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Abstract

There has been a growing interest in exploring novel opto-electrical behaviors and response of
carriers under nonequilibrium conditions in semiconductor nanoscale materials for applications
of photocurrent and operation of photodetectors. Terahertz waves have shown substantial promise
for these applications, with the merit of direct observation of transient carrier dynamics and
conductivity changes in semiconductor materials. Especially, to investigate surface carrier dynamics
of such nanoscale semiconductor materials under photoexcitation, one can use nanosized mate-
rials such as nanofilms, nanowires, and nanoparticles, which have a very large surface-to-volume
ratio. In this article, we introduce ultrafast phenomena in semiconductors investigated by terahertz
probes. In particular, recent studies on how to observe carrier dynamics in a semiconductor
with a spatial resolution of nanoscale levels below the diffraction limit of terahertz wave, using
well-tailored metallic nanogap structures are mainly introduced. Metallic nanostructures having
the ability to confine electromagnetic waves in a volume much smaller than wavelength play
an important role in many application areas such as subwavelength waveguides, metamaterials,
biochemical sensing, and photovoltaic technology. Strong local electromagnetic field confinement
and enhancement accompanied by metallic nanostructures including nanogaps and nanotips have
been widely used to manipulate interaction between electromagnetic waves and target materials.
In addition to their diverse applications, their fundamental importance has received a great deal
of attention in nano-optics and nano-photonics. The tunability of resonances by the geometrical
effect of metal nanostructures can be exploited to increase the interaction efficiency between the
nanostructures and electromagnetic waves at specific wavelength regions of interest.
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1 Optical Pump
Terahertz-Probe Spectroscopy

Terahertz waves are electromagnetic waves
within frequencies from 0.1 to 100 THz
(1 THz = 1012 Hz, 𝜆 = 300 μm at f = 1 THz)
that locate between infrared and microwaves.
Following the report by Ch. Fattinger and D.
Grischkowsky on generation and detection
of coherent terahertz waves using photo-
conductive antennas, there is great interest
research on using terahertz time-domain
spectroscopy system [1–5]. In the terahertz
time-domain spectroscopy system, based
on the short pulse of terahertz radiation,
both amplitude and phase information of
terahertz pulses can be measured, facili-
tating the investigation of complex optical
constants of various materials [3, 5–10].
Furthermore, the radiation at terahertz fre-
quencies is non-ionized due to low photon
energy (E ∼ 4 meV for 1 THz), thereby mak-
ing terahertz spectroscopy attractive as a
nondestructive examination tool [11–14].

In order to create terahertz pulses, a con-
tinuous wave (CW) green laser (𝜆 = 532 nm)
pumps Ti : sapphire crystals [Titanium-ion
doped sapphire crystal (Ti3+ : Al2O3)] to
generate ultrashort pulses with a pulse dura-
tion around 100 fs and a repetition rate of
80 MHz at a wavelength near 800 nm. The
mode-locked optical pulse is guided and split
into two parts: one is used for generation and
the other for detection of terahertz pulses
(Figure 1a). Typically, low-temperature
grown GaAs crystals are used for photocon-
ductive antennas in which charge carriers
created by ultrashort pulse lasers are acceler-
ated by the external bias voltage and generate
polarized terahertz pulses. The generated
terahertz pulses are guided by a series of
parabolic mirrors from the emitter to the
sample and then to the detector. Two types
of detection methods are commonly used for
terahertz time-domain spectroscopy: pho-
toconductive antenna and electro-optical
sampling in which low-temperature grown
GaAs and electro-optical crystals such as

ZnTe are used, respectively. In both cases,
one beam of optical pulse laser is used
in a time-gated manner for detection. By
scanning the delay line, the electric field of
terahertz pulse can be measured as a func-
tion of time with both amplitude and phase
information (Figure 1b), and can be trans-
formed into a frequency-domain spectrum
after Fourier transformation (Figure 1c).

