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Abstract

CrossMark

Accurately measuring and controlling the electrical properties of semiconductor nanowires is of
paramount importance in the development of novel nanowire-based devices. In light of this,
terahertz (THz) conductivity spectroscopy has emerged as an ideal non-contact technique for
probing nanowire electrical conductivity and is showing tremendous value in the targeted
development of nanowire devices. THz spectroscopic measurements of nanowires enable charge
carrier lifetimes, mobilities, dopant concentrations and surface recombination velocities to be
measured with high accuracy and high throughput in a contact-free fashion. This review spans
seminal and recent studies of the electronic properties of nanowires using THz spectroscopy. A
didactic description of THz time-domain spectroscopy, optical pump—THz probe spectroscopy,
and their application to nanowires is included. We review a variety of technologically important
nanowire materials, including GaAs, InAs, InP, GaN and InN nanowires, Si and Ge nanowires,
ZnO nanowires, nanowire heterostructures, doped nanowires and modulation-doped nanowires.

Finally, we discuss how THz measurements are guiding the development of nanowire-based
devices, with the example of single-nanowire photoconductive THz receivers.
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1. Introduction

Semiconductor nanowires offer enormous versatility as
nanoscale building blocks for the next generation of electro-
nic devices. Nanowires are quasi-one dimensional nanos-
tructures, with narrow diameters typically less than 300 nm
and length-to-width aspect ratios typically greater than 10.
Their free-standing nature and quasi one-dimensional geo-
metry confer considerable advantages over conventional
planar semiconductors: efficient strain relaxation [1], reduced
cost and materials consumption [2], high surface area-to-
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volume ratio, waveguiding properties [3, 4] and enhanced
light trapping properties [2, 5, 6] to name a few. These unique
properties are propelling new applications as diverse as
nanowire-based tandem solar cells [7], single photon sources
[3, 8, 9], photodetectors [10], nanoscale lasers [11, 12] and
ultrahigh density wrap-gate transistors [13]. Nanowires are
also a powerful platform for the study of fascinating funda-
mental physics. Recently for example, InAs nanowires [14]
and InSb nanowires [15] have been employed in semi-
conductor—superconductor hybrid devices to investigate the
existence of the Majorana fermion, a theoretically predicted
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fundamental particle that is its own antiparticle and is of
significance for quantum information processing.

Controlling the electrical properties of these nanowires is
crucial to achieving the full potential of these remarkable
materials. When engineering a nanowire-based device, the
charge carrier lifetimes, mobilities, dopant concentrations and
recombination mechanisms must be well understood and then
tailored to optimise the device performance. Unfortunately,
progress in understanding these crucial electrical properties
has been hindered by the marked difficulties in performing
electrical measurements on these nanoscale materials. Con-
ventional electrical transport measurements, although appro-
priate for planar layers, are considerably more challenging to
apply to nanowires. Somewhat ironically, it is the nanowire
geometry that confers such enormous advantages that also
makes it so difficult to perform conventional electrical
transport measurements. In particular, Hall effect measure-
ments, which are traditionally used to measure the electrical
properties of planar semiconductors, require a particular
contact geometry that is extremely challenging to apply to the
quasi one-dimensional nanowire geometry [16].

In lieu of Hall effect measurements, field effect transistor
(FET) measurements have become the most common method
for probing the transport properties of semiconductor nano-
wires. Interpretation of FET measurements is, however,
heavily influenced by the assumptions used to model the FET
device [17-22]. It is not trivial to measure the gate capaci-
tance, which is typically of the order of several hundred
attoFarads, with sufficient sensitivity [23, 24]. Instead the gate
capacitance is frequently estimated based on the geometry of
the FET device [22] and uncertainties associated with the gate
capacitance term can introduce systematic errors in the
extraction of charge carrier mobility and concentration [17—
20]. The uncertainty in the gate capacitance can also depend
systematically on the nanowire diameter, distorting the
apparent relationship between diameter and the determined
properties [18]. The capture and release of carriers at interface
trap states, which can manifest as gate hysteresis, is also
difficult to measure and account for in the data analysis, and
can strongly influence the extracted carrier mobility and
carrier density [19]. Furthermore, the parasitic effect of con-
tact resistance, if neglected in the data analysis, can lead to
overestimation of charge carrier density [21, 22, 25].

To overcome these difficulties, research into alternative
electrical measurement techniques has intensified. Sophisti-
cated lithography processes have been developed to enable
Hall effect magnetotransport measurements on single InAs
[16, 22, 26] and InP nanowires [27]. Recently, thermoelectric
measurements of the Seebeck coefficient have been employed
to determine charge carrier concentrations and mobilities in
nanowires [28-30]. Four-point probe measurements are fre-
quently employed to provide measurements of nanowire
resistivity, from which the charge carrier density can be
inferred [31, 32]. Nevertheless, each of these contact-based
techniques places specific requirements on the resistance and
nature of the contacts (Ohmic or Schottky), and requires time-
consuming and costly electron beam lithography and device
processing. Furthermore, processing and electron beam

exposure can irreversibly modify the nanowire properties
[26, 33], making it difficult to assess the nanowires’ intrinsic
properties and limiting the generality of the measurements.
These problems slow the feedback cycle between nanowire
growth and device development.

As a means of overcoming all these problems, contact-
free probes of nanowire electrical properties have attracted
significant attention [34, 35]. Terahertz (THz) conductivity
spectroscopy is a relatively new contact-free and non-invasive
technique that is ideally suited to nanowire electrical mea-
surements. It is sensitive to carrier transport and dynamics at
room temperature and is capable of sub-picosecond temporal
resolution. Charge carrier lifetimes, mobilities, dopant con-
centrations and surface recombination velocities can be
measured with high accuracy and with considerably higher
throughput than achievable with traditional contact-based
techniques. The recent proliferation of THz spectroscopy
studies of Si, Ge and III-V nanowires are evidence of the
strength of this technique.

In this review article, we will first introduce the THz
frequency range and its relevance in the electronic char-
acterisation of materials (section 2). In sections 3 and 4 we
describe the principles of THz time-domain spectroscopy
(THz-TDS) and optical pump-THz probe (OPTP) spectrosc-
opy, respectively. The discussion will focus on the application
of these techniques to nanowire samples and will describe
how physical models of nanowire conductivity are applied to
extract device-relevant electrical properties from the data
(section 5). Studies of GaAs, InAs, InP, GaAs/AlGaAs core—
shell nanowires, doped GaAs, modulation-doped GaAs/
AlGaAs nanowires, Si, Ge and ZnO nanowires will be
reviewed in section 6. Section 7 reviews pioneering strategies
for achieving ultrafast THz measurements of single nanowires
with nanometre spatial resolution. We conclude the review in
section 8 with an example of how THz measurements are
guiding the development of nanowire-based devices.

2. Conductivity in the THz frequency range

2.1. Significance of the THz range

The THz frequency range, often cited as 0.1-10 THz, corre-
sponds to a free-space wavelength range of 3 mm-30 pum,
wavenumbers of 3.3-333cm ™' and low photon energies
between 0.4 and 40 meV. The THz range falls between
microwave and infra-red radiation in the electromagnetic
spectrum, and its energy range is of the order of the thermal
energy at room temperature (kg7 = 25 meV).

It is instructive to consider why the THz frequency range
is of significance in inorganic semiconductors such as nano-
wires. Consider first the energetic range of THz radiation
(0.4-40 meV), which spans the energies typical of quasi-
particles and collective excitations. When THz frequency
radiation is incident on a semiconductor, its alternating elec-
tric field E(w) can stimulate the motion of charge carrier
quasiparticles (e.g. free electrons and holes, surface plasmons,
excitons and polarons) and excite collective excitations (e.g.
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optical phonons). Consider also that the THz frequency range
is of a similar order of magnitude to typical charge carrier
scattering rates (~10"°s™') in inorganic semiconductors.
Thus, THz spectroscopy probes the low energy electronic
processes taking place in semiconductor nanowires, and is
especially sensitive to the electrical conductivity of the
nanowires.

There are two principal measurement regimes, (i) THz-
TDS and (ii) OPTP spectroscopy, which respectively measure
the AC electrical conductivity of the nanowires in their
equilibrium and photoexcited states. THz-TDS is the simpler
measurement. A typical THz-TDS system can measure the
electrical conductivity o (w) of the sample as a function of
frequency w over a range of ~0.1 to ~3 THz. The con-
ductivity spectrum o (w) provides more than just the magni-
tude of the conductivity: its spectral shape can reveal the
mechanisms of charge transport in the material. Signatures of
free carriers, surface plasmons and other phenomena can be
readily identified from the spectra. The frequency of charge
carrier scattering can be determined from the damping of
spectral resonances.

OPTP spectroscopy is an extension of THz-TDS, in
which the sample is photoexcited by an above-bandgap
optical pulse. OPTP spectroscopy measures how ¢ (w) chan-
ges in response to photoexcitation. It is a time-resolved
technique and can therefore be used to measure charge carrier
dynamics. Both THz-TDS and OPTP spectroscopy will be
discussed in further detail in sections 3 and 4 respectively.

2.2. Complex conductivity and the dielectric response of
nanowires

THz spectroscopy measures the response of the nanowires to
an applied electric field, E (w). The electric field is provided
by electromagnetic radiation in the THz frequency range. The
electrical response is quantified in terms of the nanowire
conductivity o (w), which determines the current density J (w)
that results from an applied electric field:

J (W) = o (WE (W). (1

The conductivity o(w) of the nanowires is generally
frequency-dependent and complex, consisting of real and
imaginary parts:

0 (W) = Ore (W) + 109 (W). @)

The complex nature of the conductivity is easily explained by
analogy with basic circuit theory: the real part is associated
with the electrical resistance of the nanowires whereas the
imaginary part is related to the reactance (capacitance or
inductance) of the nanowires. At the relatively low frequen-
cies typically accessible in FET and other contact-based
measurements, the imaginary response is often negligible. At
THz frequencies, however, the imaginary component
becomes significant and meaningful.

