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ABSTRACT: Defect states and polarons of photocatalytic semi-
conductors play important roles by notably influencing carrier
mobility and reactivity. Extensive studies have focused on
identifying defect states and the physical properties of polarons,
as well as their consequential impact on catalytic efficiency. This
Featured Article summarizes recent investigations of defects and
polarons using time-resolved spectroscopies in photocatalytic
semiconductors. These include transient infrared absorption—
excitation energy scanning spectroscopy to identify defect states
within the bandgap of photocatalytic materials such as anatase and
rutile TiO,, ZnO, and CdS and time-resolved spectroscopic studies
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on the temporal evolution of photogenerated electron and hole polarons within these semiconductors. Finally, we address the

current challenges in the study of defects and polarons.

1. INTRODUCTION

In recent decades, remarkable progress has been made in
utilizing photocatalytic semiconductor materials for applications
such as solar overall water splitting to produce H, and O,," as
well as for the degradation of pesticides, grease, and textiles in
real wastewater” and sophisticated macromolecular synthesis.”
Generally, semiconductor photocatalysts are nanocrystalline,
introducing various defects that act as traps for photogenerated
carriers, thereby affecting photocatalytic reactions. For example,
defects can serve as recombination centers for charge carriers,
decreasing their lifetime,* or as active sites that increase the
content of surface-adsorbed products.” Ideally, photocatalytic
semiconductor materials are highly photoreactive in their
perfect lattices,s’7 and several methods, such as metal ion
doping,8 thermal annealing, solvothermal treatment,” and
recrystallization,10 can improve their crystallinity. For instance,
aluminum cation-compensated doping in SrTiO; extends carrier
lifetimes by passivating oxygen vacancy defects (V) in SrTiO;
lattices.® Later, it was recognized that defects in semiconductors
can extend the visible light absorption region and enhance
photocatalytic efficiency. Tyfical photocatalytic semiconduc-
tors such as TiOZ,11 7Zn0,"* CdS,"> GaAs, GaP, CdSe, and
SiC'*"'® have been modified through defect engineering to
enhance their photocatalytic efficiency. For example, through
surface defect engineering, Shi et al. discovered that sulfur
vacancy defects in P-doped CdS act as active sites on the CdS
surface, prolonging the lifetime of photogenerated electrons."
Shahrezaei et al. reported that Vi and Ti** species in TiO,
nanotubes can effectively trap and stabilize Pt single-atomic
catalysts, showing excellent performance in photocatalytic water
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splitting.'" These surface defect states act as mid-gap states
located between the valence band (VB) and conduction band
(CB) of semiconductors, influencing photocatalysis efficiency
by trapping electrons and holes.'”"” In photocatalytic water
splitting, the ideal energy difference between the VB and CB
edges of the materials is reported as 1.6—2.4 ¢V,'® ensuring the
two band edges must straddle the electrochemical potentials of
the O,/H,0 and H'/H, redox couples. Electrons and holes are
more reducible and oxidizable, respectively, when positioned
more negatively or positively than the electrochemical potential
of H*/H, or O,/H,0." Trapped electrons and holes within the
band gap can also participate in photocatalytic water splitting if
their trapped energy levels exceed the electrochemical potential
of the O,/H,0 and H'/H, redox couples. Photocatalytic
reactions primarily occur at the surface of the semiconductor
materials, where the surface may has many defects. Owing to the
faster relaxation rates of photogenerated free carriers to trapped
states (ps to ns) compared to surface chemical reactions (ms to
s),”" chemical reactions proceed at trapped states rather than
free-carrier states. Once photogenerated free-carrier states relax
to trapped states, accompanied by phonon coupling, they form
electron and hole polarons.”' Therefore, it is necessary to
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Figure 1. Position of the oxygen vacancy (V) in TiO, and ZnO. (a) Calculated energetic position of the relaxed Vj, in TiO,.>” (b) Ball-and-stick
representation of the local atomic relaxations around the Vg in the 0, 1+, and 2+ charge states in ZnO. The position of the al state is shown for the
equilibrium configuration of each charge state.’® (a) Reproduced with permission from ref 37. Copyright 2010 American Physical Society. (b)
Reproduced with permission from ref 38. Copyright 2005 American Institute of Physics.

develop methods to detect the energy levels of mid-gap states
and probe the formation of electron and hole polarons.

Several methods are available for detecting defect states and
their trapping and recombination kinetics, including ultra-
violet—visible absorption spectroscopy,” electrochemical im-
pedance spectroscopy,” photoluminescence (PL),** photo-
conductivity,”* space charge limited current,* time-resolved X-
ray absorption spectroscopy (TR-XAS)>”*® and visible transient
absorption spectroscopy (VIS-TAS).”” However, methods such
as PL only provide broad spectral features, making it challenging
to differentiate between trapped states and discrete states.
Additionally, these methods cannot simultaneously define the
initial and final states of the optical transition, complicating the
alignment of the mid-gap energy levels respect to the CB
minimum (CBM) or the VB maximum (VBM). In light of these
challenges, we developed the transient infrared (IR) absorp-
tion—excitation energy scanning spectroscopy (TIRA—EESS)
method.”® TIRA—EESS accurately locates discrete defect states
within the band gap of semiconductors and identifies the initial
and final states of the transition process. This method
distinguishes surface defects from bulk phase defects in anatase
and rutile TiO, by comparing the mid-gap-induced transition
intensity of TiO, nanoparticles of different sizes.’’ It also
provides information about mid-gap states in ZnO and CdS,*
where the energy levels of point defects, such as vacancies and
interstitials, can be identified in the band structure with
reference to the theoretical calculations™™>° and a series of
fluorescence experiments”**® in the literature.

