in electron lifetime and a modest decrease in mobility (~1000-2000 cm?V~1s~!
per % strain), indicating that InGaAs maintains its excellent charge transport under
strain (suitable for flexible electronics) while demonstrating that strain is not a strong
tuning tool for electron lifetimes in InGaAs. The tools and methodology developed
for study of InGaAs under strain are all applicable to future THz studies of materials
with greater potential for strain engineering.

Overall, these results illustrate how careful understanding of THz spectroscopy
allows for the reliable extraction of material properties without the need for intrusive
contacts, and how these properties can inform the design and optimisation of III-V
semiconductors for device applications. The coated STEs increase the available THz
signal while eliminating a source of uncontrolled photoexcitation; the surface-plasmon
model enables analysis of semiconductors at the nanoscale and presents a path to
understanding and exploiting geometric resonances; and the InGaAs studies demonstrate
the effectiveness of THz spectroscopy for understanding tuning mechanisms and optimising

III-V semiconductor properties.

6.1 Outlook

There are many routes to build on the research in this thesis. One route is to consider
alternative materials to TayO5 in the design of the HR coating on the optimised STEs to
reduce absorption of the high-frequency THz components while blocking transmission of
the THz-generation beam. Additionally, the substrate material could be swapped with Si
to further improve the thermal conductivity of the STE. Importantly, Si absorbs 800 nm
light strongly, so the design would need to be reversed such that the THz-generation
beam enters the STE layers before the substrate, rather than entering the substrate first

as it currently does. The reversed design concept should promote propagation of the
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THz emission into the forward direction [51]. Extra design concepts could introduce
variable magnetic fields around the STE to increase tunability of the polarisation state
of the emitted THz pulse.

The establishment of a relationship between subwavelength geometry and THz
resonances is an important step in potentially exploiting the resonances. A natural
next step is to characterise the geometric factor, g (Section 4.4.3), such that the
resonant frequency of a given structure can be quickly identified. Simulations paired
with an experimental study of micro-rectangle arrays to investigate the effect of aspect
ratio would be a good starting point. Additionally, a study of carefully grown III-V
semiconductor nanowire arrays with uniform lengths and directionality would be an
interesting verification of the results in this thesis.

One could continue the research on Fe-doped Ing 53Gag47As by comparing the proper-
ties of ion-implanted Fe dopants to dopants incorporated during growth to see if there are
alternative methods to achieve the optimal material properties. The strain study also has
plenty of potential for future research. For example, band structure simulations can be
used to identify good candidate materials and the methodology developed in this thesis
applied to these materials. Additional measurements to identify shifts in the band gap,
such as photoluminescence spectroscopy, would help further scrutinise the effects of strain.
Furthermore, a comparison between externally applied strain and an equivalent amount of
lattice-mismatch strain could illuminate fundamental differences in these two approaches.

Overall, THz spectroscopy is a powerful tool that presents many exciting opportunities
for impactful research and is well-positioned to continue to drive improvements in our

understanding of IT1I-V semiconductors.
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Appendix

A.1 Detailed Microsquare Fabrication

The GaAs microsquare arrays were fabricated at the Australian National University
by Dr. Tuomas Haggren. The process began with epitaxial growth using MOCVD
on epi-ready (100) GaAs wafers. Prior to growth, the wafer was annealed at 720°C
for 10 minutes under arsine (AsH;) overpressure to desorb contaminants and surface
oxides. The reactor temperature was then lowered to 650 °C for the growth of a GaAs
buffer layer, InGaP etch stop layer, and a GaAs layer to be transferred for fabrication.
Trimethylgallium, trimethylindium, and PHj3 were used for the InGaP growth with
nominal vapour phase flows of 2.1x107°, 2.2x107°, and 8.3x 1073 mol/min respectively,
yielding a V/III ratio of 196 and a lattice-matched solid phase composition. After the
growth of the 300-nm-thick InGaP etch stop layer, a 600-nm-thick GaAs layer was
grown at 650°C using 1.1x10"*mol/min of trimethylgallium and 4.5x1073 mol/min
of AsHj, yielding a V/III ratio of 40.