The nanowires’ dielectric function (or permittivity) is
also complex and is given by

enw (W) = €1 (W) + i€ (w). 3)

The dielectric function is related to the conductivity by

io(w)

“

énw (W) = €Lnw (W) +
Wen
where ¢y = 8.854 x 10712 Fm~! is the dielectric permittivity
of free space and €, (w) is the lattice component of the
dielectric function. The lattice component is also frequency
dependent. In semiconductor nanowires with a single
transverse-optical (TO) phonon mode, ¢ (w) is given by
2

w
) —5———— )
Wto — W7 — WYTO

€Law (W) = €0 + (65 —

where e, is the high frequency (optical) dielectric constant of
the nanowire material, ¢, is the low frequency (static)
dielectric constant of the nanowire material, wtg is the TO-
phonon frequency and ~y; is the phonon damping constant.
These parameters are well-known for many semiconductor
materials [36]. THz frequencies accessible via THz-TDS and
OPTP systems (~0.1 to ~3 THz) commonly lie below the
TO-phonon frequency, where the lattice component can be
approximated as e (w) = €4. At mid-infra-red frequencies
above the TO-phonon frequency, the lattice component can
be approximated as e (w) = €4 (W).

By definition the complex refractive index 7i(w) of the
nanowires is related to their dielectric function by

A(w) =n(w) + ik(w) = \éw W) (6)

The real part n is the refractive index associated with the
phase delay of a wave as it passes through the nanowires, and
the imaginary part is the extinction coefficient k associated
with absorption. The permeability p describes the magnetic
response of the material, and hereafter will be set to ;4 = 1 as
our discussion is limited to nonmagnetic nanowires. From
inspection of equations (4) and (0) it is clear that the complex
refractive index 7i(w), the dielectric response ¢, (w) and
conductivity response o (w) contain equivalent information.
THz-TDS is sensitive to each of these.

When the nanowires are photoexcited their complex
refractive index, dielectric function and conductivity change.
The conductivity changes by Ao (w), known as the photo-
induced change in conductivity, or photoconductivity. Using
equations (4) and (6) we find

Ao (w) = iwep (enw (W) — €y (W)
= iweo (71 (w)* — A% (W)?), (N
where the superscripts * denote the values taken when the

nanowires are photoexcited. OPTP spectroscopy is sensitive
to Ao (w) and the photoinduced changes in 7i (w) and e,y (w).

3. Nanowire conductivity at equilibrium: THz-TDS

3.1. Basic principles

THz-TDS measures the electrical conductivity of the nano-
wires at equilibrium, that is, in their native state. The nano-
wire sample is probed with a short pulse E(r) of



Semicond. Sci. Technol. 31 (2016) 103003

Topical Review

1 j b 150
g |° 3 o
2 T 100&
£ E T
50 “8 -4
E = 50 8
= 2 K
w 1 o

-2 0 2 4 00 1 2 3 4 ¢
Time (ps) Frequency (THz)

Figure 1. (a) Typical THz pulse E (¢) in the time domain and (b) its
amplitude spectrum |E (w)| and phase 6 (w) in the frequency domain.
The spectrum in (b) was obtained by performing a Fourier transform
(FT) of the pulse in (a).
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Figure 2. Schematic representation of THz-TDS measurements
performed on (a) the nanowire sample and (b) the reference sample.
The electric fields of the THz pulses measured after transmission are
plotted in (c). The pulse transmitted through the nanowire sample
E.w () undergoes absorption and a delay relative to the pulse
transmitted through the reference sample E ¢ (¢). Diagram is not to
scale.

electromagnetic radiation in the THz frequency range. A
typical incident THz pulse E (¢) is plotted in figure 1(a). In
THz-TDS, the full electric field E (¢) is detected as a function
of time, ¢, and hence the technique is termed ‘TDS’. The
frequency dependence of E (¢) can be obtained by performing
a Fourier transform to yield the electric field E(w) as a
function of frequency w. Figure 1(b) plots the corresponding
amplitude spectrum |E (w)| illustrating that the THz pulse is
broadband containing frequency components between 0.1
and 4 THz.

THz-TDS is typically performed as a transmission mea-
surement, whereby a THz pulse E(r) is incident on the
nanowire sample and the transmitted pulse E, (#) is mea-
sured. The sample commonly consists of nanowires supported
on a substrate, as illustrated in figure 2(a). While passing
through the sample, the THz pulse undergoes absorption and
a delay, due to its interaction with the nanowires and the
underlying substrate. To calibrate the system response of the
spectrometer, a reference pulse E.f(f) is also measured

Femtosecond BS,
laser THz Gate
generation path
. path
Mechanical | 1
I
delay stage : . D, |
Lo _|
Cl
THz emitter
OAP \\ \ OAP
Sample 3
I
OAP \ \\ OAP

THz detector EEmm

Figure 3. Schematic diagram of a typical THz-TDS system used to
measure nanowire conductivity o (w). The femtosecond laser
generates a beam of ultrashort laser pulses. The beam is divided by a
beamsplitter (BS,) into two paths: the THz generation path and the
gate path. The THz generation path travels via a chopper (C;) and
via a moveable mechanical delay stage (D) which controls the time
at which the THz pulse reaches the detector relative to the gate pulse.
The THz pulse is generated at the THz emitter, focussed onto the
sample by off-axis parabolic mirrors (OAPs), and detected at the
THz detector.

through a reference substrate without the nanowires
(figure 2(b)). The nanowire sample and reference spectra,
E.w(w) and E.f(w), are obtained by performing Fourier
transforms on the waveforms E,, (¢) and E (¢), respectively.
The ratio E, (w)/Eef (w) corrects for the system response of
the spectrometer, and yields the THz transmission function:

Epy (W)
Eref (w) .

The THz transmission T (w) is directly related to the nanowire
conductivity o (w) as will be described in section 3.3.

T(w) = ®)

3.2. Experimental system

Figure 3 illustrates a typical experimental THz-TDS system.
A femtosecond laser (commonly a mode-locked Ti:sapphire
laser of 800nm centre wavelength) generates a train of
ultrashort (<100 fs) optical pulses. The laser beam is divided
by a beamsplitter (BS;) into two paths: the THz generation
path and the gate path.

The THz generation beam is focussed onto a THz emit-
ter, where the incident optical pulse excites a THz pulse E (z).
The emitted THz pulse is collected and focussed onto the
sample. The transmitted THz pulse is then collected and
refocused onto the THz detector. The collection and focussing
is achieved by off-axis parabolic mirrors, often arranged in
two pairs as shown in figure 3.



Semicond. Sci. Technol. 31 (2016) 103003

Topical Review

The gate beam is also focussed onto the detector. The
duration of the optical gate pulse (<100 fs) is much shorter
than that of the THz pulse (~1 ps), so at the detector the
optical gate pulse overlaps with the THz pulse over a very
narrow temporal window. The detector measures the THz
electric field only in this narrow temporal window when the
two pulses overlap. This detection scheme is known as optical
gating.

The THz generation beam travels via a mechanical delay
stage (D). Moving the delay stage backwards increases the
distance traversed by the THz generation beam, which delays
the arrival of the THz pulse at the detector. For example, a
15 pm movement of the stage delays the THz pulse by 100 fs.
This delay changes the time, ¢, at which the THz and gate
pulses overlap at the detector, so that the detector samples a
different region of the THz pulse. Therefore, by moving the
delay stage, the electric field E(¢) of the THz pulse can be
measured as a function of time 7.

The entire beampath between the THz emitter and
detector is enclosed within a chamber. This chamber is
evacuated or filled with nitrogen or dry air during measure-
ments to avoid absorption of the THz pulse by atmospheric
water vapour. The THz generation beam is optically chopped
(chopper C;) and the THz pulse is detected using a lock-in
amplifier referenced to the chopping frequency.

A salient feature of THz-TDS is its all-optical generation
and detection of THz pulses. This feature enables the entire
electric field E(r) waveform to be mapped out with sub-
picosecond temporal resolution, with both amplitude and
phase information. The various techniques for the generation
and detection of THz pulses are described thoroughly in
previous reviews [37-40], so shall not be covered in
detail here.

3.3. Extracting nanowire conductivity

As discussed in section 3.1, THz-TDS measures the trans-
mission function T (w) of the nanowires which is directly
related to the conductivity o (w), dielectric function ¢y, (w)
and complex refractive index i (w) of the nanowires.

To extract o (w) from T (w) it is necessary to consider the
geometry of the nanowires, and the nature electromagnetic
wave propagation through the sample. The characteristic
dimensions of the nanowires are considerably smaller than the
diffraction-limited spot size of the incident THz probe
(~1 mm). It is therefore appropriate to use an effective
medium theory, whereby the nanowires and surrounding
medium (e.g. vacuum) are considered as a single composite
layer [ with an effective complex dielectric function ¢ (w),
effective complex refractive index 7, effective conductivity
01 (w) and effective thickness d. Different methods exist for
extracting o (w) from T (w). To exemplify how extraction of
o (w) may be achieved, we will consider a sample where the
composite nanowire layer is supported by the substrate of
known complex refractive index 7ig and thickness ds. This
geometry is schematically illustrated in figure 4. Within the
composite layer of thickness d), the nanowires occupy a

Nanowire d, d,
sample

a

\r Enw(w)
— :
vacuum, v ‘ substrate, s vacuum, v

A, A, A A,
'
composite
layer, /
y 7 ds
Reference *
sample
. Eref(w) =
vacuum, v substrate, s vacuum, v
A, A i,

Figure 4. Model describing the interaction of the THz pulse with (a)
a nanowire sample and (b) a reference sample in THz-TDS. In the
nanowire sample the nanowires and surrounding medium (vacuum)
are considered as a single composite layer / with an effective
complex refractive index 7i) and effective thickness d). The
nanowires are supported by the substrate of known complex
refractive index 75 and thickness ds. Diagram is not to scale.

volume fraction f and the remainder of the volume is
vacuum.