Typically, three types of isolated defects in semiconductors
are considered: vacancies, interstitials, and anti-site defects.>’
The energy levels of these defects have been studied
theoretically by calculating the density of states and thermody-
namic transition level of defects with different charge states.**~**
In practical research, only defects with the lowest formation
energy are usually considered. For instance, in TiO,, the O
vacancy (V), with the lowest formation energy among all point
defects,”” forms when an O atom is removed from the TiO,
lattice, resulting in three Ti dangling bonds pointing into the
Vo.”” The charge state of the V, depends on the occupancy of

electrons within the Vo.** In the +2-charge state of Vo (Vo**),
there is no trapped electron occupancy, causing the three
nearest-neighbor Ti atoms to relax away from the vacancy,
leading to a shift of the defect levels to higher energy in the CB,
as shown in Figure 1(a). Conversely, in the neutral charge state
(VQY), the Vg defect is doubly occupied by trapped electrons,
with Ti atoms remaining close to their nominal positions,
resulting in a gain of electronic energy and a shift to lower energy
levels. The energy level of +1 charge Vi, (Vo'*, occupied by one
trapped electron) is expected to be positioned between the V,**
and V,,* states near the bottom of the CB.*” Similar works*® have
also been reported to calculate the energy levels of 0, + 1 and +2
charge states of V in ZnO semiconductors, as presented in
Figure 1(b), where the V, of different charge states in ZnO are
all located within the bandgap.

The Fermi level of the trapped states (Eg,) is analogous to the
quasi-Fermi levels for trapped electrons in bulk semiconductors,
different from the Fermi level of free electrons (Eg,), which
represents the quasi-Fermi level of excess electrons in a
nonthermal equilibrium semiconductor.*® Based on this Eg,
concept, defects are considered filled with trapped electrons
when located below the Eg, while defects without trapped
electrons reside above E. If the electrons in the semiconductors
are excited from the ground state to the excited state by the laser
with different wavelengths, four types of transitions can occur
when the excitation wavelength is scanned upward from the
above band gap energy: (1) from VB to CB, (2) from VB to
defect levels above Eg,, (3) from defect levels below Eg, to CB,
and (4) between defect levels below and above Eg,.””’' Optical
transitions induced by above band-gap illumination (VB to CB
transition) predominantly occur from a singularity of a filled
band (e.g., VBM) to a singularity of an emgty band (e.g., CBM)
owing to the van Hove singularity effect.”

Excess electrons (or holes) located within lattice defects
deform the highly polarizable crystal lattice and form
quasiparticles known as polarons, which consist of the electrons
(or holes) and an associated lattice deformation.””*® The
behavior of these charge carriers can be classified into three
distinct types based on the strength and nature of their
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interaction with the lattice: (i) free, delocalized carriers in the
absence of coupling, (ii) electrons (or holes) moving within
their self-induced long-range polarization cloud (large polarons)
under weak coupling, and (iii) immobile self-trapped electrons
(or holes) (small polarons) resulting from sufficiently strong
short-range electron—phonon interaction.*”** Since Landau
introduced the concept of self-trapped carriers as polarons in
1933,"" there has been increasing theoretical and experimental
interest in studying polarons. In ionic, polar, and ferroelectric
materials, a large polaron can typically be described using the
Frohlich polaron model, characterized by nonlocal interaction
between the electron and a longitudinal optical phonon branch,
as shown in Figure 2(a). The formation energy of large polarons
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Figure 2. Schematic illustration of large and small polarons. (a) A
Frohlich-type polaron with a formation energy of 37 meV and a radius
of 147 A.°° (b) Photoionization of a large polaron occurs when a self-
trapped carrier is excited from the ground state of the potential well to
the continuum of unbound states, with horizontal dashed lines
representing energy levels of the bound and continuum states.”! (c)
Schematic illustration of polarization caused by the self-trapping of an
electron at a lattice site and the formation of a Holstein polaron.®" (d)
(left) Schematic representation of the photoionization of a small
polaron. (right) Transport of a small self-trapped carrier (hatched
region) requires the motion of atoms (black dots). Incoherent motion
occurs as the self-trapped carrier adjusts to the classical motion of
atoms.”" (a) Reproduced from ref 60. Available under a CC-BY license.
Copyright 2023 Hyungjun Lee et al. (b) Reproduced with permission
from ref 21. Copyright 1993 American Physical Society. (c) Adapted
with permission from ref 61. Copyright 2020 Wiley-VCH. (d)
Reproduced with permission from ref 21. Copyright 1993 American
Physical Society.

