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Abstract

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.
Keywords: terahertz, nanowire, semiconductor, mobility, lifetime, ultrafast, contact-free
(Some ﬁgures may appear in colour only in the online journal)
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 fundamental physics. Recently for example, InAs nanowires [14]
and InSb nanowires [15] have been employed in semiconductor–superconductor hybrid devices to investigate the
existence of the Majorana fermion, a theoretically predicted

1. Introduction
Semiconductor nanowires offer enormous versatility as
nanoscale building blocks for the next generation of electronic devices. Nanowires are quasi-one dimensional nanostructures, 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 geometry confer considerable advantages over conventional
planar semiconductors: efﬁcient strain relaxation [1], reduced
cost and materials consumption [2], high surface area-to0268-1242/16/103003+21$33.00
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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. Conventional electrical transport measurements, although appropriate 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 measurements, 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 nanowires. 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 capacitance, 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 contact 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. Sophisticated 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 frequently 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 timeconsuming 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, contactfree 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 measurements. It is sensitive to carrier transport and dynamics at
room temperature and is capable of sub-picosecond temporal
resolution. Charge carrier lifetimes, mobilities, dopant concentrations 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 characterisation 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) spectroscopy, 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, corresponds to a free-space wavelength range of 3 mm–30 μm,
wavenumbers of 3.3–333 cm−1 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 (kBT=25 meV).
It is instructive to consider why the THz frequency range
is of signiﬁcance in inorganic semiconductors such as nanowires. Consider ﬁrst the energetic range of THz radiation
(0.4–40 meV), which spans the energies typical of quasiparticles and collective excitations. When THz frequency
radiation is incident on a semiconductor, its alternating electric 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.
2
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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 (∼1013 s−1) 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) THzTDS 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 s (w ) of the sample as a function of
frequency ω over a range of ∼0.1 to ∼3 THz. The conductivity spectrum s (w ) provides more than just the magnitude 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 s (w ) changes 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.

The dielectric function is related to the conductivity by
nw (w )
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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 m describes the magnetic
response of the material, and hereafter will be set to m = 1 as
our discussion is limited to nonmagnetic nanowires. From
inspection of equations (4) and (6) it is clear that the complex
refractive index n˜ (w ), the dielectric response nw (w ) and
conductivity response s (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 Ds (w ), known as the photoinduced change in conductivity, or photoconductivity. Using
equations (4) and (6) we ﬁnd

(1 )

Ds (w ) = iw 0 ( nw (w ) - *nw (w ))
= iw 0 (n˜ (w )2 - n˜* (w )2 ) ,

(2)

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 frequencies 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
=

=

n˜ (w ) = n (w ) + ik (w ) =

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

nw (w )

is ( w )
,
w 0

where ¥ is the high frequency (optical) dielectric constant of
the nanowire material, st is the low frequency (static)
dielectric constant of the nanowire material, w TO is the TOphonon frequency and gTO 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 L (w ) = st. At mid-infra-red frequencies
above the TO-phonon frequency, the lattice component can
be approximated as L (w ) = ¥ (w ).
By deﬁnition the complex refractive index ñ (w ) of the
nanowires is related to their dielectric function by

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 s (w ), which determines the current density J (w )
that results from an applied electric ﬁeld:

s (w ) = sRe (w ) + isIm (w ) .

+

where 0 = 8.854 ´ 10-12 Fm-1 is the dielectric permittivity
of free space and L,nw (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, L (w ) is given by

2.2. Complex conductivity and the dielectric response of
nanowires

J ( w ) = s (w ) E (w ) .

L,nw (w )

=

(7)

*

where the superscripts denote the values taken when the
nanowires are photoexcited. OPTP spectroscopy is sensitive
to Ds (w ) and the photoinduced changes in ñ (w ) and nw (w ).
3. Nanowire conductivity at equilibrium: THz-TDS
3.1. Basic principles

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

(3 )
3
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Figure 1. (a) Typical THz pulse E (t ) in the time domain and (b) its
amplitude spectrum ∣ E (w )∣ and phase q (w ) in the frequency domain.
The spectrum in (b) was obtained by performing a Fourier transform
(FT) of the pulse in (a).

Figure 3. Schematic diagram of a typical THz-TDS system used to

measure nanowire conductivity s (w ). The femtosecond laser
generates a beam of ultrashort laser pulses. The beam is divided by a
beamsplitter (BS1) into two paths: the THz generation path and the
gate path. The THz generation path travels via a chopper (C1) and
via a moveable mechanical delay stage (D1) 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,
Enw (w ) and E ref (w ), are obtained by performing Fourier
transforms on the waveforms Enw (t ) and E ref (t ), respectively.
The ratio Enw (w ) E ref (w ) corrects for the system response of
the spectrometer, and yields the THz transmission function:

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 nw (t ) undergoes absorption and a delay relative to the pulse
transmitted through the reference sample E ref (t ). Diagram is not to
scale.