A theoretical expression for the transmission function
T (w) can be derived considering Fresnel transmission and
reflection of a wave propagating through the sample at normal
incidence. For the example geometry in figure 4, the theor-
etical expression is:

o Eny (W) . 2 Ay + 7is)
T(w) = = — = ~
Eref (W) (nv + nl)(”l + ns)
% exp(IWdl (ﬁl _ ﬁv)) FPVISFPISV , (9)
c %

where 71; are the frequency-dependent complex refractive
indices, c is the speed of light in vacuum and the subscripts v,
I and s denote the vacuum, composite layer and substrate
respectively. The Fabry—Pérot terms FPj account for the
echoes that arise from multiple internal reflections in the
composite layer and in the substrate:

P 2iftiwd; \ I
FPy, = Z[Vﬂcf”ﬁ eXp(#) :

p=0

(10)

where r; = (; — 71;)/(#i; + 7;) are the Fresnel reflection
coefficients. The summation limit P is set by the number of
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internal reflections recorded in the E,, () and E.(t)
waveforms.

Given the experimentally measured 7 (w) and the known
properties of the surrounding media (e.g. the substrate and
vacuum), the theoretical expression for T (w) (e.g.
equation (9)) can be solved analytically or numerically to
obtain 77, and the complex dielectric function ¢ = ﬁlz of the
composite layer [41].

In the case of nanowire samples, the composite layer
containing the nanowires is often very thin compared to the
wavelength of the THz radiation (d; < Ary,, P — o0) and
the underlying substrate is often very thick
(ds > Ataz, P = 0), so expression (9) can be further sim-
plified wusing the approximations outlined in [42]:
|Awdi/c] < 1, |7 wd/c| < 1,
exp(fwd/c) = 1 + ifwd)/c, FP, = 1, FRg (w) = 1 and
FPy, = (1 — ririvexpRifwd,/c))~!. Applying these sim-
plifications and noting that the complex refractive index of the
vacuum is 71, = 1 yields

(1 + i)

T(w) = . 11
(1 + i) — i@ + fiy)wd/
Rearranging the above and substituting ¢ = 7 yields
qodtmof 1) 5, (12)
wd T (w)

Thus, the effective complex dielectric function ¢ of the
composite layer can be calculated from 7T (w).

Once ¢ is determined is it possible to insert
€ = €1) + 10;/wep (equation (4)) into equation (12) and
solve for oy (w), the effective conductivity of the composite
layer:

o (w) =

coc(l + n)( 1

a ) — 1) + iwep (s + €11 (w)).

(13)

In the case of a highly conductive sample, equation (13) can
be approximated as

(14)

o(w) =

eoc (1l + 7i5) 1 1
d, T (w) '

Often one is interested in the conductivity of the nanowires
alone, o (w), rather than the composite conductivity oj(w).
This o(w) may be calculated from o7(w) by applying an
appropriate effective medium theory, which will be discussed
further in section 5.4. The conductivity is generally complex
whereby the real part relates to the resistance of the nanowires
and the imaginary part to the capacitance or inductance of the
nanowires. Figure 5 exemplifies o (w) spectra obtained from
THz-TDS measurements of a GaAs wafer and of GaAs
nanowires.

1.5
1 Re a
0.5 Im
:-g\ | )
S-05
o
é 1t o° 2 Re b
© 05 HpmnggpuEgmEEE
0.5/ Im

O_.. 1 2 3
Frequency (THz)

Figure 5. Equilibrium conductivity o (w) of (a) GaAs bulk wafer and
of (b) GaAs nanowires measured by THz-TDS. Real (blue circles)
and imaginary (red squares) parts of the measured conductivity are
plotted. The lines are fits obtained using (a) the Drude model for the
bulk and (b) the surface plasmon model for the nanowires.

4. Nanowire photoconductivity: OPTP spectroscopy

4.1. Basic principles

In contrast with THz-TDS, which probes equilibrium charge
carrier transport, OPTP spectroscopy is a time-resolved
technique and can therefore be used to probe charge carrier
dynamics. Hence, OPTP spectroscopy is also known as time-
resolved THz spectroscopy. OPTP spectroscopy measures the
photoinduced change in conductivity Ao (w) resulting from
photoexcitation of charge carriers.

OPTP spectroscopy is an extension of THz-TDS
spectroscopy. In OPTP spectroscopy, an optical pump pulse
with energy above the bandgap of the nanowires is used to
photoexcite the nanowires before the arrival of the THz pulse,
as illustrated in figure 6. The photoexcitation of mobile
charge carriers increases the conductivity of the nanowires
(photoconductivity), and hence reduces the transmission of
the THz pulse.

With photoexcitation, the transmitted THz pulse is given
by ESN(r). Without photoexcitation, the transmitted THz
pulse is given by EOMF (). The difference between trans-
mitted electric fields AE(¢) is conventionally defined as
AE(t) = E,SVN () — Erf\)fF (¥). The fractional change in
transmission AT /T due to photoexcitation can be calculated
by performing Fourier transforms on the measured wave-
forms and then taking the following ratio:

AT(w) _ AEW) _ EN(w) — E" ()

15
T (w) E(w) EXF (W) ()

The fractional change in transmission AT /T is directly
related to the photoinduced change in nanowire conductivity
Ao (w) as will be described in section 4.3. The time delay
between the pump pulse and the THz probe pulse is known as
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Figure 6. Schematic representation of the OPTP measurement. The
sample is photoexcited by an above-bandgap optical pulse, then
probed by the THz pulse which is transmitted with electric field
EON(1). The time between the photoexcitation pulse and the peak of
the THz pulse is known as the pump—probe delay t,,. The reference

measurement, EQIF (1), is obtained without photoexcitation. Usually

both the pump and THz probe meet the sample at normal incidence,
but here they are drawn at an angle for clarity. Diagram is not to
scale.

the pump-probe delay #,,. By varying f,p, it is possible to
track how Ao (w) decays with time after photoexcitation.

4.2. Experimental system

A typical OPTP spectroscopy system is illustrated in figure 7.
The OPTP spectrometer is a modified the THz-TDS system
(figure 4), with the addition of an optical pump (photo-
excitation) beam path. A second beamsplitter (BS,) divides
the laser beam into the pump beam path which is directed
onto the sample. The pump beam travels via a mechanical
delay stage (D,) which controls the arrival time of the pump
pulse at the sample surface, relative to the arrival time of the
THz pulse. The difference in arrival times is known as the
pump-probe delay, .

In OPTP studies of nanowires, amplified Ti:sapphire
laser systems are often used to achieve high photoexcited
carrier densities. At the sample surface the photoexcitation
beam is typically expanded (rather than focussed), so that the
photoexcitation spot size is larger than the THz spot size: this
ensures a uniform photoexcited carrier density over the area
probed by the THz pulse [43]. Otherwise, care must be taken
in the data analysis to account for the frequency-dependent
overlap of the pump and THz spots, as noted by Strait
et al [44].

A chopper, C,, is placed in the pump beam path so that
the sample is modulated between its photoexcited and

Femtosecond BS, BS,
laser THz Pump Gate
path path path

gy
Mechanical | I I 1
I
delay stages : D, I

L L
THz emitter

OAP

~

OAP OAP
\ \

THz detector -'

Figure 7. Schematic diagram of a typical OPTP system used to
measure nanowire photoconductivity Ao (w). The system resembles
the THz-TDS system of figure 3, except that the laser beam is
divided by an additional beamsplitter (BS,) into a third path: the
optical pump path. The pump pulses travel to the sample via a
chopper (C,) and via a moveable mechanical delay stage (D,) which
controls the time at which the photoexcitation pulse reaches the
sample relative to the THz pulse.

unexcited states. This modulates the transmitted THz pulse
between EON (7) and EQMF (r). In OPTP spectroscopy a dual
lock-in technique is used for the detection of AE(¢) and
EISVFF (t). The first lock-in amplifier, similar to THz-TDS,
receives the signal directly from the THz detector and is
locked to the frequency of chopper C; in the THz generation
beam. The second lock-in amplifier receives the signal from
the first lock-in amplifier and is locked to the frequency of
chopper C,. The second amplifier records AE (¢) whereas the

first amplifier records the average of E&N (1) and E&FF (1):

SERN® + ET0) = EST 0 + AED. (16
Commonly AE (1) < En%f ¥ (1), so the waveform recorded by
the first amplifier is approximately EST (r). From the
recordings taken by the first and second lock-in amplifiers,
Eno“f o), En(‘)NN (t) and AE (t) can be determined. Figures 8(a)
and (b) plot examples EISVF (1) and AE (t) measurements. The
photoinduced change AE (¢) depends on both the THz delay ¢
and the time after photoexcitation, fop-

The OPTP spectrometer can be used to obtain two dif-
ferent measurements: (i) photoconductivity spectra and (ii)
photoconductivity decays. These are described below.