resembles those of a hydrogen atom,””*' and their photo-

ionization can be modeled using the 3potential well of a hydrogen
atom, as shown in Figure 2(b).>>** This model considers the
excitation of polarons from the ground state of the self-trapping
potential well to excited states within the hydrogenic potential,
with higher energy capable of exciting self-trapped polarons into
the continuum of free-carrier states.”” Sezen et al. experimentally
studied the hydrogenic potential well model using infrared
spectroscopy, attributing the IR absorption peaks observed at
112 meV (910 cm™), 149 meV (1205 cm™), and 170 meV
(1375 cm™) to transitions from the ground state to the first,

second, and third excited states within the hydrogenic potential,
respectively.”* The radius of a large polaron is markedly larger
than the lattice parameter (i.e., the distance between adjacent
atoms in the lattice).”® The effective Bohr radius of a large
polaron in its hydrogenic self-trapped state is determined using
2
R= :z_zﬂ}u where R is the effective Bohr radius of a large
me
polaron, m* is the carrier’s band effective mass, e is the
elementary charge and f§ = (L - %), with &, as the high-
-0

£

frequency (optical) dielectric constant and &, as the static
dielectric constant of semiconductor. The effective mass of large

polarons (m*) can be approximated as m™ &~ ma*, where « is

the dimensionless electron—phonon interaction strength and m

. 21,47 A

is the mass of free electrons. In terms of their migration,

large polarons can move similar to free particles with an effective
£ m* if thei i ir radius,”"

mass of m* if their de Broglie wavelength exceeds their radius,

defined as 4 = %, where v is the velocity of large polarons.

Conversely, small polarons are characterized by the Holstein
model, which considers short-range electron—phonon (optical)
interactions in molecular crystals. In this model, the energy of a
charge carrier depends solely on the deformation of the
molecule it occupies.””*” The radius of small polarons is
comparable to the lattice parameter (Figure 2(c)).>® The
motion of small polarons between sites is incoherent, involving
hopping processes (Figure 2(d)).*® During this incoherent
motion, a self-trapping state is destroyed at one site while
simultaneously initiated at a neighboring site.””>” Conse-
quently, compared with the large polaron, small polarons exhibit
lower mobility and higher effective mass. The minimum effective
mass associated with coherent motion of small polaron is

expressed as m™ & *! where R,,(O) represents the

h
R4(0)a”’
maximum rate of such coherent motion occurring at absolute
zero temperature,”’ and a denotes the distance of polaron
movement per lattice constant.

The properties of polarons are increasingly important in
photocatalytic semiconductors because the photoexcitation of
polaronic states and the transport of photogenerated carriers are
imperative in determining photocatalytic efficiency.”®”> The
transport of electrons depends on the coupling mechanism of
carriers with lattice ionic vibrations. For instance, Zhu et al.
identified the crucial role of polarons (Ti**OH) in electron
storage and transfer, where the polaron states are located at the
CdS—TiO, heterojunction interface.”® Therefore, fundamental
research into characterizing the transient behavior of polarons
under photoexcitation is crucial for understanding their role in
semiconductor properties after photoexcitation.‘%_66

Currently, the presence of polarons in semiconductor
materials can be detected through various experimental
techniques, including scanning tunneling microscopy
(STM),*”** atomic force microscopy,” angle-resolved photo-
emission spectroscopy,’ electron paramagnetic resonance,”' ="
and Raman scattering. 4=76 For instance, Guo et al. utilized a
pulsed laser by coupling to the STM junction to investigate the
relaxation dynamics of single polarons trapped to V5 on the
surface of rutile TiO,. They established a direct correlation
between the atomic environment and the photo-response of
polarons using homemade cryogenic STM.”” However, steady-
state microscopy or spectroscopy cannot capture the time-
resolved formation process of polarons, specifically the coupling
of excited carriers and phonons. Therefore, ultrafast spectros-
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Figure 3. Determination of the Fermi level of trapped electrons (Eg,). (a) Transient mid-IR decay kinetics of anatase TiO, excited at 880 and 890 nm,
showing the critical excitation wavelength of 890 nm where a faster decay component appears. (b) Schematic illustration of the difference between
electron excitation from Eg, to the CB and excitation to trapped states below the CB.*® (a) and (b) Reproduced from ref 30. Copyright 2013 American

Chemical Society.

copy has become the mainstream technology for experimentally
detecting polaron formation. Over the past decades, femto-
second time-resolved spectroscopy techniques have remarkably
advanced in polaron detection owing to their unique technical
advanmges.78 For instance, time-resolved resonance Raman
spectroscopy, sensitive to local structure and intermolecular
order of crystals, provides direct insights into phonon peaks
during polaron formation.””*" Transient absorption spectros-
copy (TAS) is another frequently utilized method for detecting
polarons in various materials, including two-dimensional
materials (few-layer PtSe,),”" perovskites (MAPbL;),** photo-
electric materials (hematite a-Fe,05),** and core—shell CdSe/
CdS nanoplatelets.** TAS detects excitation-induced phonons
through the oscillation signal from phonons coupling to the
trapped carriers in TA kinetics.

This Featured Article highlights recent developments in our
laboratory in the detection of mid-gap energy levels and polaron
states in photocatalytic semiconductors through TAS and
TIRA—EESS. We introduce methods such as TIRA—EESS
and mid-IR TAS for detecting energy levels of defects or trapped
states within the bandgap, along with the kinetics of polarons.
Furthermore, other related works are reviewed to shed further
insights into the dynamic evolution of polarons in different
photocatalytic semiconductors, including TiO,, ZnO, and CdS.
Finally, several outlooks and pending problems are summarized.

