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ABSTRACT: Over the past few decades, terahertz (THz) spectroscopy has become
an established technique for studying the dielectric and transient photoconductive
properties of materials. THz spectroscopy is a contact-free probe of electrical
conductivity with subpicosecond time resolution, and it has proven especially useful
for studying emerging materials. We highlight recent work used to study metal halide
perovskites, metal oxides, metal—organic frameworks, and 2D materials in addition to
providing an overview of methods in pump—probe THz spectroscopy. We focus on
the ways in which THz spectroscopy can be used to study charge transport
mechanisms and factors that might limit carrier mobility in emerging materials. This
Perspective will provide a general understanding of pump—probe THz spectroscopy
and how it can be applied to next-generation materials and will identify challenges
and advantages in data processing to extract broadband complex conductivity spectra.

PEROVSKITES

B INTRODUCTION

Materials science is ubiquitous in our everyday lives, ranging
from carbon fiber reinforced polymer tennis rackets and
Formula 1 chassis, to hip joint prostheses, and to the
photovoltaics that are expected to fully power our society in
the future. In the case of the latter, the development of materials
with applications in energy conversion and storage are
paramount scientific challenges. During the development of
new materials, characterization is an important step in
benchmarking performance and understanding why a device
performs as it does. Although there are many existing
characterization techniques, those that analyze electrical proper-
ties are especially useful in energy conversion.

In the past century, dozens of different techniques to
determine electrical properties have been developed, ranging
from simple two-point DC measurements to Hall effect
measurements." However, most of these contact-based
techniques require the fabrication of electrical contacts on the
materials. This is particularly challenging for emerging materials
because the sample needs to be sufficiently large, homogeneous,
and stable to allow the fabrication of electrical contacts.
Furthermore, these fabrication techniques are time consuming,
can alter the material itself, and are prone to disturbing the
intrinsic properties of the material studied. These techniques
also inherently probe long-distance conductivity phenomena
spanning the distance between the probes, which include grain
boundaries and defects. Therefore, they cannot effectively probe
conductivity on the nanoscale, which is pertinent to many
devices based on emerging materials.

In contrast with contact-based techniques, THz spectroscopy
is a free-space optical technique that enables the investigation of
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electro-optical properties of materials, including nanomaterials,
directly in their native form.””* It is a contact-free electrical
probe with subpicosecond temporal resolution and can be used
in conjunction with material morphologies that range from
large-scale single crystals to polycrystalline 2D nanoflakes and
even amorphous materials. This makes THz spectroscopy a
versatile and flexible technique to explore, understand, and
benchmark (photo)conductivity in emerging materials, allowing
for a rapid evaluation of a material’s potential for photoelectrical
applications. Furthermore, although THz was once only
accessible to laboratories with significant laser optics expertise,
it has become mainstream enough that commercial THz
spectrometers have been on the market for a number of years,
recently including more complex pump—probe systems, making
it accessible to new users.

B A PRACTICAL COURSE IN THz SPECTROSCOPY

In this section, we will introduce some of the advantages of THz
spectroscopy and describe how a THz experiment is performed
(Figure 1). Building on this, we will discuss different methods of
THz generation and detection that may be encountered in the
literature with an eye toward comparing their bandwidths and
the different physical phenomena that can be observed within
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Figure 1. (a) Schematic diagram of a pump—probe THz spectrometer
showing the three beam paths and time delays (tpmbe and tpump). (b)
Reference THz waveform measured by THz time-domain spectroscopy
(THz-TDS). (c) Optical-pump THz-probe (OPTP) measurement
where t,,, is fixed at 0 ps (peak of reference waveform, denoted with a
blue circle in panel b) and toump 18 Scanned. (d) Time-resolved THz
spectroscopy (TRTS) measurement where the differential THz
waveform is measured (t,,, is scanned) at a fixed toump (e.g, red
circle in panel c) and (es resulting complex conductivity spectrum
calculated numerically using Fourier transformation, the differential
THz waveform, and a reference.” Gray arrows show the typical
workflow to collect a photoconductivity spectrum. Scans and spectrum
were adapted from Si nanoparticles embedded in Nafion, as previously

reported in ref 6. Copyright 2020 American Chemical Society.

that bandwidth (Figure 2). Finally, with a knowledge of the
manner in which a THz experiment is performed and what
physical phenomena may be measured, we will discuss data
analysis, comparing simplified approximative processing with
more advanced but somewhat computationally demanding
approaches. The goal of this section is three-fold: to familiarize
the reader with THz spectroscopy, to demonstrate how THz
spectroscopy is useful in materials science research, and to
provide an overview of the capabilities of state-of-the-art
methods in table-top THz spectroscopy and data analysis.
Anatomy of a THz Experiment. Figure la shows a
schematic of a typical pump—probe THz spectrometer based on
an amplified laser system, such as the commonly used
Ti:sapphire system. The output of the amplifier is split into
three beams for THz generation, THz detection, and optical
photoexcitation. As is the case with any ultrafast pump—probe
experiment, the time delays are controlled by mechanical delay
stages, setting the THz probe time delay (t,op.) and the optical

bandwidths achievable using various THz generation and detection
methods. DAST, DSTMS = organic THz electro-optic crystals; ABCD
= air-biased coherent detection.

photoexcitation time delay (tpump) relative to the detection beam
timing. It is important to note that f,.. is placed in the
generation line, which ensures that every point in the differential
THz field measured experiences the same delay from the visible
photoexcitation (fy,mp).” This is important for frequency-
dependent measurements because it removes the photoexcited
timing ambiguity from the differential THz waveform.