T (w ) =

electromagnetic radiation in the THz frequency range. A
typical incident THz pulse E (t ) is plotted in ﬁgure 1(a). In
THz-TDS, the full electric ﬁeld E (t ) is detected as a function
of time, t, and hence the technique is termed ‘TDS’. The
frequency dependence of E (t ) 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 measurement, whereby a THz pulse E (t ) is incident on the
nanowire sample and the transmitted pulse Enw (t ) is measured. 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 ref (t ) is also measured

E nw (w )
.
E ref (w )

(8 )

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

Figure 3 illustrates a typical experimental THz-TDS system.
A femtosecond laser (commonly a mode-locked Ti:sapphire
laser of 800 nm centre wavelength) generates a train of
ultrashort (<100 fs) optical pulses. The laser beam is divided
by a beamsplitter (BS1) into two paths: the THz generation
path and the gate path.
The THz generation beam is focussed onto a THz emitter, where the incident optical pulse excites a THz pulse E (t ).
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.
4
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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 (D1). 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 μm movement of the stage delays the THz pulse by 100 fs.
This delay changes the time, t, 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 (t ) of the THz pulse can be
measured as a function of time t .
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 measurements to avoid absorption of the THz pulse by atmospheric
water vapour. The THz generation beam is optically chopped
(chopper C1) 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 (t ) waveform to be mapped out with subpicosecond 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.

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 l with an effective
complex refractive index n˜l and effective thickness dl. The
nanowires are supported by the substrate of known complex
refractive index n˜ s 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 theoretical expression is:

3.3. Extracting nanowire conductivity

As discussed in section 3.1, THz-TDS measures the transmission function T (w ) of the nanowires which is directly
related to the conductivity s (w ), dielectric function nw (w )
and complex refractive index ñ (w ) of the nanowires.
To extract s (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 l with an effective complex dielectric function l (w ),
effective complex refractive index n˜l , effective conductivity
sl (w ) and effective thickness dl. Different methods exist for
extracting s (w ) from T (w ). To exemplify how extraction of
s (w ) may be achieved, we will consider a sample where the
composite nanowire layer is supported by the substrate of
known complex refractive index n˜ s and thickness ds. This
geometry is schematically illustrated in ﬁgure 4. Within the
composite layer of thickness dl, the nanowires occupy a

2n˜l (n˜ v + n˜ s )
E nw (w )
=
(n˜ v + n˜l )(n˜l + n˜s )
E ref (w )
⎛ i wd l
⎞ FP FP
(n˜l - n˜ v ) ⎟ vls lsv ,
´ exp ⎜
⎝ c
⎠ FPvsv

T (w ) =

(9 )

where n˜ i are the frequency-dependent complex refractive
indices, c is the speed of light in vacuum and the subscripts v,
l and s denote the vacuum, composite layer and substrate
respectively. The Fabry–Pérot terms FPijk account for the
echoes that arise from multiple internal reﬂections in the
composite layer and in the substrate:
FPijk =

⎡
⎛ 2in˜ j wdj ⎞ ⎤ p
exp
⎜
⎟⎥ ,
r
r
⎢
jk
ji
å
⎝ c ⎠⎦
p=0 ⎣
P

(10)

where rij = (n˜i - n˜j ) (n˜i + n˜j ) are the Fresnel reﬂection
coefﬁcients. The summation limit P is set by the number of
5
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internal reﬂections recorded in the Enw (t ) and E ref (t )
waveforms.
Given the experimentally measured T (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 n˜l and the complex dielectric function l = n˜l2 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 (dl
lTHz, P
¥) and
the
underlying
substrate
is
often
very
thick
(ds > lTHz, P = 0), so expression (9) can be further simpliﬁed using the approximations outlined in [42]:
∣ n˜l wdl c ∣
1,
∣ n˜ v wdl c ∣
1,
exp (in˜l wdl c ) = 1 + in˜l wdl c, FPlsv = 1, FPvsv (w ) = 1 and
FPvls = (1 - r ls r lv exp (2in˜l wdl c ))-1 . Applying these simpliﬁcations and noting that the complex refractive index of the
vacuum is n˜ v = 1 yields
T (w ) =

(1 + n˜ s )
.
(1 + n˜ s) - i (n˜l2 + n˜ s ) wdl c

Rearranging the above and substituting
l

l

(11)

= n˜l2 yields

⎞
ic (1 + n˜ s ) ⎛ 1
- 1⎟ - n˜ s .
⎜
⎝ T (w )
⎠
wd l

=

Figure 5. Equilibrium conductivity s (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

(12)