2. RESULTS AND DISCUSSION

2.1. TIRA—EESS for Detection of Mid-Gap Defects.
There are two types of TIRA—EESS based on time resolution:
nanosecond time-resolved TIRA—EESS and femtosecond time-
resolved TIRA—EESS. The nanosecond time-resolved TIRA—
EESS was initially measured using the nanosecond time-
resolved TA kinetics with scanning excitation photon energy
within the bandgap of semiconductors. Specifically, a 532 nm
pulse laser from an Nd:YAG laser pumped an optical parametric
oscillator (OPO, Spectra-Physics), generating output wave-
length ranging from 350 to 2,400 nm, which served as the
wavelength-scanning excitation source for exciting the mid-gap
states. A continuous mid-IR probe laser from a quantum cascade
laser (4.78 pm DRS Daylight Solutions) was employed as a

probe source and the probe light is detected by a single-channel
mercury cadmium telluride (MCT) detector (Kolmar). The
kinetics were recorded using a digital storage oscilloscope.””
Finally, TIRA—EESS was performed by recording the time-
resolved difference absorbance against the excitation wave-
length.

The TIRA—EESS involves scanning the excitation photon
energy within the band gap of semiconductors, where electrons
are optically excited directly into the CB or into localized
unoccupied mid-gap states below the CB.*> The transient mid-
IR spectra serve as probes to differentiate various kinds of
excited electrons.*® Based on the Drude model describing the
absorption spectra of electrons in the mid-IR region, its line
shape can be described using the formula AOD(4) « A”, where
the exponent p distinguishes different kinds of free electrons.
Theoretical values of p are 1.5, 2.5, and 3.5 for free electrons
scattered by acoustic phonons, optical phonons, and ionized
impurities, respectively.*>®” In addition, as the lifetimes of
electrons in the CB and trapped states differ, their final states can
be recognized by their respective kinetics.”® This characteristic
feature has been used to determine Eg, at the turning point of
photogenerated electron decay kinetics. Figure 3(a) shows the
kinetics of excited electrons in anatase TiO,, where electrons
excited in the CB at 880 nm exhibit slower decay kinetics,
whereas those excited into trapped levels below the CBM at 890
nm decay faster.”' The accelerated decay kinetics is attributed to
trapping by mid-gap levels. Figure 3(b) illustrates that the
position of E in anatase TiO, is determined to be 1.41 eV (880
nm) below the CB. Thus, when the excitation wavelength is
scanned from the above band gap transition, it is expected to
identify two kinds of final states of electron transition, i.e., the
electrons in CB and electrons trapped in localized states, where
the two final states are expected to corresponding to two
minimal transition energies: (1) from Eg, to CBM and (2) from
Eg, to the lowest energy level of localized states.”” During the
search for these two minimal excitation energies, a transition in
the kinetic can be observed, which appears when the excitation
wavelength is less than the minimal transition energies for
electron transition from Eg, to CBM.”" Consequently, the initial
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Figure 4. Experimentally determined mid-gap energy levels via the transient infrared (IR) absorption—excitation energy scanning spectroscopy
(TIRA—EESS). (a) and (b) Schematic illustrations summarizing the experimentally observed defect levels of anatase and rutile TiO, nanoparticles,
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defects. (d) TIRA—EESS comparison between anatase and rutile nanoparticles of similar size (~20 nm), with the inset showing the corresponding
normalized spectra. Anatase exhibits a much higher density of both the surface and bulk defects compared to rutile.”’ (a—d) Adapted from ref 31.
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states of excitation can be determined based on the position of
final states, Eg, and the excitation wavelength.

Femtosecond time-resolved TIRA—EESS was measured
using a femtosecond TA spectrometer equipped with a
titanium-doped sapphire laser as the light source. The laser
output was divided into two beams: one beam pumped an
optical parametric amplifier (OPA) to provide tunable narrow-
band excitation wavelengths from ultraviolet (300 nm) to mid-
infrared (6,000 nm), serving as a wavelength-scanning excitation
source for mid-gap states. The other beam generated mid-
infrared supercontinuum light (3—10 ym) through four-wave
mixing in air, used as a probe to detect the excited electrons. The
probe light was focused into a monochromator and detected
through a 64-channel MCT array detector (Infrared Systems
Development) with a spectral resolution of 10 nm. Femto-
second TIRA—EESS data were also recorded to show the
difference in absorbance against the excitation wavelength. The
IR absorbance was normalized by the excitation intensity,
quantified in terms of the photon number.

Compared to nanosecond TIRA—EESS, femtosecond
TIRA—EESS offers three advantages: (1) higher temporal
resolution: nanosecond TIRA—EESS is limited by the response
time of the MCT detector (80 ns), while femtosecond TIRA—
EESS achieves a resolution of 100 fs. (2) Broad detection
spectral region: the 64-channel MCT detector covers a wide
spectrum from 3 to 10 ym with a spectral resolution of 10 nm.
(3) Broad excitation wavelength region: nanosecond TIRA—
EESS uses an OPO with a scanning wavelength excitation range
of 350—2400 nm, while femtosecond TIRA—EESS uses an
OPA, covering 300 to 6000 nm. The extension of excitation
wavelength into the mid-IR region allows the femtosecond
TIRA—EESS to detect shallow trapped states. However,

nanosecond TIRA—EESS observe kinetics ranging from 100
ns to 10 ms, while femtosecond TIRA—EESS is limited to 3 ns.

2.2, Detection of Defect States via TIRA—EESS in
Photocatalytic Materials. TIRA—EESS provides the energy
levels of mid-gap states in bandgap of semiconductors with
nanosecond or femtosecond time resolution. We will briefly
review the determination of mid-gap energy levels and excited
polarons via TIRA—EESS and TAS in several typical semi-
conductor photocatalytic materials.