With this spectrometer, three distinct types of THz
measurements can be performed, depending on which delay
lines are scanned (and if there is optical photoexcitation):

(1) In a THz time-domain spectroscopy (THz-TDS) experi-
ment, there is no photoexcitation, and only ¢, ;. is scanned to
measure the transmitted THz waveform (Figure 1b). THz-TDS
can be thought of as “steady-state” THz spectroscopy, analogous
to standard FTIR spectroscopy. That is, whereas the data are
collected in the time domain, the experiments are not time-
resolved. However, in contrast with FTIR, THz-TDS also
extracts the frequency-dependent phase in addition to the
magnitude, thereby allowing complex-valued optical parameters
to be extracted unambiguously.” These measurements are used
as a reference to accurately process the photoexcited measure-
ments.

(2) In an optical-pump THz probe (OPTP) experiment, £,
is fixed at the maximum amplitude of the transmitted THz
waveform (blue circle in Figure 1b), and the change in this
amplitude is measured while scanning £, (Figure 1c). By
definition, the maximum of the peak amplitude occurs when all
of the spectral components are in-phase with each other. Thus
the change in peak amplitude as a function of t,,,, is
proportional to the change in the conductivity of the sample,
as probed with the full bandwidth of the spectrometer, and
allows one to extract the free carrier kinetics in the system. For
example, a decrease in broadband transmission would result
from the formation of free carriers (e.g., charge injection), and
the subsequent recovery back toward the baseline would result
from carrier trapping or recombination. These measurements
have subpicosecond time resolution and a time range of a few
nanoseconds, limited by the length of the mechanical pump

delay stage for f,,,,,,- However, this time range can be extended
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using electronic synchronization and delays to perform supra-
nanosecond measurements.”

(3) Finally, in a time-resolved THz spectroscopy (TRTS)
experiment, f,,,, is fixed at the time of interest, and ¢, is
scanned to measure the differential THz waveform at a particular
time after photoexcitation (Figure 1d). Using the differential
trace and a reference scan, the photoexcited and non-
photoexcited traces are determined. These traces can then be
Fourier-transformed to yield the frequency-dependent THz
transmission. This is directly linked to the change in the complex
refractive index, which is calculated from the transmission
spectra, as discussed later.”” In many materials, the change upon
photoexcitation is caused solely by a change in conductivity.
However, transmission changes can also result from other
phenomena such as nonlinear or resonant effects” or a change in
the permittivity of the material upon photoexcitation,'” so care
must be taken when analyzing the data.

It is important to note that the OPTP and TRTS naming
convention and others are used ambiguously in the field. In the
description above, we have used the most common convention.
However, we caution the reader to be aware of this ambiguity
when perusing the literature.

Physical Properties in the THz Regime. In the THz
spectral range, there are two main effects that contribute to the
interaction with the incident wave: high-frequency conductivity
associated with free charges (electrons and/or holes) and
dielectric effects caused by bound charges.”"" It is important to
note that whereas these phenomena are accessible in other
spectral regions (e.g., conductivity can be also observed in the
microwave regime, and polarization effects are more commonly
associated with the mid-infrared), THz provides specific
advantages. Broadly, phonons (e.g, large-scale lattice vibra-
tions), polarons, and excitons, can all be found in the THz
regime (Figure 2), giving THz spectroscopy access to these
important phenomena. THz spectroscopy also has specific
advantages in the study of charge transport. High-frequency
conductivity is the phenomenon most commonly probed in
pump—probe THz spectroscopy and can provide insight into
the mobility of a material and carrier scattering processes. These
scattering effects happen on a time scale of femtoseconds to
picoseconds, which places them within the THz range in the
frequency domain. More broadly, THz spectroscopy is unique in
providing simultaneous access to both high-frequency con-
ductivity information and low-energy polarization effects. In the
solid-state materials discussed herein, the high-frequency
conductivity and a handful of resonant features are the most
useful for understanding charge transport phenomena. In
particular, electron—phonon interactions often reveal intrinsic
factors that limit the mobility and charge transport in an
emerging material. At room temperature, phonon modes in the
THz regime are thermally populated (298 K = 25.7 meV = 6.2
THz), meaning that electron—phonon interactions in the THz
regime can have a significant effect on even the DC conductivity.

Three processes commonly dominate intrinsic mobility:
particle—particle scattering, electron—phonon interactions
such as polaron formation, and exciton formation. These factors
are intrinsic to the material, as opposed to extrinsic factors such
as grain size. To rationally improve the performance of a
material, it is important to know which of these phenomena are
at play, and THz spectroscopy is well-suited for this pursuit.
Polarons are formed when atoms surrounding a free carrier are
displaced due to electrostatic attraction to the carrier. This
interaction then creates a potential well around the carrier,

limiting its mobility. Because the formation of a polaron requires
the distortion of the lattice, it often results in a signature in the
phonon spectrum, which often lies in the THz regime. In
addition to forming polarons, carriers can also form excitons:
hydrogen-atom-like systems in which electrons are bound to
holes and do not contribute to the measured conductivity. Here,
too, THz spectroscopy is useful because this binding interaction
is significantly screened, and exciton transitions often lie in the
THz regime.12

While the observation of polarons, excitons, and other
electron—phonon interactions is useful in its own right, the
full strength of THz spectroscopy lies in its ability to weave these
phenomena into a comprehensive picture of charge transport. In
some cases, transient THz photoconductivity spectra can fit to a
general photoconductivity model overlaid with more specific
features (e.g., resonances from phonons or excitons). In such
cases, the photoconductivity yields the broad strokes of charge
transport while the specific features fill in more granular details.