4.2.1. Photoconductivity spectra. Spectral measurements
record the fractional transmission AT (w)/T(w) as a
function of frequency w, at a fixed time after
photoexcitation. In its simplest form, stage D, is held fixed
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Figure 8. (a) THz electric field transmitted through a nanowire
sample without photoexcitation, EQT (1), and (b) the corresponding
photoinduced change in transmission AE (¢) as a function of pump—
probe delay time t,,. Slices are taken (c) at fixed pump pump—probe
delay time 7,, = 250 ps and (d) fixed at the THz peak. The
measurement in (c) is used for determining photoconductivity
spectra, whereas the measurement in (d) is a pump—probe decay
curve used for determining photoconductivity decays. These
nanowires were GaAs/AlGaAs core—shell-cap nanowires consisting
of a 50 nm diameter GaAs core, a 16 nm AlGaAs shell and an outer
5 nm GaAs cap.

to maintain a constant pump—probe delay #,,. The position of
stage D, is varied to enable measurement of the entire THz
waveforms EISVFF () and AE(¢t). Examples of Eno\fF (t) and
AE (t) are plotted in figures 8(a) and (c). The spectrum
AT (w)/T (w) can be determined from ET&FF (t) and AE (t) by
applying equation (15), and AT (w)/T (w) can in turn be
directly converted into the photoconductivity Ao (w) of the
nanowires (see section 4.3).

4.2.2. Photoconductivity decays. Rather than measure the
entire  THz waveform, these measurements record the
fractional transmission AT /T at the peak of the THz pulse

only, and track how AT /T changes as a function of time after
photoexcitation. Stage D; is held fixed so that the peak
electric field of the THz pulse, E,%FF' max " is measured at the
THz detector. The position of stage D, is varied to increase
the pump-probe delay #,,. Then, AE is measured for each
pump—probe delay t#,,, as exemplified in figure 8(d). This
enables AT/T = AE/ESFF™% o be determined as a
function of fy,.

4.3. Extracting nanowire photoconductivity

OPTP spectroscopy measures the relative photoinduced
change in transmission AT /T through the nanowire sample,
which is directly related to the photoconductivity Ao (w) of
the nanowires. Calculation of Ao (w) requires consideration
of the sample geometry, the absorption depth of the photo-
excitation pulse, and the propagation of the THz pulse
through sample with and without photoexcitation, as dis-
cussed in detail in [45]. As with THz-TDS spectroscopy, it is
appropriate to use an effective medium theory as described in
section 3.3.

To demonstrate how Ao (w) may be calculated from
AT/T, we will consider the simple sample geometry shown
in figure 4(a). The substrate exhibits no photoconductivity
response and the thin composite layer of nanowires is uni-
formly photoexcited. Considering wave propagation through
this sample, a theoretical expression for AT/T can be
derived:

ATW) _ Ep @ o @+ A9 + i)
Tw — En'W (v + i) (g + 7ig)

' FP* FP}
X exp(—Mdl @ — ﬁ1))7”S v,
Cc FPVISFPISV

a7

where 7, ¢, d), FPjy are as defined in section 3.3, and the
superscript * denotes the values taken when the nanowires are
photoexcited. The experimentally measured AT /T, and the
known values of i, 7i, and d; can be substituted into the
theoretical expression for AT/T, leaving 7] and 7 as
unknowns.

Often, the composite layer containing the nanowires is
very thin (d; < My, P — o0) and the underlying substrate
is very thick (d; > Aty,, P = 0). In this case expression (17)
can be further simplified using same approximations outlined
in section 3.3 and noting that the complex refractive index of
the vacuum is 7i, = 1:

AT (W) _ iwd) (A2 — ?)

(18)
T (w) c (1 +7y)
The above can be rearranged to
A= ic(1 + 7i5) AT (w) (19)

wd, T(w)
to solve for the photoinduced change in complex dielectric
function of the composite layer, ;> — 74,2 = ¢ — «. Then,
E;k — 6 = iAoy/weg, can be inserted into equation (19) to
solve for Aoy (w), the effective photoconductivity of the
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Figure 9. Frequency-dependent photoconductivity Ao (w) extracted
from the raw data of figure 8. The sample was composed of GaAs/
AlGaAs core—shell-cap nanowires. The colour maps of (a) and (b)
plot photoconductivity at different times after photoexcitation,
showing (a) real and (b) imaginary parts of Ao (w). The
photoconductivity spectra of (c)—(e) were obtained at (c) 25 ps, (d)
500 ps and (e) 1 ns after photoexcitation, where the symbols are the
measured data, the lines are fits obtained with a surface plasmon
model, the blue circles are the real components and the red squares
are the imaginary components. Reprinted with permission from [46].
Copyright 2014 American Chemical Society.

composite layer:
_coc(l + i) AT (@)

AG’l (w) = p T (w) .
1

(20)

In the above equation the effective photoconductivity Ao (w)
is directly proportional to AT/T. The proportionality
between Aoy (w) and AT /T is commonly utilised in analyses
of OPTP studies.

Effective medium theories (to be described in
section 5.4) can be applied to determine the photo-
conductivity of the nanowires alone. Figure 9 exemplifies
Ao (w) spectra: these were obtained from the raw OPTP data
plotted in figures 8(a) and (b). The magnitude of the Ao (w)
spectra decays with time after photoexcitation as the photo-
excited charge carrier population decays. Figure 10 illustrates
a photoconductivity decay curve obtained from the raw
pump—probe decay curve of figure 8(d).

5. Physical models of THz conductivity in nanowires

THz-TDS and OPTP spectroscopy yield the frequency-
dependent complex conductivity spectra ¢(w) and photo-
conductivity spectra Ao (w), respectively, of the nanowires.
These spectra provide a wealth of information regarding the
mechanisms of charge transport in the nanowires. Physical
parameters of interest—such as charge carrier scattering rate
v, dc mobility p and density N—may be obtained by fitting
the measured spectra with physical models that describe the

100
— 80
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20

Ac (Q’1 cm™”

0 250 500 750 1000
Pump—probe delay, t,, (ps)

Figure 10. Photoconductivity decay obtained from the pump—probe
decay curve of figure 8(d).

known relationship between the conductivity and these phy-
sical parameters. This section describes the models and
methods most commonly applied to measurements of
nanowires.

5.1. Drude model

The Drude model, also known as the Drude-Lorentz model,
is a simple classical model of the frequency-dependent con-
ductivity of metals and semiconductors. This model describes
the motion of charge carriers under an applied alternating
electric field E (w). The charge carriers undergo scattering
events that randomise their momentum with a scattering rate
v. According to the Drude model, the conductivity is given by

Ne? i

U(w):—* U
m* w+ 1y

21

where N is the charge carrier density, e is the electronic
charge (1.602 x 107" C) and m* is the effective mass of the
charge carriers. The inverse of the momentum scattering rate,
~~L is the scattering time, the average time between
consecutive scattering events. The dc charge carrier mobility

1 is related to the scattering rate vy by
= e
m*y

(22)

An example spectrum corresponding to the Drude model
is plotted in figure 11(a). It features a peak in its real part at
zero frequency and a peak in its imaginary part at w = . This
spectral shape describes the conductivity of bulk samples well
(e.g. figure 5(a)), but does not reproduce the typical spectra
obtained from nanowires, such as those of figures 5(b) and 9.
The experimental nanowire spectra feature a negative ima-
ginary component at low frequencies which cannot be fitted
with the Drude model.

The Drude model does not account for several transport
phenomena that can arise due to the finite nanoscale dimen-
sions of the nanowires, including backscattering of electrons
at nanowire surfaces, surface depletion and accumulation
fields at the boundaries of the nanowires, carrier localisation
and the polarisability of the nanowires [47]. Consequently the
nanowire conductivity spectra deviate from the standard
Drude response. For this reason, researchers have looked to
extensions of the Drude model that more accurately describe
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Figure 11. Example conductivity spectra determined by different
physical models of nanowire conductivity: (a) Drude response with
v = 10857, (b) surface plasmon response with v = 1013 s™! and
wo =5 x 102 rad s, and (c) Drude-Smith model with

Yps =35 x 1025 " and ¢; = 1.

the conductivity response of the nanowires. These include the
surface plasmon model and the Drude—Smith model, which
are discussed next.

5.2. Surface plasmon model

The surface plasmon model is a generalisation of the Drude
model in which the carriers are also subject to an electrostatic
restoring force. A plasmon model was proposed by Nienhuys
and Sundstrom [48] to describe the THz conductivity spectra
of particles that are small compared to the THz wavelength, in
which carriers cannot travel beyond the boundaries of the
particles. Under an electric field, as applied by a THz pulse,
electrons and holes are driven in opposite directions. The
result is a net excess of positive charge on one side of the
particle, and negative charge on the opposite side, creating an
electric dipole. The electric field associated with the dipole
opposes the applied electric field, and is known as a depo-
larisation field, Ep. Depolarisation fields are shown schema-
tically in figures 12(a) and (b), for applied electric fields
oriented parallel and perpendicular to the nanowire axis,
respectively. The depolarisation field acts as an electrostatic
restoring force, causing the carriers to undergo harmonic
oscillation. The shape of the surface plasmon response is a

10

Figure 12. A schematic diagram illustrating the depolarisation field
Ep arising from the accumulation of charges when an electric field
Ery, is applied (a) parallel to the nanowire axis and (b)
perpendicular to the nanowire axis.

modified Drude response that follows a Lorentzian function:
Ne? iw

m*

o(w) =

= (23)

— w3+ iwy’
where wy is the resonant frequency and the other parameters
follow the Drude definitions. The surface plasmon spectrum
(figure 11(b)) features a negative imaginary part at low
frequencies, as observed in experimental spectra from
nanowires. The scattering rate ~ is related to the charge
carrier mobility p by equation (22). The resonant frequency
follows

Ne?

9’
eom’™

wo= /g (24)

where g is a factor related to the geometry and the dielectric
constants of the nanowires and surrounding medium.
According to equation (24), the resonant frequency scales
with the square root of the carrier concentration, a key
attribute of plasmon modes.