To create the microsquare pattern, electron beam lithography was used to pattern ZEP
resist that was used as an etch mask for inductively coupled reactive ion etching (ICP-RIE)
of the GaAs layer. The GaAs etching was done using SiCly (1.5sccm) and Ar (10scem)

at 0.3 Pa with a bias of 40 W and ICP power of 200 W. After etching, the remaining ZEP
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resist was removed with a remover and ultrasonication, followed by O, plasma etching.
The patterned wafer was then covered with SU8-2 (by spin coating at 5000 rpm for 60s,
baking at 85°C for 15 minutes, and at 250 °C for 7 minutes on a hot plate). Next, PMMA
A8 was spin-coated on the GaAs wafer as well as a reference c-sapphire substrate. PMMA-
coated GaAs films (~1cm? in size) and sapphire wafers were hot embossed together at
180 °C for 10 minutes with a piston force of 500 N. Finally, the GaAs wafer was etched
selectively in H3PO4:H5045 1:3 solution for ~2 hours, and subsequently the InGaP etch
stop layer was etched with concentrated HCI for 60s, completing the fabrication.

In total four samples of 600-nm-thick GaAs on c-sapphire substrates were produced
— one with a 5x5mm active area of 7x7 um? squares, one with a 5x5mm active area
of 50x50 um? squares, and another with a 5x5mm active area of 500x500 um?. The

final GaAs film had no patterning and was used as a reference.

A.2 InGaAs:Fe Reflection Artefact

Section 5.4 extracts the electron lifetimes of Ings3Gag47As doped with Fe by fitting
a monoexponential decay to OPTP spectroscopy data. The fitting procedure was
limited to times less than 7.5ps after photoexcitation because of a secondary rise
in the photoconductivity near 8 ps. Figure A.1 (a) illustrates this secondary rise in
the [Fe] = 1.5x10%* cm™ sample.

The refractive index of InP at 1550 nm is approximately np,p = 3.2 [226]. Hence
the travel time of light through the InP substrate is
d  350um

twp = — =
v ¢/nmp

~ 3.74 ps. (A.1)

Therefore, the time for the reflected pulse to reach the InGaAs layers is roughly 7.5 ps
— very close to the observed timing of the secondary rise. The slight difference could arise

from a ~5% increase in InP thickness compared to the nominal value. Thus, the secondary
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rise in the InGaAs:Fe is attributed to back-reflection of the 1550 nm excitation beam
from the rear surface of the InP substrate, which subsequently re-excites the InGaAs:Fe
layer, as depicted in Figure A.1 (b). The rise is not as sharp as the initial excitation,

likely due to dispersion of the 1550 nm light within the InGaAs/InAlAs/InP stack.
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Figure A.1: (a) Photoconductivity decay of InGaAs:Fe ([Fe] = 1.5x10?°cm™3) after
photoexcitation with a 1550 nm laser beam (spot size 2.8 mm FWHM) with fluence 33 yJem =2
(initial N = 9.1 x 10" cm™3). A secondary rise was observed approximately 8ps after
photoexcitation. (b) Schematic diagram of the InGaAs:Fe sample on its InP substrate. A
fraction of the 1550 nm excitation transmits through the InGaAs, travels through the InP
substrate, and is then reflected back towards the InGaAs layer.

A.3 Comparison of Excitation Spot Sizes

Two excitation spot sizes were used in the analysis of the InGaAs:Fe samples: a 2.8 mm
and a 5.3mm FWHM beam. The 5.3 mm beam was significantly larger than the THz
beam size of 1.3 mm FWHM, which ensured the THz radiation probed a highly uniform
charge-carrier density, thus reducing any deviations from the Drude model that may arise
from probing a variable carrier density [19]. Thus, the THz photoconductivity spectra were
measured only with the larger spot size and the reduced fluence range that it could achieve.

The spot size was less important for measurements of the photoconductivity decay.