However, measuring interesting physical phenomena requires
an instrument with both sufficient spectral bandwidth and a high
enough signal-to-noise ratio (SNR). Both the bandwidth and
SNR are determined in large part by the THz generation and
detection methods used. Here we discuss the performance of
some of the most common methods used in THz spectroscopy,
focusing on the trade-offs between these two parameters. In
general, solid-state generation and detection provide higher
nonlinear coefficients and therefore stronger fields, but the
challenge of fulfilling phase-matching criteria results in a reduced
bandwidth compared with air-based generation and detection.

The most commonly utilized solid-state generation and
detection techniques used with amplifier-based systems are
optical rectification (OR) and electro-optical sampling (EOS),
respectively. OR is the difference-frequency analogue of second-
harmonic generation, and EOS is based on the Pockels effect.
OR and EOS are the most simply implemented and robust forms
of THz generation and detection. These methods combine
reasonable bandwidth with a good nonlinear conversion
efficiency, allowing for a nonspecialized THz system that is
easy to setup.

ZnTe and GaP are the most popular choices, with ZnTe
having a large nonlinear coefficient and phase matching at 800
nm (resulting in higher SNR) and GaP having greater usable
bandwidth (~0.1—7 THz versus ~0.1—3 THz; see Figure 2)
due to the phonon mode being at a higher frequency and a lower
cost.”'? Additionally, LiNbO, is sometimes used to generate
high-field THz for measuring THz nonlinearities or as a THz
pump source, although is not as common due to the complicated
tilted-pulse-front pumping geometry required to satisfy phase-
matching conditions and the relatively narrow bandwidth (~0.1
to 2 THz).?

The current state-of-the-art in OR (and EOS) is the use of
organic crystals such as DAST (4-N,N-dimethylamino-4'-N’-
methyl-stilbazolium tosylate) and DSTMS (4-N,N-dimethyla-
mino-4’-N'-methyl-stilbazolium 2,4,6-trimethylbenzenesulfo-
nate). With their impressive bandwidth (~0.2—10+ THz) and
high field strengths,”'*'* these organic crystals have enabled a
wide variety of new THz measurements, such as 2D THz
spectroscopy (i.e., THz-pump THz-probe).'® In contrast with
the aforementioned methods, they often must be pumped in the
near-infrared (1200—1700 nm) and have questionable reli-
ability.

Air-based systems allow ultrabroadband “multi-THz” spec-
troscopy to be performed, utilizing a combination of air plasma

https://dx.doi.org/10.1021/acs.jpcc.0c06344
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generation and air-biased coherent detection (ABCD), which
commonly yield bandwidths in the range of 0.3—30+ THz
(Figure 2)."” Although air plasma generation is fairly
straightforward and cost-effective to implement, ABCD is
much more challenging to construct and requires high voltages
(tens of kilovolts).'” Therefore, many spectrometers utilizing air
plasma generation as the THz source still employ EOS for
detection.

Photoconductive antennae are commonly used for both
generation and detection in oscillator-based THz-TDS systems
and can also be used for THz detection on amplifier-based
systems if care is taken to adjust the power of the laser beam
within the limits of the antennae. For generation, an external bias
is applied to a photoconductive switch, and the ultrafast current
upon laser excitation emits THz radiation. The inverted effect
can be used to detect THz electrical fields on the switch. Other
less common sources are based on ultrafast (local) currents. For
example, ultrafast spin currents and spin-selective scattering in
thin magnetic/nonmagnetic metal layers emit THz radiation
(called spintronic emitters)."®

Introduction to THz Data Analysis. THz-TDS and TRTS
directly measure the sign and magnitude of the transient electric
field with femtosecond resolution, which upon Fourier trans-
formation yields a complex-valued THz spectrum. This means
that in addition to the intensity spectrum, the phase of the
electromagnetic wave is also detected. This provides an
important advantage as it allows one to determine the complex
refractive index (and therefore the complex conductivity)
spectrum.

In general, there are two commonly used approaches to
ascertain the complex conductivity spectrum from TRTS
measurements. The first is based on the so-called “thin-film
approximation”. This approximation was originally applied to
thin (~2 nm) superconducting films on a quartz substrate, and
the core of this approximation is that the photoexcited film
thickness is “thin”."” The second common method involves
transfer matrices and equations that can be defined based on the
known sample geometry. The transfer function gives the change
in amplitude and phase experienced by the pulse as it passes
through the sample. This can be calculated in a straightforward
way from the complex refractive indices of the layers making up
the sample. These equations are then solved numerically for the
complex refractive index for each frequency of interest,
commonly in equally spaced small-frequency steps. For a
more detailed description of this methodology, we refer the
interested reader to work from our group by Neu et al.”* as well
as a free software implementation downloadable online.*’

Both methods have their advantages and shortcomings.” One
advantage of the thin-film approximation is that it analytically
relates the transmission to the conductivity by the following
equation where ¢ is the complex conductivity, n is the
nonphotoexcited refractive index of the substrate material, d is
the photoexcited thickness, Z; is the impedance of free space
(376.7 Q), and T is the transmission function, which is defined
as T(a)rtpump) = Ephoto(w)tpump)/Eref(w)tpump)) where Ephoto and
E. ¢ are the complex transmission spectra for the photoexcited
sample and nonphotoexcited reference.'”