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 timeresolved THz spectroscopy. OPTP spectroscopy measures the
photoinduced change in conductivity Ds (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
ON
by Enw
(t ). Without photoexcitation, the transmitted THz
OFF
pulse is given by Enw
(t ). The difference between transmitted electric ﬁelds DE (t ) is conventionally deﬁned as
ON
OFF
DE (t ) = Enw
(t ) - Enw
(t ). The fractional change in
transmission DT T due to photoexcitation can be calculated
by performing Fourier transforms on the measured waveforms and then taking the following ratio:

Thus, the effective complex dielectric function l of the
composite layer can be calculated from T (w ).
Once l is determined is it possible to insert
l = L,l + isl w 0 (equation (4)) into equation (12) and
solve for sl (w ), the effective conductivity of the composite
layer:
sl (w ) =

⎞
+ n˜ s ) ⎛ 1
- 1⎟ + iw 0 (n˜ s +
⎜
⎝ T (w )
⎠
dl

0 c (1

L,l (w )) .

(13)

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

⎞
+ n˜ s ) ⎛ 1
- 1⎟ .
⎜
⎝ T (w )
⎠
dl

0 c (1

(14)

Often one is interested in the conductivity of the nanowires
alone, s (w ), rather than the composite conductivity sl (w ).
This s (w ) may be calculated from sl (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 s (w ) spectra obtained from
THz-TDS measurements of a GaAs wafer and of GaAs
nanowires.

OFF
E ON (w ) - Enw
(w )
DT (w )
DE (w )
=
= nw
.
OFF
T (w )
E (w )
Enw (w )

(15)

The fractional change in transmission DT T is directly
related to the photoinduced change in nanowire conductivity
Ds (w ) as will be described in section 4.3. The time delay
between the pump pulse and the THz probe pulse is known as
6
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Figure 7. Schematic diagram of a typical OPTP system used to

Figure 6. Schematic representation of the OPTP measurement. The

measure nanowire photoconductivity Ds (w ). The system resembles
the THz-TDS system of ﬁgure 3, except that the laser beam is
divided by an additional beamsplitter (BS2) into a third path: the
optical pump path. The pump pulses travel to the sample via a
chopper (C2) and via a moveable mechanical delay stage (D2) which
controls the time at which the photoexcitation pulse reaches the
sample relative to the THz pulse.

sample is photoexcited by an above-bandgap optical pulse, then
probed by the THz pulse which is transmitted with electric ﬁeld
ON
Enw
(t ). The time between the photoexcitation pulse and the peak of
the THz pulse is known as the pump–probe delay tpp. The reference
OFF
measurement, Enw
(t ), 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.

unexcited states. This modulates the transmitted THz pulse
ON
OFF
between Enw
(t ) and Enw
(t ). In OPTP spectroscopy a dual
lock-in technique is used for the detection of DE (t ) and
OFF
Enw
(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 C1 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 C2. The second ampliﬁer records DE (t ) whereas the
ON
OFF
ﬁrst ampliﬁer records the average of Enw
(t ) and Enw
(t ):

the pump–probe delay tpp. By varying tpp, it is possible to
track how Ds (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 (photoexcitation) beam path. A second beamsplitter (BS2) divides
the laser beam into the pump beam path which is directed
onto the sample. The pump beam travels via a mechanical
delay stage (D2) 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, tpp.
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, C2, is placed in the pump beam path so that
the sample is modulated between its photoexcited and

1 ON
1
OFF
OFF
(Enw (t ) + Enw
(t )) = Enw
(t ) + DE (t ) .
2
2

(16)

OFF
Commonly DE (t )
Enw
(t ), so the waveform recorded by
OFF
the ﬁrst ampliﬁer is approximately Enw
(t ). From the
recordings taken by the ﬁrst and second lock-in ampliﬁers,
OFF
ON
Enw
(t ), Enw
(t ) and DE (t ) can be determined. Figures 8(a)
OFF
and (b) plot examples Enw
(t ) and DE (t ) measurements. The
photoinduced change DE (t ) depends on both the THz delay t
and the time after photoexcitation, tpp.
The OPTP spectrometer can be used to obtain two different measurements: (i) photoconductivity spectra and (ii)
photoconductivity decays. These are described below.

4.2.1. Photoconductivity spectra. Spectral measurements

record the fractional transmission DT (w ) T (w ) as a
function of frequency w, at a ﬁxed time after
photoexcitation. In its simplest form, stage D2 is held ﬁxed
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only, and track how DT T changes as a function of time after
photoexcitation. Stage D1 is held ﬁxed so that the peak
OFF, max
electric ﬁeld of the THz pulse, Enw
, is measured at the
THz detector. The position of stage D2 is varied to increase
the pump–probe delay tpp. Then, DE is measured for each
pump–probe delay tpp, as exempliﬁed in ﬁgure 8(d). This
OFF, max
enables DT T = DE Enw
to be determined as a
function of tpp.
4.3. Extracting nanowire photoconductivity