2.2.1. TiO, TiO, is a wide band gap (3.2 eV) oxide
semiconductor, a widely studied material for photocatalysis and
solar energy conversion.*® TiO, exists in three common
crystalline structures: anatase, rutile, and brookite. Generally,
anatase TiO, is recognized as the most active phase in
photocatalysts for environmental applications, while only rutile
TiO, can proceed photocatalytic overall water splitting. Surface
defects engineering is pivotal for improving the photocatalytic
efficiency of TiO,, modifying its surface properties and band
structure.®® V, is the most common defects in TiO, owing to
their lowest formation energy compared to other defects.”” The
formation of V involves the removal of a neutral oxygen atom,
resulting in excess electrons occupying the vacant Ti sites and
the generation of Ti** species.”’ These defects play an important
role in several processes of photocatalysis. For example, the
defects of Ti** act as color centers that enable visible light
absorption, and surface defects can also serve as active sites for
photocatalytic redox reactions.”’ The difference in photo-
catalytic efficiency between anatase and rutile TiO, can be
attributed to the distinct defect levels detected via TIRA—EESS.

Zhu and co-workers proposed the nanosecond TIRA—EESS
method in 2013,*° employing it for the accurate determination
of mid-gap energy levels in anatase TiO, (Figure 4(a)). They
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achieved an energy resolution of 0.02 eV. They reported over 20
occupied trapped states below the Ep, across an excitation
wavelength range of 400 to 880 nm, and seven unoccupied states
below the CB in a range from 890 to 1400 nm in anatase TiO,
nanoparticles with an average size of 7.9 nm. The Eg, was
determined to be 1.41 eV below the bottom of CB. In a follow-
up study,”’ the same method was applied to further detect the
mid-gap energy levels in rutile TiO, nanoparticles (Figure 4(b)),
revealing ten unoccupied states below the CB in the near-
infrared (NIR) range and three occupied trapped states below
the E, in the visible range. Moreover, they differentiated surface
defect states and bulk defect states (specifically the 6-fold
coordinated Tiy.! site’”) in anatase TiO, by detecting mid-gap
states across anatase TiO, nanoparticles of different sizes

(Figure 4(c)). Surface defect states are deeply trapped, located
between 2.30 and 2.99 eV below the bottom of the CB, while
bulk phase defects (i.e, Tii! defects) represent shallower
trapped states located from 1.41 to 1.70 eV below the bottom of
the CB. Figure 4(d) compares TIRA—EESS results of anatase
and rutile TiO, of similar sizes around 20 nm. In the visible
region (400 to 500 nm), corresponding to the transition of
surface-trapped electrons to CB, rutile nanoparticles exhibit
negligible surface-trapped states compared to anatase. This
observation indicates that anatase exhibits a greater abundance
of surface defects suitable for chemical adsorption, whereas
rutile fewer surface defects and fewer bulk defects than anatase.
The transitions of shallow trapped states in the bulk to localized
excited states appear in the NIR region (890 to 1400 nm),
exhibiting a strikingly similar spectral line shape in both anatase
and rutile TiO,, as shown in the inset of Figure 4(d). This
spectral feature serves as a reference energy ladder for assisting
the band alignment of rutile and anatase. It confirms that their
CBs are aligned within an uncertainty of kT (1kT = 25 meV at T
= 300 K). This alignment is later confirmed via Kelvin probe
force microscopy, indicating that the surface work function of
rutile is 30 meV higher than that of anatase.”

The measured mid-gap energy levels of anatase TiO,,
comprising 20 occupied trapped states below the Ep, and
seven unoccupied local states above Eg,, can be categorized into
three types of defect states. These include shallow empty defect
states near the CBM in the bulk (ranging from 0.86 to 1.31 eV
above Eg), electron-filled defect states below the Ep in the bulk
(ranging from 1.41 to 1.71 eV below the CBM), and electron-
filled defect states near the VBM on the surface (ranging from
2.30 to 2.99 eV below the CBM). Theoretical calculations
indicate that the most common defects in anatase and rutile
TiO, are Vo and Ti**. Density functional theory (DFT) on rutile
TiO,(110) surfaces demonstrated that the 6-fold-coordinated
Ti27 site located with an energy of 1.6 eV below the conduction
band,”®®” while V,, acts as shallow states below the CBM.****
Studies of PL spectra of TiO,”*”* have suggested that doubly
ionized V, (Vgr) in the bulk are positioned close to the CB,
corresponding to the shallow empty defect states. The filled
defect states just below the Ep can be assigned to Ti** in the
bulk. Based on these density functional theories above, the
shallow empty defect states near the CBM in the bulk (ranging
from 0.86 to 1.31 eV above Eg;) can be associated with Vé+,
while the filled defect states below the Eg in the bulk (ranging
from 1.41 to 1.71 €V below the CBM) can be attributed to Ti*".
These two defects in the bulk have been observed in both
anatase and rutile TiO,.