) = n(w) + 1 1 _ 1
e/ 7z d | T(w, )
0 ) “pump (1)

o(w, t

However, the usage of this approximation introduces two main
challenges, the first being how thick can “thin” really be,® and the

second relating to the introduction of artifacts when resonant
features are present.9

To circumvent this challenge and determine the photo-
induced change in the complex refractive index without invoking
any models, it is necessary to use the transfer function approach.
Here the photoinduced change can be calculated based on the
static parameters and the known geometry.”® The static
parameters of each layer need to be accurately known and are
obtained by THz-TDS measurements of the sample material
and the substrates. The calculation itself is slightly more
computationally intense, requiring an optimization procedure at
each frequency point of interest (instead of mere arithmetic, as
with the thin-film approximation). However, an entire spectrum
can be calculated in less than one minute on a moderate desktop
or laptop computer (i.e., extensive computational resources are
not required).

The photoconductivity spectrum is then used to gain insight
into the underlying physical mechanisms that influence the
conductivity. Depending on the material, several physically
motivated or phenomenological models can be considered to
describe the conductivity spectrum.”’ The most common model
is the Drude model. The basic assumption of this model is that
the conductivity is due to free charges, which can be described as
an electron gas. This assumption is valid for bulk, single-crystal
materials such as GaAs. However, most emerging materials do
not fulfill these criteria, and additional mechanisms need to be
considered to accurately describe them. A common extension to
the Drude model was proposed by Smith, resulting in the so-
called “Drude—Smith” model, where opg is the Drude—Smith
conductivity, o, is the static conductivity such that 6, = Ne’z/
m*, N is the carrier density, e is the fundamental unit of charge, 7
is the scattering time, and m* is the effective electron mass 2

ops(w) = % (1 +— )
1 — iwt 1 - iwt ()

The “persistence of velocity” parameter, or “c-parameter”, can
have values between 0 (which corresponds to the Drude model)
and —1. Values close to —1 significantly hinder long-range DC
charge transfer and result in a low conductivity. This parameter
was introduced as a phenomenological modification of the
Drude model. However, several publications strongly suggest
that this parameter is related to long-range charge transfer across
grain or particle boundaries. These assumptions are also
supported by recent work of Cocker et al.”’

The previous models describe only free charges. However,
phonons, plasmons, excitons, and the effects of bound charges
can be detected in the photoconductivity spectrum. These
phenomena commonly exhibit resonant behavior, which can be
described using the Lorentzian oscillator model. This additional
term is commonly added to the conductivity model, such as the
aforementioned Drude—Smith model.”*

B THz SPECTROSCOPY IN MATERIALS SCIENCE

Perovskite Solar Absorbers. Metal halide perovskites are a
class of semiconductor light absorbers that have garnered great
interest over the past decade due to their strong solar absorption,
long recombination lifetime, and high carrier mobility.” THz
spectroscopy has provided significant insights into this exciting
class of materials and continues to provide new insight into
understanding charge transport in perovskites. Such studies
highlight how THz spectroscopy may be applied to other classes
of emerging materials.

https://dx.doi.org/10.1021/acs.jpcc.0c06344
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THz spectroscopy ultimately helps to measure carrier
mobility and identify the factors that may limit carrier mobility.
In perovskites, the carrier mobility should be similar to that of
traditional inorganic ionic semiconductors such as GaAs owing
to their similar effective carrier masses, but, in reality, it is much
lower.”® The carrier mobility can be limited by either intrinsic
effects, such as carrier interaction with the lattice (e.g,, electron—
phonon interactions), or extrinsic effects resulting from material
processing (e.g., grain boundaries).”

In the case where grains are large and defects are minimal,
intrinsic effects are the limiting factor in carrier transport. In the
context of the THz spectroscopy of perovskites, the electron—
phonon interactions are one observable that can provide insight
into charge transport. More specifically, these interactions
include acoustic phonon scattering, interaction via a Frohlich
mechanism, or the formation of large polarons.” To rationally
improve the performance of perovskite materials, it is important
to know which of these phenomena is dominant. Because each
of these phenomena shows signatures in the THz regime, THz
spectroscopy is a valuable tool for gaining such an under-
standing. For example, photoinduced polaron formation in an
all-inorganic perovskite, CsPbBr;, was reported by Cinquanta et
al. Using a combination of TRTS and DFT calculations, they
attributed a transient blue shift in the phonon modes to
electron—phonon interactions related to polaron formation.”’