OPTP spectroscopy measures the relative photoinduced
change in transmission DT T through the nanowire sample,
which is directly related to the photoconductivity Ds (w ) of
the nanowires. Calculation of Ds (w ) requires consideration
of the sample geometry, the absorption depth of the photoexcitation pulse, and the propagation of the THz pulse
through sample with and without photoexcitation, as discussed 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 Ds (w ) may be calculated from
DT 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 uniformly photoexcited. Considering wave propagation through
this sample, a theoretical expression for DT T can be
derived:
(n˜ + n˜l*)(n˜l* + n˜ s )
E ON (w )
DT (w )
= nw
-1= v
OFF
(n˜ v + n˜l )(n˜l + n˜ s )
T (w )
Enw (w )
⎛ i wd l
⎞ FP* FP*
(n˜l* - n˜l ) ⎟ vls lsv - 1,
´ exp ⎜
⎝ c
⎠ FPvlsFPlsv

(17)

where n˜ i , c, dl, FPijk are as deﬁned in section 3.3, and the
superscript * denotes the values taken when the nanowires are
photoexcited. The experimentally measured DT T , and the
known values of n˜ s, n˜ v and dl can be substituted into the
theoretical expression for DT T , leaving n˜l* and n˜l as
unknowns.
Often, the composite layer containing the nanowires is
very thin (dl
lTHz, P
¥) and the underlying substrate
is very thick (ds > lTHz, 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 n˜ v = 1:

Figure 8. (a) THz electric ﬁeld transmitted through a nanowire

OFF
sample without photoexcitation, Enw
(t ), and (b) the corresponding
photoinduced change in transmission DE (t ) as a function of pump–
probe delay time tpp. Slices are taken (c) at ﬁxed pump pump–probe
delay time tpp=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 tpp. The position of
stage D1 is varied to enable measurement of the entire THz
OFF
OFF
waveforms Enw
(t ) and DE (t ). Examples of Enw
(t ) and
are
plotted
in
ﬁgures
8(a)
and
(c).
The
spectrum
DE (t )
OFF
(t ) and DE (t ) by
DT (w ) T (w ) can be determined from Enw
applying equation (15), and DT (w ) T (w ) can in turn be
directly converted into the photoconductivity Ds (w ) of the
nanowires (see section 4.3).

DT (w )
iwdl ( n˜l*2 - n˜l 2)
=
.
T (w )
c
(1 + n˜ s )

(18)

The above can be rearranged to
n˜l*2 - n˜l 2 = -

ic (1 + n˜ s ) DT (w )
,
wd l
T (w )

(19)

to solve for the photoinduced change in complex dielectric
function of the composite layer, n˜l*2 - n˜l 2 = *l - l. Then,
*l - l = iDsl w 0, can be inserted into equation (19) to
solve for Dsl (w ), the effective photoconductivity of the

4.2.2. Photoconductivity decays. Rather than measure the

entire THz waveform, these measurements record the
fractional transmission DT T at the peak of the THz pulse
8
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Figure 10. Photoconductivity decay obtained from the pump–probe
decay curve of ﬁgure 8(d).

known relationship between the conductivity and these physical parameters. This section describes the models and
methods most commonly applied to measurements of
nanowires.
Figure 9. Frequency-dependent photoconductivity Ds (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 Ds (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.

5.1. Drude model

The Drude model, also known as the Drude–Lorentz model,
is a simple classical model of the frequency-dependent conductivity 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
g. According to the Drude model, the conductivity is given by
s (w ) =

composite layer:
Dsl (w ) = -

0 c (1

+ n˜ s ) DT (w )
.
dl
T (w )

Ne2
i
,
m* w + ig

(21)

where N is the charge carrier density, e is the electronic
charge (1.602×10−19 C) and m* is the effective mass of the
charge carriers. The inverse of the momentum scattering rate,
g -1, is the scattering time, the average time between
consecutive scattering events. The dc charge carrier mobility
m is related to the scattering rate g by
e
m=
.
(22)
m*g

(20)

In the above equation the effective photoconductivity Dsl (w )
is directly proportional to DT T. The proportionality
between Dsl (w ) and DT 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 photoconductivity of the nanowires alone. Figure 9 exempliﬁes
Ds (w ) spectra: these were obtained from the raw OPTP data
plotted in ﬁgures 8(a) and (b). The magnitude of the Ds (w )
spectra decays with time after photoexcitation as the photoexcited charge carrier population decays. Figure 10 illustrates
a photoconductivity decay curve obtained from the raw
pump–probe decay curve of ﬁgure 8(d).