In contrast, filled defect states near the VBM have been
observed only on the surface of anatase TiO,. These filled states
near the VBM may originate from two sources. First, they could
be attributed to Ti vacancies (V;),”*”” where Vi, can introduce
excess free holes into the VB of TiO,, leaving electrons located at
Vi energy levels, thus altering the conductivity of TiO, from n-
type to p-type.”® Second, electronic structure calculations using
hybrid functional methods have revealed that defects associated
with hole-trapping sites typically correspond to 2-fold
coordinated Oj_ surface atoms or isolated hydroxyl (OH)
species on hydroxylated surfaces, specifically terminal hydroxyl
groups (OH,).”” When extra holes are introduced into the VB of
TiO,, 94% of the hole density becomes trapped at bridging
oxygen O, resulting in substantially elongated Ti—O,.—Ti
bonds. However, the precise origin of these filled defect states
near the VBM on the surface of anatase TiO,—whether from
V1 Oy, or OH,—remains unproven through ultrafast spec-
troscopy and necessitates further investigation to provide
conclusive evidence.

The distribution of mid-gap states differ between anatase and
rutile TiO,, accounting for their distinct photocatalytic activities
in water-splitting reactions. Rutile can proceed overall water
splitting, while anatase can only produce H,. This disparity arises
because anatase TiO, contains a considerable number of deep
trapped states located 0.6 eV above the VBM, which reduces the
oxidation ability of trapped photogenerated holes. In contrast,
rutile TiO, exhibits negligible deep trapped states. Li et al.
(2015)"”° found that prolonged ultraviolet (UV) irradiation can
transform anatase TiO, to facilitate overall water splitting. They
employed TIRA—EESS to elucidate the difference in the mid-
gap energy levels after prolonged UV irradiation. They found
that the deep trapped states above the VBM can be removed via
UV irradiation, rendering anatase TiO, the capability of water
oxidation. Du et al.'”' investigated the effects of boron (B)
doping on the surface defects of anatase TiO, nanoparticles.
They discovered that B-doped anatase surfaces exhibit enhanced
O, generation (4.5 times improved compared with B-free
surface anatase). The corresponding TIRA—EESS for B-free and
B-doped surfaces of anatase nanoparticles suggested a high
density of trapped states near the VBM in B-free surfaces of
TiO,. This absence of trapped states in B-doped surfaces of TiO,
enhances the photocatalytic oxidation capability of holes,
facilitating the water oxidation reaction. In summary, these
studies establish a relationship between photocatalytic efficiency
and defect state energy levels, revealing TIRA—EESS as a useful
tool for investigating the activity of photocatalytic semi-
conductor materials and guiding surface defect engineering
strategies.

2.2.2.Zn0 and CdS. ZnO, a transition metal oxide, finds wide
application in various fields owing to its economic viability, low
toxicity, ease of synthesis, and modifiability.'”*'** These
applications include field effect transistors,'” gas sensin%
layers,mé dye-sensitized solar cell devices,"”” luminescence,"’
bioimaging,"” and photocatalysis. To improve photocatalytic
efficiency, noble metal cocatalysts, such as Ag, Au, and Pt
nanoparticles, are deposited onto ZnO surfaces. These metal—
semiconductor heterojunctions facilitate charge separation of
electrons and holes at the heterojunction interface, thereby
improving photocatalytic activity. Specifically, the photo-
catalytic efficiency of ZnO is markedly improved after the
deposition of Ag and Au cocatalysts, while Pt cocatalyst
deposition ?fields only marginal improvements under similar
conditions."' """ The mechanism by which metal—semi-
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conductor heterojunctions promote carrier transport needs to
be further explored.

Liu et al. acquired nanosecond time-resolved TIRA—EESS of
ZnO single crystal, as depicted in Figure 5(a),"" with excitation
energy ranging from 1.37 to 3.44 eV. The spectrum shows a
prominent peak at 3.18 eV, which diminishes as excitation
energy drops below 2.5 eV, aligning with the band gap of ZnO at
326 eV.'"'"” Thus, the observed peak at 3.18 eV likely
corresponds to the transition of mid-gap states. The inset of
Figure S(a) displays decay kinetics excited at 3.31, 3.18, 3.10,
3.06, and 2.95 eV. Slower decay kinetics are observed at
excitation energies of 3.10 eV and above, while faster decay
occurs below 3.10 eV, suggesting the position of Eg, to be 3.10
eV below CBM. The mapping of TIRA—EESS data is depicted
in the mid-gap energy diagram in Figure S(b), illustrating two
types of mid-gap states in ZnO single crystals: a deep trapped
state at 3.18 eV below CBM and continuous shallow trap states
ranging from 3.06 to 2.5 eV above Eg, Considering defects in
ZnO related to these mid-gap states, neutral Vg is the most
probable deep defects in undoped ZnO owing to its low
formation energy, whose energy level is located in the
bandgap.''>'"* Experimental data indicate three types of Vo
doubly ionized Vq (Vg'), singly ionized Vg (V&"), and the
neutral Vj, (VOO), positioned at 0.59, 0.89, and 2 eV below CBM,
respectively, supported by visible PL spectra'’> and calcu-
lation.”® Time-resolved X-ray spectroscopy also reported the
ultrafast trapping of holes at V' sites(<1.4 ps), with an outward
displacement by ~15% of the four surrounding zinc atoms away
from the V""" further demonstrating that O vacancies, as
hole trapping sites, lie below the Eg,. Additionally, another study
has assigned positions of Zn interstitial (Zn;) and V, at 0.22 and
1.85 eV below CBM, respectively, also through PL spectra.118

Consequently, the deep trapped states at 3.18 eV below CBM
are likely attributed to neutral Vi, (V3), while the continuous
shallow trap states between 3.06 and 2.5 eV above Eg can be
assigned to Zn;.