However, THz spectroscopy can be utilized to enable a much
deeper understanding of charge transport through temperature-
controlled measurements. A prime example of this can be seen in
a report by Zhao et al,, studying electron—phonon interactions
in a mixed composition perovskite, FAgssCsg1sPb(Iy97Brg03)3
(FA = formamidinium), or FCPIB.** In their work, they
performed TRTS as a function of temperature to monitor the
transient change in photoconductivity, extracting contributions
from both free carriers (Drude—Smith) and phonons (Lor-
entzian peak shift). By separating these contributions, they were
able to model the free-carrier contribution using the Drude—
Smith model and extract both the carrier density (N) and the
scattering time (7). In particular, 7 was useful for assigning the
number of scattering channels in FCPIB at low temperature (15
K), although at higher temperatures (65 and 285 K), all of the
scattering channels were thermally accessible. However, one of
the more striking results is their interpretation of N and the
change in the phonon spectral weight (i.e., oscillator strength) at
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short times (<10 ps) and low temperature (15 K). At long
pump—probe delays, third-order recombination is dominant at
the pump fluence used, whereas at short times, they observed
significant deviations. By comparing both N and the change in
phonon spectral weight, or A(w,./27)% for both phonon
modes, they were able to assign this deviation to the formation
and breaking of excitons, resultin§ in phonon emission and
absorption, respectively (Figure 3). *

Whereas Zhao et al.”* probed exciton dynamics indirectly
through the number of carriers, THz spectroscopy can also be
used to directly probe both the presence and binding energies of
excitons. Using ultrafast broadband “multi-THz” spectroscopy,
Lan et al. were able to probe exciton dynamics in addition to the
charge—phonon correlation in the prototypical perovskite,
methylammonium lead iodide (MAPI)."” Excitons in perov-
skites typically have binding energies on the order of 3—41 meV
(~0.7-10 THz), depending on the composition of the
perovskite.”>***” Whereas the lower end of this energy range
is easily accessible, higher energy excitons are outside of the
range of typical THz spectrometers. However, their spectrom-
eter used air plasma generation and ABCD, providing a
bandwidth of up to ~10 THz (~41 meV), allowing them to
directly observe these higher energy exciton transitions and
providing direct insight into the process of free carrier
generation.

It is important to note that not all materials will have resonant
features in the THz regime. However, one can nonetheless
extract useful information from THz measurements. One
significant challenge encountered when measuring carrier
mobilities via THz spectroscopy is the inability to separate the
contribution from electrons and holes. Although one can
separate electron and hole mobilities using methods such as Hall
effect measurements,” these methods require contacts to be
placed on the sample, can alter the material close to the contacts,
and are not feasible for all sample geometries, which is especially
problematic for nanomaterials. However, this issue can be
overcome by combining TRTS with ultrafast transient
reflectance (fs-TR) spectroscopy, as reported recently by Zhai
et al.”’ Using TRTS, they were able to extract the sum of the
carrier mobilities (Y p = . + p11,) of GaAs and a series of lead-
halide perovskites. By incorporating fs-TR measurements, they
were able to extract the ambipolar diffusion coefficient (D),
which is related to the ambipolar mobility (4,;) by the Einstein
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equation and, in turn, can be related to y, and py, by 1/p,, = 1/ 4,
+ 1/, This allows for two distinct mobilities to be determined.
The only caveat is that the two extracted mobilities are not
specific to either electrons or holes and must be assigned using
some a priori knowledge, such as a calculation or previous
literature comparisons of similar materials.*’

Metal Oxide Photoelectrodes. THz spectroscopy also has
made important contributions to the study of metal oxide
photoelectrodes. Metal oxides are often used as photoanodes for
oxidation reactions such as water splitting, largely due to their
stability under harsh oxidation and pH conditions. However,
this important benefit comes at a cost. One such cost is the poor
carrier mobility, which impairs the electrode performance
because sluggish charge transport limits the rate at which
carriers are supplied to the interface to perform water oxidation
or other processes. In addition, it inhibits charge separation,
making it more likely that free carriers will be lost to
recombination. Thus it is imperative to understand the factors
that influence carrier mobility. As previously discussed, THz
spectroscopy provides insights into a number of processes that
are important to carrier mobility, including polaron formation
and carrier confinement within nanostructures.

In many metal oxide semiconductors, the key process limiting
photoconductivity is the formation of small polarons.’’ THz
spectroscopy has been used to understand this process in
emerging metal oxides, most notably in BiVO,.”** BiVO, is a
promising photoanode material due to its small band gap and
stability, but its performance is limited by its poor carrier
mobility. In two recent studies, THz spectroscopy was used to
provide detailed information about the origin of this poor
mobility.””** These studies observed a bleach of the phonon
mode at ~2 THz and attributed this to the lattice distortion
associated with the formation of a polaron. Further computa-
tional investigations assigned this phonon mode to a specific
lattice vibration between the Bi** and VO,>~ units. Thus these
TRTS measurements were able to help ascribe the limited
carrier mobility in BiVO, to a specific structural feature. With
this information, along with structural studies carried about by
other methods,”* it may well be possible to rationally improve
the BiVO, mobility by means of compositional alteration or
other synthetic measures.

One strategy used to mitigate the effects of poor carrier
mobility is the use of a nanostructured morphology in which
carriers are always close enough to the electrolyte interface that
limited mobility is inconsequential. However, nanostructuring is
often achieved with agglomerations of nanoparticles, where the
grain boundaries separating these nanoparticles pose as
obstacles to charge transport. Whereas this might not affect
the holes that simply have to reach the surface to carry out water
oxidation, the electrons must traverse many of these grain
boundaries to reach the electrode back contact. Because of this,
changes in grain boundaries have been attributed to significant
changes in photoelectrode performance.’ For many systems,
the time scale on which a carrier would traverse a single particle
is on the picosecond time scale, making THz spectroscopy an
attractive technique for studying this behavior.”® Thus the
signature of carrier confinement within particles might be
observable in the suppression of low-frequency conductivity in
the THz regime, as carriers are more likely to encounter grain
boundaries at these lower frequencies.”’