Hence, the smaller excitation beam could be used to reach higher fluences and probe the
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effect of greater charge-carrier densities on the electron lifetime of the samples. To verify
that the change in beam size had limited effect on the measurements, photoconductivity
decay curves were measured at similar fluences using both beam sizes.

Figure A.2 shows the photoconductivity as a function of time after photoexcitation
for the [Fe] = 1.6 x 10" cm™ InGaAs:Fe sample. Panels (a) and (b) were measured
with the large spot size, while panels (c¢) and (d) used the small spot size. The electron
lifetimes for each measurement are recorded on the figure. The large beam excitations
resulted in slightly lower electron lifetimes than with the small excitation beam. However,
the fluences with the large beam were also slightly lower (13 and 6 uJem™=2) compared
to the small beam excitations (14 and 7 uJem™2). As demonstrated in Section 5.4, the
electron lifetime of the InGaAs:Fe samples increases with increasing charge-carrier density
(excitation fluence), hence part of the difference in electron lifetime for the beam sizes can
be explained by this slight fluence difference. Taking this effect into account, the change
in excitation beam size is expected to have only a minor impact on the photoconductivity

decay results and thus results with both beam sizes are used in throughout Section 5.4.

A.4 Calculation of Photoinjected Charge-Carrier Dens-
ity

The excitation fluences were calculated from the experimentally measured beam widths

and incident power at the sample position. The fluences were then converted to a

photoinjected charge-carrier density by considering the number of 1550 nm photons

absorbed by the InGaAs. The calculation procedure is as follows:

Photons per excitation laser pulse: the total number of photons incident on

the sample per laser pulse is given by

: (A.2)
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Figure A.2: Photoconductivity decay measurements for InGaAs:Fe at [Fe] = 1.6 x 101 cm 3.
The top row (a,b) shows data obtained using the 5.3 mm FWHM excitation beam, while the
bottom row (c¢,d) was measured using the 2.8 mm FWHM excitation beam. The excitation
fluences were (a) 13 uJem =2, (b) 6 uJem =2, (c) 14 pJem ™2, and (d) 7 uJem 2. Black lines show
monoexponential fits to the data and the corresponding electron lifetimes are displayed on each
panel.

where Fpuse is the total energy per laser pulse and Ephoton =~ 0.8€V is the energy
of each 1550 nm photon.
Reflection loss at vacuum|InGaAs interface: a significant fraction of the

incident photons are reflected at the vacuum|InGaAs interface. The reflectance for

normal incidence light is given by

2

(A.3)

9

_‘n—l
Cn+1

where n = 3.56 is the refractive index of InGaAs at 1550 nm [173]. Note that this
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calculation assumes the InAlAs buffer layer has negligible effect on the reflection as it was

only 20 nm thick. Thus, the number of photons entering the InGaAs layer per laser pulse is

NQ == (1 - R)Ntotal- (A4)

Absorption within InGaAs layer: the spatial distribution of absorbed photons
within the InGaAs layer is determined by the Beer-Lambert law. Assuming that each
absorbed photon generates one free charge-carrier, the number of carriers generated

per unit volume at depth z into the InGaAs is

_ Noaexp(—az)
B Aeff ’

N(2) (A.5)

where o = 8100 cm ™ is the absorption coefficient of InGaAs at 1550 nm [173], and
Aegr is the effective areal overlap of the THz and photoexcitation beams as defined in
section 2.3.2. Figure A.3 shows an example of the excited charge-carrier profile in the
InGaAs:Fe samples after a 60 uJem™2 photoexcitation. Note that N(z) is the profile
immediately after photoexcitation with no recombination or diffusion effects factored in.

The THz wavelength is large compared to the thickness of the InGaAs layer, hence
the THz effectively probes the average charge-carrier density within the InGaAs. This
average is calculated from the total absorbed charge-carrier density throughout the
full thickness divided by the volume of the excitation area. Whenever charge-carrier
density is referred to in Chapter 5, it is, unless otherwise stated, this average initial
value derived from the excitation fluence.