Surface plasmon modes are well characterised for
metallic nanostructures, for which the resonant plasmon fre-
quencies lie in the ultraviolet, visible and near infra-red ran-
ges. Semiconductor nanowires feature lower carrier densities
than metallic nanostructures and consequently exhibit reso-
nance at lower frequencies corresponding to the THz range.
THz surface plasmon modes have been observed in a variety
of semiconductor nanowires, including Ge nanowires [44]
and III-V nanowires [49-51]. Photoconductivity spectra of
these nanowires exhibit the shift in w, with carrier density
(equation (24)) that is characteristic of surface plasmon
modes. Figure 13 exemplifies this shift: the plasmon reso-
nance of GaAs nanowires shifts to higher frequencies with
increasing photoexcitation fluence, or equivalently, with
increasing photoexcited carrier density. When fitting spectra
with equation (23), N and v are used as adjustable para-
meters. Fitting the data thus enables the determination of N
and +, and also p via equation (22). In the fit, the parameter
wp can be also be adjusted, or can be fixed relative to N
according to equation (24).

In the analysis of photoconductivity spectra, the rela-
tionship between w, and /N can be exploited for
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Figure 13. Dependence of photoconductivity spectra on carrier
density in GaAs nanowires. The photoconductivity spectra were
obtained 2 ps after photoexcitation at fluences of (a) 100, (b) 20 and
(¢) 10 yuJ em 2. Spectra were fitted with the surface plasmon model.
At the resonant frequency wy, the real part of Ao (w) reaches a
maximum and the imaginary part of Ao (w) is zero. The charge
carrier density increases with increasing fluence, accompanied by a
shift in the resonant frequency wy. (d) Surface plasmon resonance
frequencies wy versus the square root of the photoexcited carrier
density N,. Reprinted with permission from [51]. Copyright 2013

Institute of Physics.

determination of the equilibrium carrier density Nyq [51], as
follows. Photoconductivity spectra measure the difference in
conductivity between the photoexcited and equilibrium states:

Ao (W) = 0y (W) — 0 (W), (25)

where o, (w) is the total conductivity when photoexcited and
O¢q (w) is the conductivity at equilibrium without photoexcita-
tion. In many undoped samples, 0.4 (w) is negligible, such as
in the GaAs nanowire samples analysed in figure 13.
However, values of N4 can be significant in doped nanowires
and in nanowires with small bandgaps, giving rise to a
significant o¢q (w). According to the surface plasmon model:

(Np + Neq)ez I(JJ

o (W) = s PR p— (26)
and
Neg
where N, is the density of photoexcited carriers,
WoN, s = 8N + Neg)e?/eqm* and

WoN, = +/8Neqe?/egm* . Fitting Ao (w) spectra  with
equations (25)—(27) can yield an accurate value of Nq. The
accuracy can be improved further by performing a global fit
over multiple spectra taken with different photoexcited carrier
densities N,,. In the global fit g and N, are used as global
fitting parameters, that is, parameters held fixed for all
spectra. This approach was taken in [51] to determine the

11

doping concentrations in InAs and InP nanowires and has
been since used to determine doping concentrations in
modulation-doped [52] and shell-doped GaAs nanowires
and in n-doped Si nanowires [53].

5.3. Drude—-Smith model

The Drude—Smith model [54] is a phenomenological exten-
sion of the Drude model that was developed to describe
materials in which localisation and disorder disrupt charge
carrier transport. Unlike the Drude model, which describes
only isotropic carrier scattering, the Drude—Smith model can
describe scattering in preferential directions. The expression
for conductivity is given by

Ne? i &
o(w) = —
m

‘p

—r 2
" s = iw/yps)” | 29

—1
w+ifst

where 7 is the Drude-Smith scattering rate and c, is the
fraction of the carrier’s initial velocity retained after scattering
event p. The ¢, parameter, known as the persistence of
velocity parameter, accounts for the anisotropy of scattering.
For elastic collisions ¢, is the expectation value ( cos §) where
0 is the scattering angle. For completely isotropic Drude-like
scattering ¢, = 0, for forward scattering c, is positive, for
backward scattering ¢, is negative, for totally forward
scattering ¢, = 1 and for complete backscattering ¢, = —1.
The infinite summation in equation (28) is usually truncated
after the first term, p = 1, known as the single-scattering
approximation. Figure 11(c) plots an example spectrum
obtained using the Drude-Smith model with the single-
scattering approximation. Under the single-scattering approx-
imation, the dc electron mobility is given by

e
p=(1+e)—- (29)
mYps
However, some publications use
=—, (30)
m ps

which can overestimate the mobility.

The Drude-Smith model can reproduce the negative
imaginary component observed in nanowire spectra, and has
therefore found widespread applicability in the analysis of the
THz conductivity spectra of nanowires [55-57]. The para-
meters N, g, and ¢ are used as adjustable parameters when
fitting the experimental data. The fitted parameter ¢, is gen-
erally negative indicating preferential backscattering of elec-
trons in the nanowires. Backscattering may arise when
electrons bounce off the nanowire surfaces and when elec-
trons are subject to Coulombic restoring forces. The fitted ¢, is
used as a measure of carrier localisation in the nanowires,
where a value closer to ¢; = —1 indicates greater localisation.
Figure 14 exemplifies a Drude—Smith fit to data obtained from
ZnO nanowires.

The primary criticism of the Drude-Smith model con-
cerns the validity of the single-scattering approximation. The
physical interpretation of this approximation is that scattering
is only anisotropic for the first scattering event, and is
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Figure 14. Equilibrium conductivity ¢ (w) of a ZnO film (squares)
and of an ensemble of ZnO nanowires (triangles) measured by THz-
TDS. Real (solid symbols) and imaginary (open symbols) parts of
the measured conductivity are plotted. The lines are fits obtained
using the Drude—Smith model for the film (solid lines) and the
nanowires (dashed lines). Reprinted with permission from [55].
Copyright 2006 American Chemical Society.

isotropic thereafter. The physical origin of this approximation
is not well-justified, which limits the physical insight gained
from Drude-Smith fits. Interestingly, the Drude—Smith and
surface plasmon models give equivalent spectra if ¢; = —1,

and wy= g as observed comparing

1
Tps = 57
figures 11(b) and (c). Monte Carlo simulations carried out by
Némec et al showed that the localisation of free carriers in

nanoparticles gives rise to the phenomenological results of the
Drude—Smith model [58].

5.4. Effective medium theories

THz-TDS and OPTP techniques directly measure the con-
ductivity and dielectric responses of the composite layer
containing the nanowires. As discussed in section 3.3, the
response of the composite layer can be analysed using an
effective medium theory. Effective medium theories relate the
dielectric function ¢ of the composite layer to the dielectric
function ¢,,, of the particles (nanowires), the dielectric func-
tion ¢, of the host medium (often vacuum) in which the
nanowires are embedded, and the volume fraction f occupied
by the nanowires. When applied in reverse, a ‘reverse effec-
tive medium theory’ enables extraction of ¢,, from known
values of ¢, ¢, and f. Using ¢ it is possible to extract the
complex dielectric function of the constituent nanowires ¢,
and hence the conductivity of the nanowires alone o (w).

The two most commonly used effective medium theories
are the Maxwell-Garnett and the Bruggeman effective med-
ium theories [59, 60]. The Maxwell-Garnett formula is given
by

€nw — €h €] — €h

€nw + K€n

=0, (31)

€1 + Kep

12

which can be rearranged to solve for ¢,,:

o = 6h(f(61 + Kep) + k(e — 6h))’ (32)
flea+ ken) — (61— en)
or ¢
o = 6h( Kf (enw — €n) + (énw + Kén) ) (33)
_f(fnw - Eh) + (fnw + ’ifh)

Maxwell-Garnett effective medium theory does not provide
reliable results if percolation pathways exist for charge
transport between nanowires. However, most nanowire
samples reported to date feature well-isolated single-crystal-
line nanowires, so inter-nanowire percolative transport is not
considered significant in these samples. The Maxwell-Garnett
effective medium theory is also not suitable if the volume
fraction f is large. In the case of large f, the Bruggeman
approximation provides more accurate results:

Enw — € €n — €
[+ (- H)—— =0, (34)
enw + Kel €n + K€l
which can be rearranged to solve for ¢,,:
= 6](f(fh + we) — (= fHrlen = 61)). (35)
flen + kea) + (I = f)len — @)

In the above, ~ is related to the depolarisation factor which
depends on the nanowire geometry and orientation relative to
the electric field polarisation of the THz pulse: k = 2 for
spherical particles and x = 1 for infinitely long cylinders
oriented with their axes perpendicular to the THz electric
field [47, 55].

A number of other effective medium theories exist, each
based on different assumptions and suitable under particular
circumstances [61, 62]. The choice of effective medium the-
ory depends on the geometry and composition of the sample.
Baxter and Schmuttenmaer, for example, applied the Brug-
geman approximation in reverse (equation (35)) with k = 1,
to calculate complex dielectric function of ZnO nanowires
oriented with their axes collinear with the incident THz pulse
[55]. Ponseca et al employed the Maxwell-Garnett effective
medium theory with k = 1 to fit measured photoconductivity
spectra obtained from a composite layer of InP nanowires in a
PDMS matrix [63]. KuZel and Némec have recently published
a thorough analysis of the application of effective medium
theories in OPTP studies of nanostructured samples such as
nanowires [47].