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 = g . 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 imaginary 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 dimensions 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

5. Physical models of THz conductivity in nanowires
THz-TDS and OPTP spectroscopy yield the frequencydependent complex conductivity spectra s (w ) and photoconductivity spectra Ds (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
g, dc mobility m and density N —may be obtained by ﬁtting
the measured spectra with physical models that describe the
9
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Figure 12. A schematic diagram illustrating the depolarisation ﬁeld

ED arising from the accumulation of charges when an electric ﬁeld
ETHz is applied (a) parallel to the nanowire axis and (b)
perpendicular to the nanowire axis.

modiﬁed Drude response that follows a Lorentzian function:
s (w ) =

Ne2
iw
,
m* w 2 - w 20 + iwg

(23)

where w0 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 g is related to the charge
carrier mobility m by equation (22). The resonant frequency
follows

Figure 11. Example conductivity spectra determined by different
physical models of nanowire conductivity: (a) Drude response with
g = 1013 s−1, (b) surface plasmon response with g = 1013 s−1 and
w0 = 5 ´ 1012 rad s-1, and (c) Drude–Smith model with
gDS = 5 ´ 1012 s−1 and c1 = -1.

w0 =

g

Ne2
,
0 m*

(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 frequencies lie in the ultraviolet, visible and near infra-red ranges. Semiconductor nanowires feature lower carrier densities
than metallic nanostructures and consequently exhibit resonance 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 w0 with carrier density
(equation (24)) that is characteristic of surface plasmon
modes. Figure 13 exempliﬁes this shift: the plasmon resonance 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 g are used as adjustable parameters. Fitting the data thus enables the determination of N
and g, and also m via equation (22). In the ﬁt, the parameter
w0 can be also be adjusted, or can be ﬁxed relative to N
according to equation (24).
In the analysis of photoconductivity spectra, the relationship between w0 and
N can be exploited for

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 Sundström [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 depolarisation ﬁeld, ED. Depolarisation ﬁelds are shown schematically 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
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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 extension 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
s (w ) =
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
(c) 10 μJ cm−2. Spectra were ﬁtted with the surface plasmon model.
At the resonant frequency w0, the real part of Ds (w ) reaches a
maximum and the imaginary part of Ds (w ) is zero. The charge
carrier density increases with increasing ﬂuence, accompanied by a
shift in the resonant frequency w0. (d) Surface plasmon resonance
frequencies w0 versus the square root of the photoexcited carrier
density Np. Reprinted with permission from [51]. Copyright 2013
Institute of Physics.

(25)

where sp (w ) is the total conductivity when photoexcited and
seq (w ) is the conductivity at equilibrium without photoexcitation. In many undoped samples, seq (w ) is negligible, such as
in the GaAs nanowire samples analysed in ﬁgure 13.
However, values of Neq can be signiﬁcant in doped nanowires
and in nanowires with small bandgaps, giving rise to a
signiﬁcant seq (w ). According to the surface plasmon model:
sp (w ) =

(Np + Neq ) e2
iw
2
2
m*
w - w 0, Np + Neq + iwg

(26)

(Neq ) e2
iw
,
2
2
m* w - w 0, Neq + iwg

(27)

where Np
w0, Np + Neq =

is the density of
g (Np + Neq ) e 2 0 m*

photoexcited

cp

p=1

⎤
⎥,
g DS ) p ⎥⎦

(28)

However, some publications use
m=

e
,
m*g DS

(30)

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 parameters N, gDS, and c1 are used as adjustable parameters when
ﬁtting the experimental data. The ﬁtted parameter c1 is generally negative indicating preferential backscattering of electrons in the nanowires. Backscattering may arise when
electrons bounce off the nanowire surfaces and when electrons are subject to Coulombic restoring forces. The ﬁtted c1 is
used as a measure of carrier localisation in the nanowires,
where a value closer to c1 = -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 concerns 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

and
seq (w ) =

¥

å (1 - iw

where gDS is the Drude–Smith scattering rate and cp is the
fraction of the carrier’s initial velocity retained after scattering
event p. The cp parameter, known as the persistence of
velocity parameter, accounts for the anisotropy of scattering.
For elastic collisions cp is the expectation value á cos qñ where
q is the scattering angle. For completely isotropic Drude-like
scattering cp = 0, for forward scattering cp is positive, for
backward scattering cp is negative, for totally forward
scattering cp = 1 and for complete backscattering cp = -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 singlescattering approximation. Under the single-scattering approximation, the dc electron mobility is given by
e
m = (1 + c1)
(29)
.
m*g DS

determination of the equilibrium carrier density Neq [51], as
follows. Photoconductivity spectra measure the difference in
conductivity between the photoexcited and equilibrium states:
Ds (w ) = sp (w ) - seq (w ) ,

⎡
Ne2
i
⎢1 +
m* w + ig DS ⎢⎣

carriers,
and

w0, Neq = gNeq e 2 0 m* . Fitting Ds (w ) spectra with
equations (25)–(27) can yield an accurate value of Neq . The
accuracy can be improved further by performing a global ﬁt
over multiple spectra taken with different photoexcited carrier
densities Np . In the global ﬁt g and Neq are used as global
ﬁtting parameters, that is, parameters held ﬁxed for all
spectra. This approach was taken in [51] to determine the
11
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which can be rearranged to solve for
nw