Optical pump terahertz-probe spec-
troscopy system can be built on terahertz
time-domain spectroscopy by adding one
more beam splitter, and then the opti-
cal pulse beam is divided into total three
paths – (i) optical pump pulse, (ii) tera-
hertz generation pulse, and (iii) detection
pulse (Figure 1d). The optical pump path
is controlled by a mechanical delay stage
for the time interval between the optical
pump pulse and terahertz probe pulse. By
fixing the terahertz pulse path and scanning
the optical pump path, the changes in the
terahertz transmission through the sample at
the peak field can be monitored as a function
of pump-probe time delay. When the optical
pump path is fixed and the terahertz pulse
path is scanned, the transmitted terahertz
waveforms are monitored, which allows
one to extract the terahertz conductivity of
materials.

In an optical pump scanning type in which
a single point of the terahertz waveform
is monitored as the optical pump delay is
moved, the excited state dynamics of the
sample can be investigated as a function
of time delay after photoexcitation event
[15–19]. This enables understanding diverse
charge carrier dynamics in a sub-picosecond
resolution because the transmission of the
terahertz field is sensitive to the absorption
of free charge carrier and bound charges
with low energy such as excitons [15]. The
other method, in which the entire terahertz
waveform transmitted through the excited
sample at various delays after photoexcita-
tion, allows us to investigate the evolution
of the frequency-dependent conductivity of
the excited sample [20, 21]. After extraction
of the conductivity, various conductivity
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Figure 1 A typical terahertz time-domain spectroscopy setup (a), terahertz pulse in time domain (b), and
Fourier-transformed spectrum (c). A typical optical pump terahertz-probe spectroscopy setup (d).
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models are applied to examine the excited
state dynamics. For charge carrier response,
Drude-like model is typically used to esti-
mate the carrier scattering and carrier
density, while bound charge oscillation can
be modeled to estimate the exciton polariz-
ability and binding energy for the excitonic
response.

2 Ultrafast Carrier Dynamics
in Semiconductors

2.1 Ultrafast Carrier Dynamics in Bulk
Semiconductors

Measurement of carrier dynamics of semi-
conductors is greatly important for the
understanding of nonequilibrium phenom-
ena such as carrier–carrier and carrier–
phonon interactions occurring in materials
[18, 22–25]. The capability to characterize
transient photoconductivity in a noncontact
fashion with a temporal resolution of the
sub-picosecond scale is essential in the field
of optoelectronics and nanoscale electronics.
Time-resolved terahertz spectroscopy is a
noncontact electrical probe that enables
the measurement of the actual conductivity
of photoexcited carriers even with a low
density such as 5 × 1010 cm−2 in GaAs due
to its high sensitivity. Transient electrical
conductivity for nonequilibrium photoex-
cited carriers by a sub-picosecond laser
pulse in GaAs was reported [22, 25–27].
Mobility change after photoexcitation with
varying the initial kinetic energy of charge
carriers was investigated. When the initial
electron kinetic energy is an integral multiple
of the longitudinal-optical (LO) phonon
energy, then the frequency-dependent con-
ductivity shows tremendous variations and
oscillation within a few picoseconds after
photoexcitation. When the initial kinetic
energy is a half-integral multiple of the LO
phonon energy, the conductivity approaches
Drude-like behavior slowly.

Time-resolved investigation of the relaxa-
tion dynamics after photoexcitation, mea-
sured by optical pump terahertz-probe
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Figure 2 Optical pump terahertz-probe
time-resolved measurement of GaAs (100) under
different pump photon energies. With higher pump
photon energies, photoexcited electrons can
access the satellite valleys having lower mobility.
Source: From M. C. Beard, G. M. Turner, and C. A.
Schmuttenmaer, “Transient photoconductivity in
GaAs as measured by time-resolved terahertz
spectroscopy,” Phys. Rev. B 62(23), 15764–15777
(2000). © 2000 American physical society [25].

spectroscopy, allows us to study the various
scattering processes affected by the carrier
scattering rate and carrier density. The car-
rier density changes within a picosecond
timescale are related to various relaxation
processes such as surface recombination
occurring usually within the sub-picosecond
timescale and bulk recombination and
diffusion within a much longer timescale
(several hundreds of picoseconds). From the
time-resolved terahertz transmission studies
of semiconductors such as GaAs and InP
irradiated by various photon energies, the
photoexcited carrier dynamics can be char-
acterized by providing the time-resolved,
frequency-dependent photoconductivity of
the semiconductors, in terms of pump
photon energies as shown in Figure 2.