Both Maxwell-Garnett and Bruggeman effective med-
ium theories are derived considering the local depolarisation
fields arising in the nanowires (figure 12) under the applied
electric field. This provides a link to the surface plasmon
model, which is similarly based on the depolarisation fields in
these nanowires. Hendry ef al demonstrated that the Max-
well-Garnett effective medium relationship can reproduce
resonances in THz spectra [64]. To highlight this link we
consider the Maxwell-Garnett approximation for a sample in
which the nanowires are non-conducting and for a sample of
identical composition in which the nanowires are conducting.
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In the non-conducting case, ¢,y = €y and g = €, and
equation (33) becomes

€Ll = €h (

Kf (€Law — €n) + (€Lnw + Kép)

J. (36)

—f (éLaw — €n) + (€Lnw + Ké€n)
In the conducting case, €,y = €L nw + i0/wey and
6 = €L + i01/we( and equation (33) becomes
€Ly + io/wey = ey
o ( Kf (€Lnw + 10/wey — €n) + (€Lnw + 10/weg + Ken) )
—f (eLnw + 10/wey — €n) + (€Lnw + 10/wey + Kep) 37

Combining equations (36) and (37) and solving for ¢y yields:
(A/B)o

o (w) = s 38
(W)= 2= (1 — fio/weo (38)
where constants A and B are given by
A=fei(k + 1)? (39)
and
B = —f(eLnw — €n) + (€Lnw + Ken). (40)

Substituting the Drude equation (21) for ¢ into equation (38)
gives
ANE o

B> m* w? — W) + iwy

wo = (1*f)N_€2.
B  m*e

Equation (41) takes the same functional form as the surface
plasmon response of equation (23). Furthermore the resonant
frequency w, exhibits the same dependence on /N as the
surface plasmon response.

, (41)

o (w) =

where

(42)

5.5. Monte Carlo modelling

Monte Carlo simulations allow the conductivity to be
modelled by simulating the motion of individual charge car-
riers. Within the simulation it is possible to include specific
microscopic parameters that influence charge carrier trans-
port, such as nanowire boundaries and charge localisation
within nanowires. It is also possible to simulate accurately the
energetic distribution of charge carriers and the energy
dependence of these carrier scattering rates, which sig-
nificantly influence conductivity at high doping densities and
highly non-equilibrium charge carrier distributions. Ponseca
et al used Monte Carlo simulations to calculate the mobility
spectra i (w) of heavily n-doped InP nanowires for which the
Fermi energy lies high in the conduction band [63]. The
mobility spectra are related to conductivity spectra via
0 (w) = Ney (w). Monte Carlo simulations enabled accurate
modelling of carrier backscattering at the nanowire surfaces
and good fits to the experimental data, with simulated
mobility spectra (figure 15) featuring a negative imaginary
part at THz frequencies.
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Figure 15. Electron mobility spectra calculated via Monte Carlo
simulations of electron transport in InP nanowires with (a) different
Fermi energies Er and (b) different electron mean scattering times
7, = ~~ L. Reprinted with permission from [63]. Copyright 2014 by
the American Physical Society.

5.6. Other models

It should be noted that numerous other models exist for the
analysis of THz conductivity spectra. The models described
above are those most commonly employed in studies of
nanowires at room temperature. To date, most nanowires
studied feature diameters too large to exhibit quantum con-
finement effects. However, quantum confinement effects can
be anticipated if the nanowire diameter is reduced below the
Bohr exciton radius or if quantum wells or dots are incor-
porated within the nanowires. In addition, excitonic effects
can be anticipated at lower temperatures. Excellent reviews
by Ulbricht et al [37] and Lloyd-Hughes [42] describe other
models that can be applicable.

6. Electrical properties of nanowires probed by THz
conductivity spectroscopy

THz-TDS and OPTP have revealed a wealth of information
on a wide variety of semiconductor nanowires. In this section
we highlight some key examples. Table 1 summarises elec-
tron lifetimes 7 and surface recombination velocities S
obtained via OPTP studies of various nanowires. Table 2
summarises electron mobilities u, electron momentum scat-
tering times ~!, and native electron concentrations due to
doping N,q obtained via THz-TDS and OPTP studies.

6.1. ZnO nanowires

One of the first THz studies of nanowires was performed by
Baxter and Schmuttenmaer on ZnO nanowires [55]. The
authors applied both THz-TDS and OPTP spectroscopy to
compare the nanowires with nanoparticles and thin films, and
to assess the effect of annealing. Measurements were per-
formed with the nanowires standing vertically on their glass
growth substrate. Conductivity and photoconductivity spectra
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Table 1. Photoconductivity lifetimes (7) and surface recombination velocities (S) measured via OPTP spectroscopy. A symbol ‘—’ indicates

that data has not been reported.

Nanowires Diameter (nm) Fabrication method 7 (ps) S (cm s_l) Reference
ZnO 100-200 Chemical bath deposition 71 = 160 — [55]
7, = 5600
Ge 80 Au-catalysed, CVD 75-125 — [44]
Si 30 Au-catalysed, CVD, annealed and etched — 1.7 x 10°
Si 90 Au-catalysed, CVD, annealed — 1.8 x 10° [57]
Si 90 Au-catalysed, CVD — 1.1 x 10°
Si 110 + 60 T =24 —
Au-catalysted, CVD T, = 4-10 [53]
n-Si 90 + 40 71 = 0.6-14 —
Ty = 16-37
GaAs 30 1.3
50 Au-catalysed, MOVPE 2.4 5.4 x 10° [49, 51]
80 4.7
InAs 27 200
45 Au-catalysed, MOVPE 290 3 x 10° [51)
95 470
195 660
InP 50 1180
85 Au-catalysed, MOVPE 1270 170 [50, 51]
135 1300
160 1340
GaAs/AlGaAs core—shell 50 nm core Au-catalysed, MOVPE 5-1600 — [46, 68]
n-GaAs 105 3800 + 100 —
p-GaAs 110 MBE 2500 + 20 — [69]
GaAs 115 130 —
GaN 310 PAMBE 2500 £ 500 — [71]

were calculated from raw data using the Bruggeman effective
medium theory, and the spectra were fitted with the Drude—
Smith model with parameter ¢; between —0.7 and —0.92. The
measured signals were attributed to conduction electrons,
rather than to holes, because the electron effective mass is
much lower so that electrons contribute more strongly than
holes to conductivity. Furthermore, ZnO is generally unin-
tentionally n-type due to oxygen vacancies and zinc inter-
stitials. The nanowires’ photoconductivity decay featured an
initial fast decay with a time constant of 7 = 160 ps, fol-
lowed by a slower decay with a time constant of 7, = 5.6 ns.
The as-grown nanowires featured a high native electron
density (1.9 x 10'"®cm ™) at equilibrium. Annealing the
nanowires was found to improve the electron mobility and
reduce the native electron density, as annealing reduces the
density of defects that give rise to n-type doping in ZnO.
Interestingly, the electron mobility in the photoexcited
nanowires (138cm?V~'s™') was significantly higher than
the electron mobility in the nanowires at equilibrium
(16cm* Vs, To explain this phenomenon the authors
proposed that under photoexcitation a fraction of the excess
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electrons fill deep traps, allowing the other electrons to move
more freely.

6.2. Ge nanowires

Strait et al [44] investigated the ultrafast electrical properties of
Ge nanowires using OPTP spectroscopy. The nanowires were
grown by chemical vapour deposition (CVD) and transferred to
quartz crystal substrates using a contact printing method that
enables alignment of the wires horizontally on the substrate.
Photoexcitation was performed at 780 nm, which generates
electrons and holes near the I'-point. Upon photoexcitation, the
nanowire photoconductivity rose with a time constant of 1.7 ps.
This time constant was interpreted as the average intraband
relaxation time associated with hole cooling to the I'-valley in
the valence band, and electron scattering to the L-valley in the
conduction band. The photoconductivity decayed with
recombination time constants between 75 and 125 ps. The
recombination rates were considerably faster compared to bulk
Ge, attributed to the strong influence of surface recombination
in the nanowires. Photoconductivity spectra were analysed
using a surface plasmon model considering a net contribution
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Table 2. Charge carrier scattering times !, mobilities 1 and equilibrium electron concentrations Neq in nanowires measured by THz-TDS
and OPTP spectroscopy. The model used to extract the data is listed, with abbreviation ‘DS’ for Drude—Smith. A symbol ‘—’ indicates that

data has not been reported.

Diameter

Nanowires (nm) Technique ! (fs) W (em®v1s7h Neg (cm™3) Model Reference

ZnO 100-200 THz-TDS 28 16 19 x 10V DS

Zn0O 100-200 OPTP 84 138 — DS [55]

ZnO annealed 100-200 OPTP 88 189 — DS

SnO, 50-100 OPTP 75+ 7 72 +£ 10 (3.3 £ 0.4) x 10" DS [72]

Sn0, 100 THz-TDS 50 20 8 x 10'° DS [73]

In-Sn-O 50-100 THz-TDS  60-69 2-26 (7-8) x 10*° DS [74]

Ge 80 OPTP 70 + 15 1590 — Plasmon [44]

Si annealed 30 OPTP — 60 + 0.5 — DS

Si annealed 90 OPTP — 38 + 0.4 — DS [57]

Si 90 OPTP — 134+ 0.2 — DS

p-Si 90 THz-TDS  23.6-113.9 — — DS [66]

Si 110 + 60 OPTP 28 +6 190 + 40 — Plasmon [53]

n-Si 90 =+ 40 OPTP 1444 95 4+ 25 (5+3)x 107  Plasmon

GaAs 50 OPTP 38+ 4 1000 + 100 <10 Plasmon [49, 51]

InAs 45 OPTP 75 + 12 6000 + 1000 5+2) x 10 Plasmon [51]

InAs — OPTP 22-71 — — Plasmon [75]

InP 50 OPTP 32+5 700 £ 100 (10 £+ 3) x 10" Plasmon

InP 85 OPTP 5.5 120 — Plasmon

InP 135 OPTP 10 220 — Plasmon [50, 51]

InP 160 OPTP 22 480 — Plasmon

n-InP 150 OPTP >150 >3000 — Monte [63]
Carlo

GaAs/AlGaAs core— 50 nm core OPTP 46-115 1200-3000 — Plasmon [46, 68]

shell
GaN 310 OPTP — 820 £+ 120 — Plasmon [71]
InN 130 THz-TDS 13 £0.2 80+ 5 4.9 +02) x 10" DS [56]

from both electrons and holes. Fits yielded carrier momentum
scattering times of 70 % 15 fs and an effective carrier mobility
of 1590 cm® V~'s™'. The authors noted a strong dependence
of the THz response on the polarisation of the THz pulse
relative to the nanowire orientation. Transmission of the THz
pulse was attenuated most strongly when the THz electric field
was oriented parallel to the nanowires, and almost negligibly
when the THz electric field was polarised perpendicular to the
nanowire axes.