Charge-carrier density 1 ps after photoexcitation: the THz photoconductivity
spectra for the InGaAs:Fe samples were measured 1ps after photoexcitation. As the
electrons lifetimes of these samples was very fast, it is important to consider the effective
charge-carrier density that was probed at 1ps. Using the electron lifetimes, 7, in

Table 5.2, the average carrier-density at 1ps is
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Figure A.3: Photoexcited charge-carrier density profile through a 1200-nm-thick InGaAs layer
after a 60 uJem ™2 photoexcitation. The profile is calculated immediately after photoexcitation
and does not factor in diffusion.

N(t =1ps) = Npeax €xp(—t/7e). (A.6)

Table A.1 lists the carrier densities 1ps after excitation for the fluences used during
measurement of the THz photoconductivity spectra of the InGaAs:Fe samples. Note the
densities corresponding to the 6, 11, and 19 uJem =2 fluence excitations were approximated

using the electron lifetime measured at the closest fluence to those values.

A.5 Detailed Fabrication of Strained InGaAs on PET
samples

The Ing53GagsrAs on PET samples studied in the strain sections of Chapter 5 were
fabricated by Dr. Tuomas Haggren at the Australian National University. The detailed

fabrication process is as follows:

The Ing 53Gag 47As thin-films were grown by MOCVD. First, Ing 53Gag 47As/InP /Ing 53Gag 47As



135

“A[oA1300dso1 UOIyRIOXS , WO T pue ‘¢ ‘9
e SoWRHY oy Sursn pojyeurrxordde 910M UOIRIDXD S0USNY , WOLT G PUR ‘TT ‘G O} 19358 SOI)ISUOP IOLLIED O, "Z'G O[R], Ul SO UOIII[D
91} SUISn paje[nore)) 'SUOIIR}IOXD 9DOUIN JUSIOPIP Io3je sd | sojdures o :Syer)u] o) Ul SOIISUOP IOLLIRD-93IRYD PajIoxo0joy 1V 9[qelL

JOTXTT 0T X209 g0l X €€ 0T X8T 0T X0L 0l X67 00T X 9F
J0TX 0T 0T XTT 0T X9E 0T XTT 0T XLL  qOTXLT 0T XGT
JOT X LT 40T X2T  ,0TXTT 0T X009 o0IX0% 0T X098 60T X 9T
JOT X TG 0T X0€  ,LO0IXFT o0l XS  oOIXTE 0T XGT 0T X ¥'€
LG0T X TG 40T X0€  ,L0IXFT o0 XG8 o0l XEE 0T X9T 0T X T'T
AT X TG 0T X0€  0TXGT 0T X68 0T XCE 0T X LT 20T X LT

i 1 61 7 U (KRR i 1 ¢ 7 U [RLES 7 U e 7 U L0

(g-10) [od]
(;_wd) uoryeynxeojoyd teye sd T A}suep Jorire))

A. Appendiz



A. Appendiz 156

layers were grown on an epi-ready on-orient InP(100) substrate, where the Ing 53Gag 47As
layers were lattice matched to InP. The first Ing 53Gag47As layer was 180 nm thick, the
InP 100nm thick, and the final Ing53Gag4rAs layer was either 400 or 620 nm thick.
The epitaxial growth run started with a 10-minute de-oxidation step at 700°C under
PHj flow. The reactor temperature was then lowered to 650 °C (thermocouple reading),
and the Ings3Gag47As/InP /Ing53Gag47As layers were grown using trimethylgallium,
trimethylindium, AsHs, and PHj as precursors. The V/III ratio for the Ings53Gag47As
growth was 120. The reactor was then cooled down to 360°C under AsHj flow.

The InP/Ing53Gag4rAs substrate and a PET film were then coated with SUS8-2
polymer via spin coating, and the Ing 53Gag 47As on the InP substrate was placed against
the PET film. The InP/Ing 53Gag 47As wafer then permanently attached to the PET film
using hot embossing (EVG 520HE) at 200 °C and a piston force of 500 N. Finally, the
InP wafer was etched using concentrated HCI, which only slowly attacks Ings3Gag47As,
and therefore the etching stopped in the first Ings3GagsrAs layer. Subsequently, the
first Ing 53Gag47As layer was removed selectively using citric acid and hydrogen peroxide.
Lastly, the remaining 100 nm InP layer was removed with a ~5s dip into concentrated
HCIL. the remaining Ing53Gag47As film (400 or 620nm) on PET was then rinsed in

deionised water to remove acid residues and complete the fabrication.