2.2 Ultrafast Carrier Dynamics
in Nanostructured Semiconductors

Terahertz waves have shown substantial
promise in many applications, including the
critical advantages that one can directly
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observe with transient carrier dynamics
and conductivity changes [15]. However, it
has been still challenging to obtain a rea-
sonable terahertz signal from nanoscale
samples directly with typical signal-to-noise
detection levels [28]. This is primar-
ily due to the mismatch in the relatively
large terahertz spot size (∼1 mm) and the
nanoscale size of the objects to be detected.
Therefore, there remains a huge lack of
fundamental understanding regarding the
interaction of terahertz radiation with
individual nanostructures. Metamaterials
can potentially be used to increase the
detection sensitivity through strong local-
ization and enhancement of the incident
terahertz electromagnetic field (will be
discussed in detail in Section 3.2). To inves-
tigate the carrier dynamics of nanostruc-
tured semiconductors, ultrafast optical
measurements have been performed mostly
on nanowires in ensemble status [29, 30]
and thin films [31, 32] under high-power
laser-based systems to obtain reasonably
sufficient signals. Both ultrafast dynamics
and frequency-dependent complex dielectric
properties and terahertz conductivity of
photoexcited semiconductor nanostructures
are introduced in this section. As introduced
in some recent studies, the terahertz optical
properties and dynamics revealed different
behaviors from those of nanostructures in
contrast with bulk semiconductors. Here, it
is noted that the considered structure dimen-
sion is between micrometer and nanometer
scales, not covering the quantum regime.

To characterize the carrier dynamics of
nanostructured semiconductors, an opti-
cal pump excites the nanostructures, and
photo-injected carriers inside the nanostruc-
tures can be tracked by following a delayed
terahertz probe pulse. Terahertz optical
response change in film state and nanostruc-
tures such as nanowires and nanoparticles
can be compared by performing the opti-
cal pump terahertz-probe experiment on
continuous thin films, nanowire arrays, and
mesoporous nanoparticle films (Figure 3a–c).
As an example, the studies on carrier

dynamics of ZnO nanomaterials are intro-
duced. First of all, the intrinsic optical
properties of ZnO nanomaterial films can
be measured using a time-resolved tera-
hertz spectroscopy system, which provides
a terahertz absorption coefficient, index
of refraction, and conductivity [30]. The
frequency-dependent terahertz conductiv-
ity shows that the films have the highest
mobility, followed by nanowires and then
nanoparticle films. In addition, the nanos-
tructured ZnO under photoexcitation has
similar changes in photoconductivity at short
pump-probe delay times, but the nanoparti-
cle films have shorter electron lifetimes that
originate from the inherent disorder and the
multitude of interfaces in the nanoparticle
films (Figure 3d, e).

Another example shows the pump-induced
change in peak-transmitted terahertz electric
field (ΔT/T) for different pump and probe
delay t, for GaAs nanowires (Figure 4). The
most striking difference in the measured
terahertz field change between bulk and
nanowires is exponential decay trends. The
observed conductivity dynamics for GaAs
nanowires differ from those for bulk GaAs,
showing ultrashort (300 fs) lifetimes due to
charge trapping at the nanowire surface.
A higher surface-to-volume ratio in such
nanostructures provides higher trap density
at the nanowire surface.

In thin films, transient terahertz optical
response to photoexcitation can be studied
in a single layer of MoS2 and WSe2 [31]
and graphene [32, 33]. Using a combined
system of photoluminescence (PL) and ter-
ahertz conductivity spectroscopy, ultrafast
charge carrier dynamics in monolayers and
trilayers of transition metal dichalcogenides
(TMDCs) MoS2 and WSe2 were measured.
Photoconductivity and PL response time
of just 350 fs for chemical vapor deposition
(CVD)-grown monolayer MoS2 and 1 ps for
trilayer MoS2 and monolayer WSe2 were
recorded, implying ultrafast modulation
and switching available [31]. In epitax-
ial graphene, the first-time measurement
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of inter-band electron–hole recombina-
tion rates represents that carrier cooling
occurs on sub-picosecond timescales [32].
Different pump pulse energy experiments
show that the recombination rates are
carrier-density dependent. A recent work
studied the frequency-dependent sheet con-
ductivity of graphene grown by CVD [33].