=

or l :
l

and of an ensemble of ZnO nanowires (triangles) measured by THzTDS. 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.

nw

THz-TDS and OPTP techniques directly measure the conductivity 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 l of the composite layer to the dielectric
function nw of the particles (nanowires), the dielectric function h 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 effective medium theory’ enables extraction of nw from known
values of l, h and f . Using l it is possible to extract the
complex dielectric function of the constituent nanowires nw,
and hence the conductivity of the nanowires alone s (w ).
The two most commonly used effective medium theories
are the Maxwell–Garnett and the Bruggeman effective medium theories [59, 60]. The Maxwell–Garnett formula is given
by

nw

l
l

- h
= 0,
+k h

⎝ - f ( nw -

h⎜

nw

h)

+(
h) + (

+ k h) ⎞
⎟.
nw + k h ) ⎠

nw

(32)

(33)

=

nw :

+ k l ) - (1 - f ) k ( h - l ) ⎞
⎟.
⎝ f ( h + k l ) + (1 - f )( h - l ) ⎠
⎛f(

l⎜

h

(35)

In the above, k 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 k = 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 theory depends on the geometry and composition of the sample.
Baxter and Schmuttenmaer, for example, applied the Bruggeman 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]. Kužel and Němec 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 medium 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 et al demonstrated that the Maxwell–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.

5.4. Effective medium theories

- h
+k h

⎛ kf (

l

which can be rearranged to solve for

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 c1 = -1,
1
gDS = g and w0 = gDS, as observed comparing
2
ﬁgures 11(b) and (c). Monte Carlo simulations carried out by
Němec et al showed that the localisation of free carriers in
nanoparticles gives rise to the phenomenological results of the
Drude–Smith model [58].

nw

+ k h) + k ( l - h ) ⎞
⎟,
⎝ f ( l + k h) - ( l - h ) ⎠
⎛f(

h⎜

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-crystalline 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:
- l
- l
(34)
+ (1 - f ) h
f nw
= 0,
nw + k l
h + k l

Figure 14. Equilibrium conductivity s (w ) of a ZnO ﬁlm (squares)

f

=

nw :

(31)
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In the non-conducting case,
equation (33) becomes
L,l

In
l

=

L,l

the
L,l

⎛ kf (

+(
h) + (

L,nw

L,nw

and

l

=

0

=

+ k h) ⎞
⎟.
L,nw + k h ) ⎠

h

L,nw + is w
L,nw + is w

h)

+(
h) + (

0 -

0

+ is w
L,nw + is w

L,nw

and

L,l,

L,nw

conducting case,
nw = L,nw + is w
+ isl w 0 and equation (33) becomes

+ isl w

⎛ kf (
´⎜
⎝ -f (

=

h)

⎝ - f ( L,nw -

h⎜

=

nw
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(36)

and

0

+ k h) ⎞
⎟.
0 + k h) ⎠

0

(37)

Combining equations (36) and (37) and solving for sl yields:
sl (w ) =

(A B ) s
,
B + ( 1 - f ) is w 0

(38)
Figure 15. Electron mobility spectra calculated via Monte Carlo

where constants A and B are given by
A=f

2
h (k

+ 1 )2

simulations of electron transport in InP nanowires with (a) different
Fermi energies EF and (b) different electron mean scattering times
ts = g -1. Reprinted with permission from [63]. Copyright 2014 by
the American Physical Society.

(39)

and
B = -f (

L,nw

-

h)

+(

L,nw

+ k h) .

(40)

5.6. Other models

Substituting the Drude equation (21) for s into equation (38)
gives
sl (w ) =

A Ne2
iw
,
B 2 m* w 2 - w 20 + iwg

(41)

(1 - f ) Ne2
.
B
m* 0

(42)

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 conﬁnement 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 incorporated 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.

where
w0 =

Equation (41) takes the same functional form as the surface
plasmon response of equation (23). Furthermore the resonant
frequency w0 exhibits the same dependence on N as the
surface plasmon response.

6. Electrical properties of nanowires probed by THz
conductivity spectroscopy

5.5. Monte Carlo modelling

Monte Carlo simulations allow the conductivity to be
modelled by simulating the motion of individual charge carriers. Within the simulation it is possible to include speciﬁc
microscopic parameters that inﬂuence charge carrier transport, 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 signiﬁcantly 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 m (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
s (w ) = Nem (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.

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 electron lifetimes t and surface recombination velocities S
obtained via OPTP studies of various nanowires. Table 2
summarises electron mobilities m, electron momentum scattering times g -1, and native electron concentrations due to
doping Neq 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 performed with the nanowires standing vertically on their glass
growth substrate. Conductivity and photoconductivity spectra
13
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Table 1. Photoconductivity lifetimes (τ) and surface recombination velocities (S) measured via OPTP spectroscopy. A symbol ‘—’ indicates
that data has not been reported.