This can be useful in attributing poor carrier mobility to
carrier confinement as opposed to other factors, as shown for a-
SnWO, by Kolbach et al.’”” Here they find that photo-

conductivity in the THz regime is significantly greater than
that in the microwave regime, which is consistent with the
suppression of photoconductivity at the low frequencies
previously discussed. They also demonstrate a decrease in
photoconductivity in the microwave region as a function of the
particle size, further supporting the carrier confinement
interpretation.”” As in the polaron studies, this type of
investigation is valuable for the future rational design of
photoelectrodes. Here the importance of carrier confinement
points toward designs that would enhance interparticle transport
as the surest path to increased performance.

The previously discussed work provides a valuable template
for future THz contributions to the area of metal oxide
photoanodes. For many promising metal oxide photoelectrode
candidates, the carrier mobility remains a significant issue,”® and
thus detailed investigations of both polarons and carrier
confinement will remain important. A number of difficulties
present themselves here, however. The lower carrier mobilities
found in these materials (e.g,, ~0.4 cm® V™' 57! for BiVO,)*’
result in low signals in the TRTS experiments discussed here.
These low signals require care both in optimizing the instrument
as well as in carefully selecting THz generation and detection
methods. In addition to achieving the sensitivity required to
measure low signals, investigating promising metal oxides will
require larger bandwidths than those commonly used in many
previous studies. Whereas typical measurements span the range
of ~0.5—2.5 THz, the phonon features that would be useful in
studying polaron formation often lie at higher frequencies: For
example, phonons of interest in hematite (a-Fe,0O5) lie as high as
~20 THz,”” whereas BiFeOj has a phonon mode at ~3 THz.*
In this regard, new broadband “multi-THz” spectrometers, such
as those previously discussed, will be essential to probing these
phenomena, and it will be important to evaluate trade-offs
between the measurement sensitivity and the bandwidth.

Metal-Organic Frameworks. The classes of materials
discussed up to this point are relatively well established,
although with many emerging properties still being developed
and discovered. We now turn to emerging classes of materials
that are less well understood and are at the forefront of materials
science and where THz spectroscopy has contributed valuably
to early explorations. Metal—organic frameworks (MOFs) are
highly ordered, tunable, and porous materials composed of
organic linkers interconnecting highly tunable inorganic metal
nodes. These properties have proven beneficial for applications
in gas separation and storage, chemical sensing, drug delivery,
molecular separation, and heterogeneous catalysis. However,
partially due to their structural makeup, MOFs tend to be
electrically insulating, limiting their efficacy in electrocatalytic
and photocatalytic reactions. Yet over the past several years,
researchers have overcome this issue by engineering conductive
channels into MOF structures.*' Insulating MOFs have also
been modified to impart conductivity by intercalation with
redox-active molecules.

THz spectroscopy, including both OPTP and TRTS, is
especially relevant to photoconductive MOFs. No other
technique has proven capable of measuring subpicosecond
photoconductivity in MOFs, which is particularly important to
understand them to improve their photoconductivity with
further engineering. Alberding et al. published one of the first
reports of OPTP on MOFs."”” Cus(1,3,5-benzenetricarboxy-
late), (HKUST-1) and Cu[Ni(pyrazine-2,3-dithiolate),] are
two MOFs that do not exhibit intrinsic photoconductivity.
However, when intercalated with redox-active species, 7,7,8,8-
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tetracyanoquinodimethane (TCNQ) or iodine, they become
photoconductive. In this study, the MOF samples were pressed
on top of polyethylene pellets and were measured using OPTP
with a 400 nm photoexcitation. TCNQ @HKUST-1,
TCNQ  @Cu[Ni(pdt),], and I;"@Cu[Ni(pdt),] were all
shown to exhibit ultrafast photoconductivity that decayed
almost fully within 2 ps.

To explore charge transport in conductive MOFs, one study
employed temperature-dependent TRTS.** These experiments
were performed on a semiconducting 2D Fe;(THT),(NH,);
(THT = 2,3,6,7,10,11-triphenylenehexathiol) free-standing
MOF film composed of van der Waals stacked layers. To
elucidate the nature of photoconductivity in the sample, the
frequency-dependent complex photoconductivity under 800 nm
photoexcitation was collected. The frequency-integrated photo-
conductivity as a function of pump delay (Figure 4a) shows a
biphasic decay with a majority of decay occurring on a
picosecond time scale.*’
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Figure 4. (a) Frequency-integrated photoconductivity as a function of
the pump—probe delay for Fe;(THT),(NH,); photoexcited with an
800 nm pump pulse at room temperature and a biexponential best fit.
Comparison of THz and Hall effect (b) carrier densities (N) and (c)
mobilities as a function of temperature. Adapted with permission from
ref 43. Copyright 2018 Springer Nature.

TRTS measurements were performed and compared with
Hall effect DC measurements as a function of temperature
(Figure 4b,c). The Drude fits to THz results were extrapolated
to zero frequency for comparison with the DC measurements.
The conductivity determined via THz was found to be
approximately an order of magnitude larger than the
corresponding DC measurement at room temperature. How-
ever, the THz mobility and carrier density (black circles, Figure
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4b,c) did not decrease as a function of temperature because the
carrier density was fixed by the optical pump pulse intensity (i.e.,
photon flux). In contrast, the carrier density in the Hall
experiment decreased exponentially with temperature (red
squares, Figure 4b) as the conduction band was thermally
depopulated. The carrier mobility was found to be temperature-
independent in both measurements, suggesting an impurity
carrier scattering mechanism (Figure 4c). Clearly, whereas the
comparison with DC measurements yields valuable insight, the
photoconductivity information obtained by TRTS is different
due to its inclusion of an optical excitation, time resolution, and
local sampling, as opposed to the time-averaged long-distance
transport in DC measurements. Comparing both experiments
therefore allows a more conclusive understanding of the
underlying physical mechanism."’