CdS, a photocatalyst, preferentially activates carbon—hydro-
gen (C—H) bonds via photoexcited holes, facilitating highly
selective carbon—carbon (C—C) coupling and diversifying
available multi-carbon materials."'” These chemical reactions
are largely related to the defects on the semiconductor surface,
where defect-trapped carriers are easily coupled with phonons
forming polarons, thus affecting the quantum efliciency of
selective C—C coupling. For instance, Utterback et al. revealed
that energetically trapped holes exhibit mobility on the surfaces
of CdS nanorods over nanosecond to tens of microsecond time
scales using TAS and theoretical modeling.120 Building on this,
Cline et al. proposed a model of small hole polaron hopping on
sulfur atom orbitals on the CdS surface using density functional
theory.'”! However, experimental observation of polarons in
CdS remains limited. By combining visible, NIR, mid-IR TAS,
and TIRA—EESS, we can elucidate the formation and
recombination kinetics of electron and hole polarons in CdS.

In 2024, Xu et al. investigated the mid-gap states and polarons
in CdS single crystal using femtosecond time-resolved TIRA—
EESS along with visible, NIR, and mid-IR TAS. Figure 5(c)
shows the femtosecond time-resolved TIRA—EESS for CdS
single crystals, revealing that the Eg  in CdS is located at 1.89 eV
below the CBM. The spectrum shows two mid-gap states below
Eg, (peaks at 2.38 and 1.94 eV shown in Figure 5(c)) occupied
by trapped electrons, while five mid-gap states above Eg (at 1.76,
1.57, 1.36, 1.12, and 0.87 eV) remain unoccupied. Based on
previous experimental and theoretical research on CdS
defects,*>*'*>71** these seven discrete energy levels can be
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assigned to three types of isolated defects in CdS: vacancies (Cd
vacancy: V4 and S vacancy: V), interstitials (Cd interstitial: Cd;
and S interstitial: S;), and anti-site (Cd atoms substituted by S
atoms: Scg and S atoms substituted by Cd atoms: Cdg).*” These
defects are arranged in ascending order of formation energy: Vet
<Cd¥ < CdéJr < Vé;l <8< Sé:.uz Defects in the positively
charged state are located above Eg,, trapping photogenerated
electrons, while defects in the negatively charged state are
located below Eg, trapping photogenerated holes. There are two

possible defects located below Eg: Vé; with the energy level of

0.16 eV above VBM and S}~ with 0.42 €V above VBM, as
calculated by Xu et al.'** Therefore, the peaks observed at 2.38
and 1.94 eV correspond to electron transitions from Cd
vacancies and S interstitials to CBM, respectively. According to
previously reported temperature-dependent PL kinetics of the
midgap trapped states for CdS nanobelts,"”* four possible
defects located above Eg, with energy levels of 0.1, 0.5, 0.82, and

1.0 eV below CBM can be assigned to V3 *,Cd}", Cds*, and S&,
respectively. With Ey; determined at 1.89 eV below the CBM, in

the mid-gap energy diagram, the defects V§+, Cd§+, Cdi2+, and
Sef can be assigned as final states with transition energy of 1.76,

1.57,1.15, and 0.87 eV from Eg,, respectively, as shown in Figure
5(d), while the other two defect states (2.38 and 1.94 eV below
CB) can be attributed to Vé; and S77, respectively. We noted
that for nanocrystals as quantum dots, the PL midgap surface
states are coupled to the band-edge core exciton with a thermal
activable barrier, unlike those without barrier described in
Figure 5d.">>'?° In addition, the peak observed at 1.12 €V in
TIRA—EESS, exhibiting the highest intensity, is experimentally
determined as a three-photon absorption process, with its
physical origin requiring further exploration.*”

2.3. Observation of Temporal Evolution of Electron
and Hole Polarons. TiO, consists of nominal Ti* and O*~
valence states. However, the unavoidable removal of surface
oxygen atoms results in the emergence of two types of defects:
Vo and Ti** species. The presence of additional Vi and Ti**
species can generate polaron states, which exhibit distinct
behavior in anatase and rutile TiO,. Various reviews have
extensively introduced steady polaron states in both anatase and
rutile TiO,.*”"*” Specifically, in rutile, polarons tend to appear
as small (or Holstein) polarons'*® localized at Vo, where the
surrounding ions screen the trapped electrons or holes, leading
to the formation of a potential well. UV photoemission
spectroscopy studies have reported strongly self-trapped
electron polarons with a binding energy of 1.0 eV below the
Fermi level in rutile. These small electron polarons in rutile have
alow-energy barrier (~95 meV) for phonon-assisted hopping to
adjacent Ti ions, contributing to their conductivity. >’
Conversely, electron polarons in anatase TiO, exhibit more
complex behavior compared to rutile TiO,. Small polarons in
anatase are observed on surface defects, with a higher energy
barrier for their hopping between adjacent atoms, resulting in
their entrapment at the defect site. Moreover, large (or Frohlich)
polarons can appear in anatase when excess electrons are
introduced through doping, causing minimal lattice distortion.
These polarons are delocalized over several ions and behave as
shallow states located at 40 meV below the CB, exhibiting free
carrier-like properties. For instance, STM studies by Setvin et al.,
combined with simulation studies, reported the observation of
large (or Frohlich) polarons in the bulk phase of anatase TiO,,

where they are delocalized over several ions with a size of 12—25
A, exhibiting free carrier-like properties.'**"*