Nanowires
ZnO

Diameter (nm)
100–200

Fabrication method
Chemical bath deposition

Ge

80

Au-catalysed, CVD

Si
Si
Si

30
90
90

Au-catalysed, CVD, annealed and etched
Au-catalysed, CVD, annealed
Au-catalysed, CVD

Si

110±60
Au-catalysted, CVD

n-Si
GaAs

InAs

InP

GaAs/AlGaAs core–shell

90±40
30
50
80
27
45
95
195
50
85
135
160
50 nm core

Au-catalysed, MOVPE

Au-catalysed, MOVPE

Au-catalysed, MOVPE

Au-catalysed, MOVPE

τ (ps)

S (cm s−1)

Reference

τ1=160
τ2=5600

—

[55]

75–125

—

[44]

—
—
—

1.7×103
1.8×103
1.1×103

[57]

τ1=2–4
τ2=4–10
τ1=0.6–1.4
τ2=16–37

—

1.3
2.4
4.7

[53]
—

5.4×105

[49, 51]

3×103

[51]

170

[50, 51]

5–1600

—

[46, 68]

200
290
470
660
1180
1270
1300
1340

n-GaAs
p-GaAs
GaAs

105
110
115

MBE

3800±100
2500±20
130

—
—
—

[69]

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 c1 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 unintentionally n-type due to oxygen vacancies and zinc interstitials. The nanowires’ photoconductivity decay featured an
initial fast decay with a time constant of τ1=160 ps, followed by a slower decay with a time constant of τ2=5.6 ns.
The as-grown nanowires featured a high native electron
density (1.9×1018 cm−3) 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 (138 cm2 V−1 s−1) was signiﬁcantly higher than
the electron mobility in the nanowires at equilibrium
(16 cm2 V−1 s−1). To explain this phenomenon the authors
proposed that under photoexcitation a fraction of the excess

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 Γ-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 Γ-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
14
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Table 2. Charge carrier scattering times g -1, mobilities μ 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.
Nanowires

Diameter
(nm)

Technique

g -1 (fs)

μ (cm2V−1 s−1)

ZnO
ZnO
ZnO annealed

100–200
100–200
100–200

THz-TDS
OPTP
OPTP

28
84
88

16
138
189

SnO2

50–100

OPTP

75±7

72±10

SnO2
In-Sn-O

Neq (cm−3)

Model

Reference

19×1017
—
—

DS
DS
DS

[55]

(3.3±0.4)×1016

DS

[72]

DS

[73]

DS

[74]

16

100

THz-TDS

50

20

8×10

50–100

THz-TDS

60–69

2–26

(7–8)×1019

70±15

1590

—

Plasmon

[44]

60±0.5
38±0.4
13±0.2

—
—
—

DS
DS
DS

[57]

—

—

DS

[66]

—
(5±3)×1017

Plasmon
Plasmon

[53]

Ge

80

OPTP

Si annealed
Si annealed
Si

30
90
90

OPTP
OPTP
OPTP

p-Si

90

THz-TDS

23.6–113.9

Si
n-Si

110±60
90±40

OPTP
OPTP

28±6
14±4

190±40
95±25

GaAs

50

OPTP

38±4

1000±100

<1015

Plasmon

[49, 51]

InAs

45

OPTP

75±12

6000±1000

(5±2)×1015

Plasmon

[51]

InAs

—

OPTP

22–71

—

Plasmon

[75]

—
—
—

—

(10±3)×10
—
—
—

15

Plasmon
Plasmon
Plasmon
Plasmon

InP
InP
InP
InP

50
85
135
160

OPTP
OPTP
OPTP
OPTP

32±5
5.5
10
22

700±100
120
220
480

n-InP

150

OPTP

>150

>3000

—

Monte
Carlo

[63]

50 nm core

OPTP

46–115

1200–3000

—

Plasmon

[46, 68]

GaN

310

OPTP

—

820±120

—

Plasmon

[71]

InN

130

THz-TDS

DS

[56]

GaAs/AlGaAs core–
shell

13±0.2

80±5

from both electrons and holes. Fits yielded carrier momentum
scattering times of 70±15 fs and an effective carrier mobility
of 1590 cm2 V−1 s−1. 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.