6.3. Si nanowires

The properties of silicon nanowires have been measured in
independent studies by Ulbricht er al [65], Lim et al [66],
Bergren et al [57] and Beaudoin et al [53].
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Ulbricht and co-authors investigated 25 nm diameter Si
nanowires etched from a p-type Si substrate [65]. They used
OPTP spectroscopy to investigate charge diffusion from the
nanowires to the underlying Si substrate and charge trapping
at nanowire surfaces. Their approach utilised the very dif-
ferent spectral shapes of the nanowire conductivity and the
underlying substrate conductivity, which are Lorentzian and
Drude-like respectively. Photoconductivity spectra taken
between 10 and 400 ps after photoexcitation were therefore
fitted with both a Lorentzian contribution and a Drude
contribution. The Lorentzian contribution decayed after
photoexcitation whereas the Drude component increased,
signifying the transfer of charges from the nanowires to the
substrate. Photoconductivity decays obtained at different
excitation fluences were fitted with a time-dependent
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diffusion model, yielding a nanowire surface trap density of
45+ 15 x 10°cm ™% Annealing the nanowires under
forming gas reduced the trap density to (2 &= 1) x 10°cm 2
via surface passivation. The measurements revealed that at the
lowest photoexcitation densities, the majority of the carriers
are trapped at surface defects before they can diffuse to the
substrate.

The conductivity of p-type Si nanowires was investigated
using THz-TDS by Lim et al [66]. These 90 nm diameter
nanowires were etched from a p-type Si substrate and mea-
surements were performed with the nanowires standing ver-
tically on this parent substrate. Transmission spectra were
measured with the THz pulse incident at angles of 0° and 40°
to the surface normal. This enabled determination of the
transverse and longitudinal conductivities: the conductivities
perpendicular and parallel to the nanowire axes respectively.
The transverse conductivity spectrum was fitted with the
Drude-Smith model yielding a scattering time ygé of
113.9fs. The longitudinal conductivity spectrum was fitted
with a Lorentzian function and a scattering time of 23.6 fs was
obtained. The difference in scattering times was attributed to
the influence of surface scattering.

Bergren et al [57] measured Si nanowires grown by CVD
using Au catalysts. Three samples were compared: as-grown
nanowires (90 nm diameter), nanowires annealed under argon
atmosphere (90 nm diameter), and nanowires annealed, ther-
mally oxidised and HF- etched (30 nm diameter). The nano-
wires were mechanically removed from the substrate and
dispersed in chloroform for OPTP measurements. Surface
recombination velocities were determined from the measured
photoconductivity decays. The surface recombination velo-
city was lowest for the as-grown nanowires
(1098 + 36 cm s_l) and higher for the annealed nanowires, at
1665 + 24cms™' for the 30 nm annealed nanowires and
1768 + 30cms ™' for the 90 nm annealed nanowires. Pho-
toconductivity spectra were extracted from raw data using an
effective medium approximation and analysed with the
Drude-Smith model with parameter ¢; between —0.85 and
—0.95. The 30nm diameter nanowires exhibited mobility
values between 60 and 900 cm? V! s_l, where the mobility
decreased with increasing carrier density due to increased
carrier—carrier scattering. Annealing increased the carrier
mobility but also increased the surface recombination velo-
city, which was attributed to the presence of Au atoms on the
nanowire surfaces after annealing.

The effect of n-doping on Si nanowires was investigated
by Beaudoin et al [53]. The nanowires were grown on quartz
substrates by CVD using Au catalysts. Undoped nanowires
and nanowires n-doped with phosphorus were compared
using OPTP spectroscopy. Photoconductivity decays exhib-
ited biexponential behaviour with time constants of the order
of picoseconds. Decays for the n-doped nanowires were
nearly fluence-independent whereas decays for the undoped
nanowires slowed at the highest fluences due to the saturation
of trap states. Photoconductivity spectra were fitted with a
Drude—plasmon model following equations (25)-(27). For the
undoped sample, N,q was set to zero and a scattering time of
28 + 6fs and electron mobility of 190 + 40cm?V~'s™!
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were determined from the fit. Fitting the spectra obtained
from the n-doped sample yielded a scattering time of
14 + 4fs, a electron mobility of 95 £ 25cm®>V~'s ' and a
doping carrier density of N = (5 + 3) x 107 cm .
Doping was found to reduce the photocarrier mobility and
this effect was attributed to the role of ionised dopants as
scattering centres.

6.4. GaAs nanowires and GaAs/AlGaAs core—shell nanowires

The THz conductivity of GaAs nanowires was first investi-
gated by Parkinson et al using OPTP spectroscopy [49]. The
nanowires were grown by metalorganic vapour phase epitaxy
(MOVPE) using Au nanoparticle catalysts to drive aniso-
tropic nanowire growth. The nanowires exhibited a pro-
nounced surface plasmon mode and a very short
photoconductivity lifetime (<10ps) due to rapid charge
trapping at the nanowire surface [49]. By comparing the
photoconductivity dynamics of bare GaAs nanowires of
various diameters, the surface recombination velocity was
determined to be extremely high, at 5.4 x 10°cms ™' [51].

We investigated the improvements afforded by passi-
vating GaAs nanowires with AlGaAs shells and by elim-
inating twin defects from the GaAs cores [67, 68].
Overcoating with an AlGaAs shell was found to improve
carrier lifetime by a factor of 4, and the elimination of twin
defects enhanced the carrier lifetime by 176% [68]. For all
samples, photoconductivity lifetimes increased with increas-
ing excitation fluence, suggesting the existence of trap states
that saturate at higher photoexcited carrier densities. The
decays were therefore fitted using a pair of coupled rate
equations describing the decay of free carriers and the filling
of trap states. The fitting allowed determination of the trap
density, which was found to be 82% lower in AlGaAs-coated
nanowires than in bare GaAs nanowires. Photoconductivity
spectra were fitted with a surface plasmon model, enabling
determination of the electron mobility. The twin-free core—
shell nanowire sample exhibited an electron mobility of
2250 cm* V! sfl, almost twice that of its twinned counter-
part (1200cm®V~'s™"). Our later study revealed that by
optimising the AlGaAs shell growth conditions and thickness,
surface-related scattering can be reduced significantly so that
the electron mobility can reach bulk-like values of up to
3000cm? V~'s™! [46]. The improvement in mobility was
concomitant with an increase in photoconductivity lifetime,
which reached up to 1.6ns for nanowires with the thickest
(34 nm) AlGaAs shells.

OPTP studies have also been used to study the electronic
properties of doped GaAs nanowires. Modulation doped
GaAs/AlGaAs core-shell nanowires grown by molecular
beam epitaxy (MBE) were investigated by Boland et al [52].
A Si-doped layer was incorporated in the AlGaAs shell during
growth. By fitting photoconductivity spectra with the surface
plasmon model (equations (25)—(27)), a native electron con-
centration of 1.1 x 10'®cm™> was extracted, indicating the
effectiveness of the modulation doping in introducing elec-
trons into the GaAs nanowire core. The electron mobility,
which was found to be as high as 2200 £+ 300 cm? V™! s
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Figure 16. (a) Photoconductivity decays for 27, 45, 95 and 195 nm
diameter InAs nanowires, fitted with carrier lifetimes of = = 200,

290, 470 and 660 ps respectively. Decays are scaled for clarity. (b)
Plot of decay rate 1 /7 versus inverse nanowire diameter 1/d. Data in

(a) are reproduced with permission from [51]. Copyright 2013
Institute of Physics.

was not significantly degraded compared with undoped
reference nanowires at similar carrier densities. The high
mobility is retained because in modulation doped nanowires
the charge carriers in the GaAs core are spatially separated
from the ionised dopants, which would otherwise act as
scattering centres. Both n- and p-type doping, achieved by
growing doped GaAs shells around intrinsic GaAs nanowire
cores, have been studied using OPTP spectroscopy [69]. In
this study, photoconductivity spectra were fitted with a sur-
face plasmon model that took into account the equilibrium
electron and hole densities. The measured electron and hole
densities exceeded 10'®cm ™ for the n-doped and p-doped
nanowires. The nanowires with the n-doped shells, p-doped
shells and intrinsic shells featured electron mobilities of
460 £ 63cm” Vs, 380 £ 57cm’ Vs and
1700 £ 270 cm® V~'s™ ' respectively. The reduction in
mobility for the doped samples was attributed to charge
scattering with dopant impurities. The hole mobility in the
p-doped nanowires was measured as 48 4+ 12cm® Vs
Furthermore, n-doped and p-doped nanowires exhibited long
photoconductivity lifetimes of 3.8 and 2.5 ns, over an order of
magnitude greater than that of the undoped nanowires
(0.13 ns). These results indicate that doping can reduce the
surface recombination velocity and may be used as an alter-
native to surface passivation for improving photoconductivity
lifetimes.