Figure 5 presents the change in the max-
ima of terahertz waveforms under different
pump fluences. The measured terahertz
transmission increases as photoexcitation
fluence increases on the timescale of 1 ps,
exactly corresponding to a photoinduced
decrease in the terahertz conductivity. This
counterintuitive result is explained by the
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fact that the Drude weight is a nonlinear
function of the electronic temperature [34].
The Drude weight is more important at
relatively high pump fluence, resulting in
an increase in the graphene conductivity,
which would compensate for the decrease
in the conductivity induced by an increased
electron scattering rate.

Carrier lifetime can be changed in accor-
dance with the surface and interface states
of the nanostructures. In nanoscale mate-
rials with higher surface-to-volume, higher
trap density at the surface induces faster
charge trapping and relaxation time. Also,
photoexcitation induces an increase in elec-
tron density, causing highest mobility in
nanostructures than in homogenous films.
The interesting results in photoconductive
response with different optical pump fluences
were introduced in various mono-layered
thin films as TMDCs and graphene. A more
efficient way to investigate such interesting
optical responses in nanoscale materials,
without completely new fabrication or
growth using such advanced technologies,
will be introduced in the next section.

3 Terahertz Nanoscopy Using
Metallic Nanostructures

3.1 Field Confinement
and Enhancement in Metallic
Nanostructures

As one of the candidates confining electri-
cal charges strongly at local sites, metallic
nanogaps, composed of two thin metal
structures with a gap in nanoscale, can be
considered. The metallic nanogaps confine
and enhance the electric field of incident
electromagnetic waves inside and near the
gap due to the charge accumulation around
the sharper edges of the metal as shown in
Figure 6a [35–38]. In long-wavelength waves
such as terahertz waves and microwaves,
the electric field is completely concentrated
at the gap because of the high contrast
of dielectric constant, due to which all

electromagnetic waves squeeze through the
gap. This means that field enhancements
in gaps much smaller than the wavelength
become stronger when the gaps become
narrower. In a 2009 report, enhancement of a
terahertz electric field was achieved by a slit
of width around 30 000 times smaller than
the wavelength [35]. A single nanoslit with
a width of 70 nm and a length of 3 mm was
fabricated in a 60-nm-thick gold film by a
focused ion beam (Figure 6b). In the report,
the transmitted amplitude of the terahertz
electric field through the narrow slit was
much larger than the ratio of the area cov-
ered by the gap (Figure 6c), implying a 1000
field enhancement inside the slit (Figure 6d).

One-dimensional slit structure provides a
strong local electric field with resonance-less
1/f frequency dependence [35, 39–41].
Strong field enhancement at a specific wave-
length can be also achieved by rectangular
holes that have a nanoscale width but a few
hundred micrometric lengths [39, 42, 43]
(Figure 7). These rectangular holes are
tailored to work as resonators, slot anten-
nas in the terahertz frequency range. The
resonance conditions are tuned by both
shapes of a single structure and distance
between the structures [42–47]. The strong
resonance behavior of diverse terahertz
metallic structures has been observed by
both far-field transmission and near-field
imaging measurements [48].