In the previous example, free-standing films of a 2D MOF
were measured via TRTS. Such samples are difficult to prepare
and limited to few MOFs. Furthermore, they are likely oriented,
leading to potential anisotropy concerns that must be addressed
during the measurement. Therefore, it is ideal to measure as-
prepared polycrystalline MOFs that are randomly oriented in a
powder sample to gain isotropic photoconductivity information.
In a study from our group, the photoconductivity of the
conductive MOF Zn,TTFTB (TTETB*" = tetrathiafulvalene
tetrabenzoate) was investigated using TRTS in which as-
prepared powders were measured.**

The OPTP results using 400 nm photoexcitation showed a
triexponential decay with an instrument response function
(IRF)-limited component (0.6 ps), a 31 ps component, and a
long-lived component that accounts for the remaining photo-
conductivity at the end of the time window (2 ns), the latter
being consistent with previous time-resolved microwave
conductivity measurements.** The frequency-dependent photo-
conductivity was fit with the Drude—Smith model, where the
carrier scattering time was determined to be 17 fs, which is
sufficiently small such that TRTS probes the nonresonant
response of free charges and not the Drude plasmon resonance.
Furthermore, insight into charge transport within Zn,TTFTB
was gained from the c-parameter, which was determined to be
—0.86, suggesting that charge transport is likely hindered due to
grain boundaries or particle size. Insight into the microscopic
photoconductivity on a subpicosecond time scale is simply
unattainable with any other technique.

Moving forward, the insights gained using THz spectroscopy
to investigate MOF photoconductivity will depend on engineer-
ing MOFs with larger photoconductivity (to improve signal) or
the development of higher sensitivity, ultralow noise spec-
trometers. Ideally, measurements need to be performed over a
wide range of pump fluences to gain further carrier-density-
dependent dynamic information.

Beyond photoinduced carrier mobility, TRTS is capable of
probing structural dynamics in crystalline MOF materials.
Resonant absorption features due to the low-frequency
collective motions of several atoms often occur in the THz
region of the electromagnetic spectrum and may be useful in
understanding the effects of lattice vibrations on charge
transport. Temperature-dependent measurements, such as
those demonstrated by Dong et al,** may be especially useful
in this regard. Dynamics have been studied by pressure
changes,* temperature effects,** and the effect of gas adsorption
on certain resonant absorptions.”’ These THz-TDS studies
highlight the fact that rich structural information can be
obtained in MOFs in the THz frequency range, and time-
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resolved photoinduced structural dynamics may very well be an
important future application of TRTS to MOFs.

2D Materials. 2D materials are typically composed of sheets
a few atoms thick that stack through van der Waals forces. There
are numerous classes of 2D materials, including graphene,
transition metal dichalcogenides (TMDs), and MXenes, with
electronic properties ranging from superconducting to insulat-
ing and everything in between.”® These properties have been
taken advantage of in a wide variety of applications such as
supercapacitors, batteries, photocatalysts, and photoelectrodes,
among others.*® For many of these applications, the
conductivity and ultrafast photoconductivity are important
properties that underlie performance but are currently not fully
understood. This makes THz spectroscopy an ideal technique
for studying these materials.

Graphene is the prototypical 2D material and has been
extensively studied using THz spectroscopy.4 A strong message
from these studies is that for graphene, as well as other 2D
materials, samples produced using different procedures should
not be assumed to have similar physical properties as probed via
TRTS. Synthetic effects in graphene such as substrate doping
have been shown to change the sign of the change in THz
transmission, " implying increased conductivity after photo-
excitation in some cases and decreased conductivity after
photoexcitation in others. However, this positions THz
spectroscopy as a useful technique for studying these properties
of 2D materials as a function of material fabrication parameters.

More recently, THz spectroscopy has been utilized to better
understand carrier dynamics in TMDs.* There have been
multiple THz studies performed on MoS,, specifically on the 2H
semiconducting phase that is relevant in applications such as
batteries and photocatalysts. Docherty et al. used OPTP to study
monolayer and trilayer 2H-MoS,, where the photoexcited
carrier lifetime was determined to be three times larger in the
trilayer form on an ultrafast time scale even though both samples
showed a long-lived photoconductivity signal beyond the
measurement time delay range. Monolayer WSe, was also
studied in this work.”" Frequency-dependent photoconductivity
spectra were measured via TRTS and modeled using a Drude
model and a sum of Lorentzian oscillators including excitons and
trions. Whereas the Lorentzian features were outside the
frequency range of the measurement for 2H-MoS,, a clear
trionic resonance was well-modeled with the Lorentzian model
for WSe,.>' As with graphene, sample preparation strongly
impacts the physical properties of MoS,. For example, in
contrast with the Docherty et al. study, Lui et al. measured
decreased conductivity after photoexcitation when using certain
preparative procedures.>”