A.6 Strain Sample Holder Schematics

Strain was induced in the InGaAs on PET samples by bending them to a certain radius
of curvature. Special sample holders were developed for this task using Fusion 360 CAD
software and a 3D printer to realise the designs. Figure A.4 shows several angles of such
a sample holder with slots to keep the sample at a 7, 8, or 9mm radius of curvature. The
slots to bend a sample to x radius of curvature is effectively a gap between two cylinders:

one with a radius of x — 0.5 mm and the other with a radius of x + 0.5mm. This gap
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allowed the sample to smoothly slot into the holder without needing to force it in, thus
reducing the risk of significantly scratching the InGaAs surface. However, the gap is
larger than the sample thickness, which means the true bending radius is likely slightly
less than the designed value, which contributes to the reduced strain measured using
XRD compared to the theoretical strain, as discussed in Section 5.5.2. Importantly, each
radius of curvature slot kept the front surface of the sample at the same position relative
to the front of the sample holder, thus ensuring the sample was at the same position

along the optical axis during XRD and THz spectroscopy measurements.

(b)

Figure A.4: Sample holder design for bending the InGaAs on PET samples. (a) Isometric
view of the sample holder with 7mm, 8 mm, and 9 mm radius of curvature slots for the sample.
(b) Top-down view of the sample holder. (¢) Front view of the sample holder.

A.7 Converting Strain Axes

The strained InGaAs study applied strain to the samples by bending them along the
InGaAs (110) direction, hence the key strain parameter in the study is €(10). However,
the XRD measurements probe the inter-planar spacing in the growth direction of the

crystal and thus the strain in the (001) direction, (o) is measured. Using the methods
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described in Ref. [220], the strain along the (001) direction could be converted to strain
along (110). The procedure is as follows:

Within the limits of Hooke’s law, small material deformations are proportional to an
applied stress. This relationship can be expressed using fourth-rank tensors to relate the

strain, €;;, to the stress tensor, o;;, by the compliance tensor, S;;i, using the relation:

€ij = OijkiOkl (A‘7)

Ing 53Gag 47As crystallises in a zinc-blende crystal structure [216]. The compliance
tensor for crystals with this structure is given in Ref. [220] and the above equation

can be expanded to (using Voigt notation)

Coz s11 812 si2 00 0 Taz
5yy S12 S11 S12 0 0 0 Oyy
Ezz S12 S12 S11 0 0 0 Oz

_ A8
2%, 0 0 0 su 0 0||o.]| (4.8)
25xz 0 0 0 0 S44 0 s
259:y 0 0 0 0 0 S44 Oy

where z,y, z are the (100), (010), and (001) lattice directions such that e,, is the
strain along the (100) direction and e, is a shear term with components in the (100) and
(010) directions. The s;; terms are components of the compliance tensor and represent
how much the material stretches in their relevant directions.

In section 5.5, the InGaAs is bent along the (110) crystal direction. The x, y, z basis can
be transformed to one that better describes the physical scenario. Define the x’,1/, 2’ basis
where ' is parallel to (110), 3/ is parallel to (110), and 2’ = z is along the (001) direction:

¥ = \}i(x +ty), Y= \}5(—9:+y), Z=z (A-9)

The XRD measurements in section 5.5.2 directly measure the strain along the (001)

direction — ¢,,. The stress is purely along the 2/ basis vector
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Og'x! = Obend- (AlO)

One can transform the new basis to the crystal basis using 0;; = a;,0;404, Where

1/vV2 —1/3/2 0
a=11/vV2 1/V/2 0]. (A.11)
0 0 1

Thus, the stress components in the crystal basis are

Opz = Oyy = Ogy = Obend/2, Osp = Oys = 0y, = 0. (A.12)