Metallic gap structures in which terahertz
waves are strongly confined and enhanced
particularly at the resonance condition have
been exploited for applications of terahertz
technology such as switching devices, molec-
ular sensing, and so on [49–54]. The main
idea is based on the enhanced interaction
between strong localized electromagnetic
waves and matters positioned around the
metallic gap as well as inside the gap. In
particular, a localized strong field near the
metallic gap leads to strong light absorption
by small molecules, polymers, oxides, and
semiconductor materials, which enables
single-molecule studies, nanoscale lithog-
raphy, and nanoscale physics in diverse
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materials. Complementary structures to the
nanogaps, metallic tip type structures, trig-
gering strong electrical charge accumulation
at extremely small sites [55] with an applica-
tion example like the nanotomography [56]
can be also considered. Near-field scanning
optical microscopy with the metallic tip
was combined to the terahertz spectroscopy
for terahertz studies in nanoscale, allow-
ing ultrafast spectroscopy with 10-fs time
resolution on 10-nm-scale nanoparticles
[20, 57].

3.2 Metallic Nanogaps for Surface
Carrier Dynamics in Semiconductors

Separating the surface carrier dynamics from
bulk and grain-boundary recombination in
semiconductor materials has been challeng-
ing. To probe the effect of different surface
properties of semiconductor materials on
photoexcited carrier dynamics, one can
use nanosized materials such as nanofilms,
nanowires, and nanoparticles, which have
a very large surface-to-volume ratio [29,
58, 59]. Another approach to selectively
probe the surface properties of bulk semi-
conductors in pump-probe techniques is
using shorter wavelength electromagnetic
waves as a probe beam, which has a much
smaller penetration depth [60]. However,
this approach makes it inevitable to use large
photon energy, which can lead to ionization
and material breakdown.

On the other hand, electromagnetic waves
localized by metallic nanogaps can efficiently
interact with the surface state of bulk mate-
rials on which the metallic nanogaps are
patterned. Particularly, in the optical pump
terahertz-probe spectroscopy technique,
the optical pump beam of infrared light
can generate photoexcited carriers near the
surface because of its confinement by metal
nanogaps. In addition, the terahertz probe
beam is even more strongly confined and
enhanced, resulting in sensitive detection
by enhanced absorption as well as surface
probing of bulk materials by strong confine-
ment behavior near the surface. In 2017,

a new nanoscopy technique for surface
probing of bulk semiconductor materials
was suggested by patterning metal nanogaps
on target materials [61, 62]. Figure 8 shows
the time-resolved transient transmission
change of terahertz waves by photoexcited
carriers of SI-InP and SI-GaAs in which
metallic gaps are patterned, respectively.
Note that the thickness of InP and GaAs
is 500 μm. Compared to the time-resolved
data of an unpatterned semiconductor that
shows a longer carrier lifetime up to several
hundreds of picoseconds (gray and black
lines), the metal-patterned semiconduc-
tors render shorter carrier lifetimes down
to a picosecond scale for the nanoscale
metal-gap-patterned case. Carrier lifetime
for 35-nm-gap-patterned GaAs reached
down to ∼2 ps, which is close to the limit of
terahertz time resolution.

The faster carrier lifetime of nanopat-
terned semiconductors is explained by
surface carrier dynamics of bulk semicon-
ductors, originating from band bending
effect by the energy of surface states due
to dangling bonds. Strong confinement of
two electromagnetic waves (terahertz probe
beam and infrared pump beam) near the
surface accompanied by metallic nanogaps
enables the direct observation of the surface
state of bulk materials. Figure 9a presents the
calculated intensity distribution of terahertz
probe beam (top) and optical pump beam
(bottom) for 50-nm metal-gap-patterned
InP, showing that both pump and probe
beams are strongly confined near the metal
gap with even stronger field confinement
for a longer wavelength of electromagnetic
waves (𝜆pump ∼ 800 nm and 𝜆probe ∼ 600 μm).
From the near-field distributions of two
electromagnetic waves, the effective pump
depth and probe depth can be defined by
the full width at half maximum value at
which optical power drops to 1/e from the
surface value. With the decreasing gap size,
as shown in Figure 9b, the effective pene-
tration depth of the pump beam maintains
the value of the intrinsic penetration depth
of semiconductors (∼300 nm for InP and
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∼750 nm for GaAs) and then decreases down
to sub-100-nm scale. This smaller pump
depth by confinement behavior of the optical
pump beam leads that carriers are dom-
inantly excited within the depth smaller
than the intrinsic penetration depth. On
the other hand, the effective probe depth
defined by confinement of the terahertz

probe beam linearly decreases down to a few
tens of nanoscale even smaller than the pump
depth, which implies that one can sensitively
capture the surface-only carrier dynamics
invisible in unpatterned semiconductors.
Controlling the pump and probe depth by the
gap size enables selective detection of surface
carrier dynamics of bulk semiconductors.
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Surface properties of bulk semiconduc-
tors are quantitatively described by surface
recombination velocity S and diffusion
coefficient D that can be extracted from
the time-resolved data of metal-patterned
semiconductors (Figure 10). At first, the
normalized photoexcited carrier density N is
expressed as follows:

N(t, z) = 1
2

exp
(
− z2

4Dt

)

×

[
w
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where t is the delay time, z is a distance
from the surface, 𝛼eff is the absorption coef-
ficient at the excitation wavelength, and
w(𝜁 ) = exp (𝜁2)[1 − erf (𝜁 )]. The absorption
coefficient 𝛼 required for the definition of
the photoexcited carrier depth is replaced

by the effective absorption coefficient 𝛼eff
corresponding to an inverse of effective pump
depth dpump in the nanopatterned semicon-
ductor. As shown in Figure 10, normalized
carrier density N as a function of distance
z from the surface for the metal-patterned
semiconductor can be calculated at each
time delay with fitting parameters S and D. At
each time delay t, the terahertz transmission
reduction in metal-patterned semiconduc-
tors is determined by the carrier densities
integrated from the surface to the effective
probe depth dprobe controlled by the gap
size. Finally, because the transmission reduc-
tion ΔT/T is proportional to the change
of carrier density, the time-resolved data
is fitted by the calculated normalized car-
rier density integrated within the effective
probe depth as a function of time, leading
to the extraction of the surface properties
S and D. For instance, Figure 10 shows
N(z) for 500-nm (top) and 50-nm (bottom)
gap-patterned InP (a) and GaAs (b) at five
different time delays with the values of
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S = 1.5 × 105 cm s−1, D = 0.3 cm2 s−1 for InP
and S = 1.1 × 106 cm s−1, D = 45 cm2 s−1 for
GaAs. The insets of the figure display the
normalized carrier density integrated within
the effective probe depth (violet shades) as
a function of time, which is well fitted with
the time-resolved data as shown in Figure 8.
This process of the metal-gap-based surface
probing technique provides the direct obser-
vation of the surface carrier dynamics of bulk
semiconductors.

4 Summary and Outlook

In this article, we surveyed studies on
photoinduced carrier dynamics of semi-
conductors including bulk materials and
nanomaterials such as thin films, nanowires,
and nanoparticles. The experimental tool
was focused on femtosecond laser-based
optical pump terahertz-probe spectroscopy,
which is an excellent technique for studying
the transient photoconductivity of semicon-
ductors under photoexcitation because it
allows us to measure the complex-valued,
frequency-dependent photoconductivity in
picoseconds and sub-picosecond timescales.
One of the promising optical phenomena
observed in photoexcited semiconductor
nanomaterials is surface carrier dynamics
owing to the high surface-to-volume ratio of
nanostructures. Compared to bulk materials,
carrier dynamics of semiconductor nanoma-
terials have a faster decaying time, originated
from trapping and fast recombination at
surfaces and interfaces of nanomaterials.

Here, two approaches to examine the sur-
face carrier dynamics of semiconductors by
overcoming the diffraction limit of terahertz
waves were introduced: (i) preparing the
large area film state with the nanomaterials
(nanowires or nanoparticles) in ensemble
statue [29–32, 58, 59] and (ii) patterning
the metallic nanogaps on bulk materials to
confine the terahertz waves in a nanosized
volume [61, 62]. In particular, metal nanos-
tructures facilitating strong light–matter
interaction provide surface nanoprobing
of bulk materials with high sensitivity due
to their ability to localize and enhance the
electromagnetic waves in nanoscale. Further
developments of ultrafast nanoprobing using
terahertz waves will require the improve-
ment in spatiotemporal resolutions and
advances in nanolithography and synthesis
of nanomaterials.
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