MZXenes are another class of 2D materials that have been
investigated with THz spectroscopy. These materials are made
by removing Al from a “MAX” such as Ti;AlC, (where “M” is a
metal, sometimes more than one, “A” is Al, and “X” is C or N),
resulting in a 2D layered metal carbide or nitride material.
Typically, MXenes are multilayer materials, but many can be
delaminated to obtain single sheets. As is the case with some
other 2D materials, MXenes can demonstrate either metallic or
semiconducting properties, suggesting that they may be
applicable in energy storage and production systems.’* Li et
al. recently reported results for Mo-based MXenes, Mo, Ti,C;T,
and Mo,TiC,T, (where T, represents surface terminations),
using THz spectroscopy to study carrier dynamics.”” TiyC,T,,
which is known to have metallic character, yielded greater THz
transmission after visible-light photoexcitation, suggesting

reduced carrier mobility after heating of the electron gas, as
expected in a metallic conductor. The semiconductor-like
Mo, Ti,C,T, and Mo,TiC,T, showed enhanced photoconduc-
tivity upon photoexcitation, and OPTP measurements revealed
distinct carrier dynamics, as measured by OPTP before and after
an annealin% step that decreased the internanosheet distance
(Figure 5).5‘
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Figure S. Time-resolved THz spectroscopy of Mo, TiC,T, MXene. (a)
Cartoon of the solvent and cation removal effect due to annealing under
vacuum, resulting in a change of internanosheet distance. (b) OPTP
traces comparing unannealed and annealed samples, showing an
increase in the long-time photoconductivity. Adapted with permission
from ref 53. Copyright 2020 American Chemical Society.

Frequency-dependent photoconductivity spectra of the
unannealed and annealed samples at various time delays were
fit using the Drude—Smith model. Here annealing resulted in a
less negative c-parameter (i.e., more Drude-like), suggesting
higher internanosheet mobility compared with the nonannealed
material that has a larger internanosheet distance. Furthermore,
by comparing the photoconductivity with the ground state (i.e.,
dark) conductivity spectrum, it was suggested that ground-state
(or intrinsic) conductivity is mainly intrananosheet, in contrast
with the internanosheet photoconductivity. This work high-
lights the wealth of knowledge that can be obtained in 2D
materials by combining THz-TDS and TRTS, which can be
easily performed on the same instrument.

These studies of 2D materials demonstrate the power that
THz spectroscopy has in understanding how synthetic
conditions can alter the photoconductivity in a material.
Furthermore, TRTS may be useful for gaining important
mechanistic information regarding interlayer charge transport
in 2D material heterostructures formed from different
combinations of layered materials due to the weak van der
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Waals forces,” a field that certainly will be important for
developing tunable materials. In addition, anisotropic measure-
ments may be possible by controlling both the pump
polarization and the THz probe polarization as well as the
sample orientation to probe specific orientations of the 2D layers
in highly ordered samples. Systematic studies aimed at
understanding the manner in which synthetic conditions can
alter the sign, magnitude, and mechanism of photoconductivity
in 2D materials will be instrumental in characterizing the inter-
versus intraplane conductivity contributions, among other
things. When developing new materials, understanding these
contributions is critical toward the effective application of 2D
materials in devices.

Bl CONCLUSIONS AND OUTLOOK

THz spectroscopy has proven to be a powerful tool in
understanding the photoelectrical properties of emerging
materials. Over the past few decades, THz spectroscopy has
matured into a technique that is accessible to new users, yet it is
still making improvements at the cutting edge of THz science.
For example, recent work by Tarekegne et al. studied THz
nonlinearity in 4H-SiC using 2D THz spectroscopy (i.e., THz-
pump, THz-probe), which is a state-of-the-art technique
analogous to 2D-IR spectroscopy that may have applications
in studying other emerging materials.'® The insights provided by
THz measurements provide mechanistic information that is
unobtainable using other methodologies. In addition, the
contact-free nature of the technique and the flexibility in sample
geometry make this technique especially useful for emerging
materials. Methods for sample preparation range from powders
pressed into pellets,"" to thin films,”® to suspensions of small
sample quantities in Nafion,’ demonstrating that THz spec-
troscopy is applicable to the study of a diverse array of materials.

It is clear that investigating the next generation of materials
will require two advancements in THz technologies. The first of
these is the development of large bandwidth “multi-THz”
spectrometers to probe high-frequency resonant and dielectric
phenomena that may be limiting charge transport in emerging
materials. For example, even with established techniques such as
ABCD, there exist other broadband detection methods such as
solid-state biased coherent detection (ss-BCD),”” which is
already commercially available and yields a bandwidth out to
~10 THz. Second, the development of ultrahigh SNR and
dynamic range spectrometers will be essential for measuring
low-signal materials that are at the forefront of materials science
and will allow for full 2D TRTS measurements to be achievable
in a reasonable time frame.

In addition to highlighting technical advances, it is essential to
stress that collaboration between materials scientists, spectro-
scopists, and theoreticians will become increasingly important.>®
In such a collaborative framework, experts in THz spectroscopy
can study materials at the forefront of materials science using
state-of-the-art methodology and accurately describe their data
in collaboration with theoreticians. Much of the work described
here was the result of collaborative efforts, and the resulting
insights—whether it is how electron—phonon interactions affect
charge transport or simply how the material mobility changes
with composition—would not have been possible without such
collaborations. Moving forward, it is crucial that we maintain
such a collaborative network of materials scientists, spectro-
scopists (THz or otherwise), and theoreticians to greatly
advance the development of the next generation of materials.
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