These stress components can be substituted into Equation A.8 to get the (non-zero)

strain components in the crystal basis

Obend Obend
Eoxa = Eyy = T(SH + 512), €22 = ObendS12; Epy = S44. (A.13)

The strain along the (110) direction follows from the definition of the new basis vectors

1

Exla! = 7(5‘7{?% + 5yy) + €zy = Obend (

> (A.14)

S11 + S12 844)
2 + 4 )

Substituting in openq = €,./$12 relates the XRD measured strain, €., to the strain

along the bend axis, €./,

€2z (S11 1+ S12  Saa
= ( AN

. ; (A.15)

Exply! =
S12

The components of the compliance tensor are related to the stiffness constants

of InGaAs by the following [220]

Ci1 + Cha

, A.16
(C11 — C12)(Chy +2C10) ( )

S11 =



A. Appendiz 140

—Chs

o12 (C11 — C12)(Chy + 2C42) ( )
B (A.18)
w= g :

where C1; =~ 100 GPa, C12 ~ 49 GPa, and Cy4 ~ 60 GPa [216]. Substituting these
values leads to the final relationship between the strain measured by XRD (e,,) and

the strain along the direction of bending (£,,/)

Epe ~ —1.88¢,,. (A.19)

A.8 Analysis of Substrate Etalon Oscillations

The THz photoconductivity spectra of the InGaAs on PET samples exhibited strong
oscillations that were removed in the presented spectra of Figure 5.10. Figure A.5 (a)
shows the raw photoconductivity spectra for the 620-nm-thick InGaAs on PET sample
with no strain. The oscillations are present in the real and imaginary photoconductivity
with a period of roughly 0.6 THz.

The refractive index of PET at THz frequencies is approximately npgr = 1.6 [227,
228]. Hence, a single pass of the THz radiation through the PET substrate is:
d 150 pm

tpgr = — =
v C/anT

~ 0.8 ps. (A.20)

The round-trip time is twice as long, corresponding to a period of ~ 0.63 THz. This
aligns closely with the frequency of the observed oscillations, which are attributed to
Fabry-Pérot reflections within the thin PET substrate. The timing of these reflections is

too short to time-window out, thus they must be accounted for during the fitting process.
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Figure A.5: Oscillations in the THz photoconductivity spectra for the 620-nm-thick InGaAs
on PET sample with no applied strain. (a) Raw photoconductivity with a fit to the Drude
model plus a correction factor to account for Fabry-Pérot interference. (b) Photoconductivity
with the Fabry-Pérot term subtracted from the raw data. The Drude model fit is shown as a
solid line.

Bending the sample could potentially alter the effective thickness of the PET that the
THz beam probes, thus changing the frequency of the oscillations in the photoconductivity
spectra. To investigate this, the spectra were Fourier transformed to identify the
frequency of the oscillations in each measurement. To isolate the oscillations in the
Fourier transform, the raw data was detrended by subtracting a cubic fit to remove
the background Drude-like photoconductivity.

Figure A.6 shows the Fourier transform of the detrended spectra as a function of time
delay. A clear, stationary peak is observed at 1.58 ps for all bending radii, indicating
that the oscillation frequency remains constant within the resolution of the spectrometer.
While the frequency was treated as a free parameter during the final Drude fitting to
ensure maximum accuracy for individual scans, this analysis confirms that no systematic
shift in etalon periodicity occurred due to the applied strain.

The data is thus fitted with a Drude model plus an oscillatory term to account

for the Fabry-Pérot interference; this is the fit shown in Figure A.5 (a). Subtracting

the correction term leaves the photoconductivity shown in Figure A.5 (b), which fits
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reasonably well to the Drude model. Note that the extracted parameters from the Drude
model fits have increased error compared to spectra measured for other samples in this

thesis, owing to the oscillations in the raw photoconductivity.

Etalon Spacing vs. Radius of Curvature
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Figure A.6: Fourier transforms of the detrended photoconductivity for various bending radii.
There is a clear peak for all data near 1.58 ps, which confirms that the etalon periodicity remains
stable as the bending radius changes.
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