6.5. InAs nanowires

Zinc-blende InAs nanowires grown by MOVPE and catalysed
by Au nanoparticles have been investigated in our group
using OPTP spectroscopy [51]. Photoconductivity decays
were recorded for four samples of different average diameter
(27, 45, 95 and 195nm), as plotted in figure 16(a). The
decays were monoexponential and the fitted lifetimes, T,
showed a strong systematic dependence on the nanowire
diameter. Nanowires with narrower diameters exhibited
shorter lifetimes due to the stronger influence of surface
recombination. The surface recombination velocity S was
extracted using this dependence of 7 on nanowire diameter,
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which follows the formula [70]:

(43)

T Tvolume

where d is the nanowire diameter and 7youme 1S the time
constant for recombination within the nanowire volume.
Fitting was performed as illustrated in figure 16(b) and from
the slope of the plot, a surface recombination velocity of
3000cms~' was determined. Photoconductivity —spectra
measured for the 45nm diameter nanowires showed a
pronounced Lorentzian response typical of surface plasmon
resonance. Spectra obtained at different photoexcited charge
carrier densities were globally fitted using equations (25)-
(27). This fitting enabled determination of the electron
mobility of 6000cm?V~"'s™" and the equilibrium electron
concentration of (5 £ 2) x 105 em 2.

6.6. InP nanowires

OPTP measurements of InP nanowires have been performed
by Ponseca et al [63] and by our group [50, 51].

Our group studied InP nanowires grown by MOVPE
using Au catalysts and transferred to quartz substrates for
THz measurements [50]. Long photoconductivity lifetimes of
over 1 ns were measured for nanowires of average diameter of
50, 85, 135 and 160 nm. The lifetimes showed only a weak
dependence on nanowire diameter indicating that the lifetime
is relatively insensitive to surface states. By fitting the lifetime
data with equation (43) a low surface recombination velocity
of 170 cms™" was determined [50]. Photoconductivity spec-
tra were measured for nanowires of different diameters, from
which electron mobilities between 120cm*V~'s™! and
660 cm® V~'s™! were extracted using a surface plasmon fit.
The electron mobility showed no systematic dependence on
nanowire diameter, suggesting that scattering at nanowire
surfaces is not the major factor limiting carrier mobility.
Instead, stacking faults in these nanowires were identified as
the major scattering mechanism limiting carrier mobility. In
our later study we applied a global fit using equations (25)—
(27) to spectra obtained from the 50 nm diameter nanowires at
different photoexcited carrier densities [51]. This fitting
enabled us to extract the equilibrium electron concentration
due to wunintentionally incorporated donors ((10 £ 3)
x 103 cm_3).

In their work, Ponseca and co-authors measured a peri-
odic array of 150 nm diameter heavily n-doped InP nanowires
embedded in an electrically insulating polydimethylsiloxane
(PDMS) polymer matrix [63]. These nanowires were grown
via MOVPE using Au catalysts. The nanowire axes were
oriented parallel to THz propagation direction and perpend-
icular to the THz electric field, so that the OPTP measure-
ments probed the conductivity perpendicular to the nanowire
axis, that is, the transverse conductivity. Photoconductivity
spectra obtained 10 ps after photoexcitation were fitted with a
Monte Carlo model that accounted for electron localisation
and heavy doping. The fit revealed a long scattering time of
over 150 fs, corresponding to a transverse electron mobility of
over 3000 cm? V' s™!. This value is significantly larger than
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reported longitudinal mobilities, including those measured
using previous OPTP measurements, as transverse transport is
unaffected by the stacking faults along the growth direction
that limit longitudinal transport.

6.7. GaN nanowires

Parkinson et al [71] investigated GaN nanowires using OPTP
spectroscopy. The GaN nanowires were grown by plasma-
assisted MBE (PAMBE) and then transferred to quartz sub-
strates for THz measurements. The measured nanowire pho-
toconductivity lifetime (2.5 £ 0.5 ns) significantly exceeded
the lifetime measured for high quality bulk GaN. Spectra were
fitted with a surface plasmon model, with which the electron
mobility of 820 + 120cm®>V~'s™' was extracted. This
electron mobility also exceeded the value determined for bulk
GaN (590 + 50cm® V™~ 's™!). The superior electrical prop-
erties of the nanowires compared to bulk were attributed to
the strain-free and dislocation-free nature of the nanowires.

6.8. InN nanorods

Ahn et al performed THz-TDS measurements of InN nanor-
ods grown by PAMBE [56]. The measurements were
obtained with the nanorods standing vertically on their Si
growth substrate. Conductivity spectra of nanorods were
calculated considering the average permittivity over the
sample volume: ¢ = fe,w + (1 — f)en. The spectra were
fitted with the Drude-Smith model with parameter ¢; of
—0.65 £ 0.01, yielding a native electron density of
(4.9 +02) x 10¥cm 3, a scattering time of 13 £+ 0.2 fs and
a mobility of 80 + 5cm*>V~'s™'. The mobility in the
nanorods was over an order of magnitude lower than the
mobility in InN films. The low mobility of the nanorods
samples was tentatively attributed to the restriction of lateral
electron transport within and between the isolated nanorods.

7. Studying single nanowires

The spatial resolution achievable using THz spectroscopy is
limited by the spot size of the THz probe, and is theoretically
limited by diffraction to a feature size of A/2. The theoretical
limit corresponds to 150 ym at a frequency of 1 THz, and
practical spot sizes in conventional THz systems are of the
order of 1 mm. This large spot size restricts conventional THz
spectroscopy measurements, such as those described in
section 6, to ensembles of nanowires and precludes mea-
surements of single nanowires. Near-field techniques have
gained significant attention for their ability to improve the
spatial resolution of THz spectroscopic measurements beyond
the diffraction limit [76]. These techniques can involve, for
example, a subwavelength-sized aperture to reduce the size of
the THz source or detector, or a subwavelength-sized metallic
tip to scatter near-field radiation. An excellent review by
Adam [77] describes these near-field techniques in detail.
Recently, Eisele and co-workers [75] developed an
innovative near-field technique for performing multi-THz
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Figure 17. Intensity maps of THz radiation scattered from an InAs
nanowire at times 2 ps before photoexcitation and 50 and 150 fs after
photoexcitation. These images were obtained by coupling THz
pulses to the apex of a metallic tip. Reprinted by permission from
Macmillan Publishers Ltd: [75], copyright 2014.

spectroscopy on single Se-doped n-type InAs nanowires. The
technique combined OPTP spectroscopy with scattering-type
near-field scanning optical microscopy (s-NSOM) operated in
tapping mode. Pulses (of bandwidth 20—45 THz) were cou-
pled to the apex of the metallic tip of the s-NSOM, which
confines the radiation to the near field. The scattered pulses
encode information on the local dielectric and conductivity
properties of the sample with a spatial resolution of 10 nm.
This technique was used to probe charge carrier dynamics in a
single photoexcited InAs nanowire (figure 17). The tapping
amplitude was used to control the probing depth into the
sample, which enabled studies of the nanowire dielectric
function in all three spatial dimensions. The results revealed
that the carrier density is homogeneous immediately follow-
ing photoexcitation, after which a depletion layer forms at the
nanowire surface within 50 fs. The carrier population was
observed to decay on a picosecond timescale due to trapping
at defect states.

8. Outlook and conclusion

THz spectroscopy is a powerful non-contact probe, capable of
measuring carrier transport and dynamics with sub-picose-
cond temporal resolution. It is therefore ideally suited to
studies of semiconductor nanowires. We have discussed how
ac and dc transport parameters, such as charge carrier mobi-
lity, lifetime, surface recombination and ionised dopant den-
sities, can be elucidated using THz-TDS and OPTP
measurements.

We conclude this review with a discussion of how THz
measurements are guiding the development of nanowire-
based devices. Our specific example is that of photo-
conductive THz receivers based on single nanowires, as
designed by Peng et al and illustrated in figure 18 [78]. Three
samples of GaAs/AlGaAs/GaAs core-shell-cap nanowires
were investigated. One of these samples featured a twin-free
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Figure 18. (a) Schematic of the photoconductive detector with
incident THz and optical photoexcitation pulses. (b) SEM image of a
fabricated device. (c) Magnified SEM image of the central area of
the device showing the nanowire. Reprinted with permission from
[78]. Copyright 2015 American Chemical Society.

zinc-blende core and a 28 nm thick AlGaAs shell. OPTP
measurements revealed that this sample featured the highest
charge carrier mobility and lifetime (4.6 ns), owing to the
elimination of twin defects in the GaAs core [68] and
optimisation of the AlGaAs shell thickness [46]. It was
anticipated, therefore, that this sample would show the
strongest sensitivity of THz detection. In excellent agreement,
the device based on this sample showed the largest photo-
current and greatest THz-induced current flow. The above is
just one example of device design directed by THz mea-
surements, which demonstrates how THz measurements
provide unprecedented insight into device-relevant electrical
properties with extremely high throughput and accuracy.
THz spectroscopy is today so well-developed that it may
be used to probe complex nanowire structures, such as axial
and radial nanowire heterostructures, doped nanowires with
p-n junctions, and zinc-blende/wurtzite polytypic nanowires.
The field of THz spectroscopy continues to progress rapidly
and we can look forward to exciting developments and
improvements in the near future. For example, advances in
THz near-field techniques will potentially enable the study of
the electrical properties of increasingly complex nanowires
with sub-micron spatial resolution, without invoking effective
medium theories. These advances may be achieved by
extending the promising s-NSOM tools developed by FEisele
et al [75] to the conventional THz range (0.1-10 THz).
Recently developed techniques for improving the bandwidth
of the THz spectrometers [79] are anticipated to enable
investigation of both longitudinal and transverse transport,
that is, transport parallel and perpendicular to the nanowire
axis, in a single experiment. To date the majority of THz
studies have focussed on the longitudinal response occurring
between 0.1 and 4 THz, whereas signatures of transverse
transport lie at higher frequencies. Both transport directions
are important in nanowire devices, with transverse transport
particularly important for core—shell nanowire devices. A
further prospect is the use of THz cyclotron resonance

19

measurements, which should reveal the carrier effective
masses in nanowires with novel crystal phases, such as
wurtzite InAs and wurtzite GaAs nanowires [80].

It is clear that THz spectroscopy has a promising future
in guiding the development of nanowires for an enormous
variety of device applications.
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