(4.9±0.2)×1019

[50, 51]

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 different 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

6.3. Si nanowires

The properties of silicon nanowires have been measured in
independent studies by Ulbricht et al [65], Lim et al [66],
Bergren et al [57] and Beaudoin et al [53].
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Semicond. Sci. Technol. 31 (2016) 103003

Topical Review

diffusion model, yielding a nanowire surface trap density of
4.5±1.5×109 cm−2. Annealing the nanowires under
forming gas reduced the trap density to (2±1) ×109 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 measurements were performed with the nanowires standing vertically 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 g -DS1 of
113.9 fs. 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, thermally oxidised and HF- etched (30 nm diameter). The nanowires 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 velocity was lowest for the as-grown nanowires
(1098±36 cm s−1) and higher for the annealed nanowires, at
1665±24 cm s−1 for the 30 nm annealed nanowires and
1768±30 cm s−1 for the 90 nm annealed nanowires. Photoconductivity spectra were extracted from raw data using an
effective medium approximation and analysed with the
Drude–Smith model with parameter c1 between −0.85 and
−0.95. The 30 nm diameter nanowires exhibited mobility
values between 60 and 900 cm2 V−1 s−1, 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 velocity, 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 exhibited 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, Neq was set to zero and a scattering time of
28±6 fs and electron mobility of 190±40 cm2 V−1 s−1

were determined from the ﬁt. Fitting the spectra obtained
from the n-doped sample yielded a scattering time of
14±4 fs, a electron mobility of 95±25 cm2 V−1 s−1 and a
doping carrier density of Neq = (5
3) ´ 1017 cm−3.
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 investigated by Parkinson et al using OPTP spectroscopy [49]. The
nanowires were grown by metalorganic vapour phase epitaxy
(MOVPE) using Au nanoparticle catalysts to drive anisotropic nanowire growth. The nanowires exhibited a pronounced surface plasmon mode and a very short
photoconductivity lifetime (<10 ps) 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 5.4×105 cm s−1 [51].
We investigated the improvements afforded by passivating GaAs nanowires with AlGaAs shells and by eliminating 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 increasing 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 cm2 V−1 s−1, almost twice that of its twinned counterpart (1200 cm2 V−1 s−1). 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
3000 cm2 V−1 s−1 [46]. The improvement in mobility was
concomitant with an increase in photoconductivity lifetime,
which reached up to 1.6 ns 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 concentration of 1.1×1016 cm−3 was extracted, indicating the
effectiveness of the modulation doping in introducing electrons into the GaAs nanowire core. The electron mobility,
which was found to be as high as 2200±300 cm2 V−1 s−1,
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which follows the formula [70]:
1
1
4S
=
+
,
t
tvolume
d

(43)

where d is the nanowire diameter and tvolume is 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
3000 cm s−1 was determined. Photoconductivity spectra
measured for the 45 nm 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 6000 cm2 V−1 s−1 and the equilibrium electron
concentration of (5±2)×1015 cm−3.

Figure 16. (a) Photoconductivity decays for 27, 45, 95 and 195 nm

diameter InAs nanowires, ﬁtted with carrier lifetimes of t = 200,
290, 470 and 660 ps respectively. Decays are scaled for clarity. (b)
Plot of decay rate 1/t 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 surface plasmon model that took into account the equilibrium
electron and hole densities. The measured electron and hole
densities exceeded 1018 cm−3 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±63 cm2 V−1 s−1,
380±57 cm2 V−1 s−1
and
2 −1 −1
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±12 cm2 V−1 s−1.
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 alternative to surface passivation for improving photoconductivity
lifetimes.

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 cm s−1 was determined [50]. Photoconductivity spectra were measured for nanowires of different diameters, from
which electron mobilities between 120 cm2 V−1 s−1 and
660 cm2 V−1 s−1 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 unintentionally incorporated donors ((10±3)
×1015 cm−3).
In their work, Ponseca and co-authors measured a periodic 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 perpendicular to the THz electric ﬁeld, so that the OPTP measurements 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 cm2 V−1 s−1. This value is signiﬁcantly larger than

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 195 nm), 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 t on nanowire diameter,
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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 plasmaassisted MBE (PAMBE) and then transferred to quartz substrates for THz measurements. The measured nanowire photoconductivity 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±120 cm2 V−1 s−1 was extracted. This
electron mobility also exceeded the value determined for bulk
GaN (590±50 cm2 V−1 s−1). The superior electrical properties of the nanowires compared to bulk were attributed to
the strain-free and dislocation-free nature of the nanowires.

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.

6.8. InN nanorods

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 coupled 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 following 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.

Ahn et al performed THz-TDS measurements of InN nanorods 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: l = f nw + (1 - f ) h. The spectra were
ﬁtted with the Drude–Smith model with parameter c1 of
−0.65±0.01, yielding a native electron density of
(4.9±0.2) ×1019 cm−3, a scattering time of 13±0.2 fs and
a mobility of 80±5 cm2 V−1 s−1. 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 λ/2. The theoretical
limit corresponds to 150 μm 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 measurements 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

8. Outlook and conclusion
THz spectroscopy is a powerful non-contact probe, capable of
measuring carrier transport and dynamics with sub-picosecond 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 mobility, lifetime, surface recombination and ionised dopant densities, 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 nanowirebased devices. Our speciﬁc example is that of photoconductive 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
18
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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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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.
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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 photocurrent and greatest THz-induced current ﬂow. The above is
just one example of device design directed by THz measurements, 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
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