Santomauro et al.'>* and Obara et al."”*' employed femto-
second time-resolved Ti K-edge X-ray absorption spectroscopy
to investigate the kinetics of excited polarons in anatase TiO,
nanoparticles upon 355 and 268 nm excitation, respectively.
Specifically, they demonstrated that excited electrons in anatase
TiO, nanoparticles were predominantly trapped by penta-
coordinated Ti** (Tig:r ) centers on the surface region within 170
£513% 0r 90 f5,"3! resulting in the formation of polarons located at
Ti** centers (as depicted in Figure 6(a, top) with a positive band
at 4.9815 eV). Both studies highlighted the presence of small
electron polarons trapped at Ti** defects on the surface of
anatase TiO,, forming within 90 to 170 fs. The formation time of
electron polarons suggests a diffusion length of ~4.0 A for
electrons from generation to trapping, indicating their local-
ization within or near the unit cell where they were generated.
This may correspond to the high energy barrier for the migration
of small electron polarons in anatase TiO,.

While most studies focused on electron polarons, Hruska and
colleagues reported the experimental observation of hole
polarons in Vy-rich anatase TiO, using time-resolved extreme
ultraviolet-reflection absorption spectroscopy (TR-XUV-RAS)
upon 267 nm excitation in 2015.°° The spectral features of
trapped hole polarons (red curves) and large electron polarons
(green curves) are shown in Figure 6(b, top). Specifically, direct
interband transitions with the above bandgap excitations
generate hot electrons in the CB and holes in the VB, leading
to the trapping of hot holes to deep V, as small hole polarons
within 45 =+ 42 fs and the trapping of hot electrons at shallow Vo
as large electron polarons within 945 + 92 fs, as illustrated in
Figure 6(b, bottom).

Regarding polarons in rutile TiO,, Zhang et al. conducted TR-
UPS to examine the retrapping process of photoexcited polarons
in a rutile TiO, single crystal."*> Under infrared (IR, 0.95 eV)
excitation, electrons from polaron states (Ti'* defect states)
approximately 0.8 eV below CBM were excited to CBM, as
depicted by the red arrow in Figure 6(c, bottom). The rapid
retrapping of hot electrons occurs within 45 fs, much faster than
the electrons excited by interband transitions (with lifetimes
typically in the order of ps to ns'**). Conversely, under
ultraviolet (UV, 3.5 eV) excitation, electrons can also be excited
from the polaron states to the resonance state within the CB, as
illustrated by the blue arrow in Figure 6(c, bottom), in addition
to direct interband transitions. Interestingly, hot electrons in the
CB excited by UV light predominantly originate from polaronic
states, exhibiting an extremely fast retrapping lifetime of ~70 fs.
This suggests that the density of states in the VB is not markedly
higher than that of the polaron states, implying that polarons
might contribute more photoexcited charge carriers than VB
states under band gap excitation.'”

Besides spectroscopy, time-resolved STM provides valuable
insights into the interaction of polarons with lattice defects. For
instance, Guo et al. made progress in elucidating the kinetics of
polarons trapped at V, on the surface of rutile TiO,(110) using
a pulsed laser-combined STM and spectroscopy.”” Their
findings revealed that the trapping time of polarons substantially
decreased when the polaron was positioned at two surface Vj
compared to one vacancy, as shown in Figure 6(d). This result
suggests a strong correlation between surface V5 and polaron
formation, indicating that shared polarons trapped around two
surface Vg could exhibit enhanced catalytic activity.
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Figure 7. Polarons detected via time-resolved TAS in ZnO and CdS. (a) Phonon oscillation extracted from kinetics probed at 5 ym after excitation
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Society.

In 2021, Liu demonstrated the detection of excited electron
polarons in ZnO single crystal using MIR-TAS, as depicted in
Figure 7(a=c).!"? Figure 7(a) displays oscillations with a
frequency of ~50 GHz superimposed on the kinetics probe at §
pm while scanning the mid-gap excitation energy from 3.14 to
2.95 eV. These oscillations correspond to coherent acoustic
phonons resulting from the relaxation of polaron states. The
kinetics revealed that electron transfer from the excited polaron
states to the CB occurs within ~1 ps. The entire process of
polaron excitation is schematically illustrated in Figure 7(b, c).
Specifically, within the excitation energy range of 3.14 to 2.95
eV, electrons trapped in Vj are excited to the polaron states
within the CB. The excited polaronic states inject electrons into
the CB within ~1 ps, after which the electrons become trapped
and subsequently recombine with holes with a time constant of
several nanoseconds. The extended lifetime of carriers from
polaron excitation compared to band gap excitation confers an
advantage in the photocatalytic process for ZnO. Notably, the
lifetime of carriers from the polarons in rutile TiO, is ~45 fs,"**
substantially shorter than that from band gap excitation (several
nanoseconds'**). The effect of polaron excitation on carrier
lifetime in ZnO and TiO, is diametrically different, which
inspires further study on the mechanism that underlies the
prolongation of carrier lifetime by polarons.

To investigate the evolution of hole polarons in typical
photocatalytic semiconductors, Xu et al. utilized femtosecond
time-resolved infrared TAS to identify electron and hole
polarons in CdS single crystal.’”” In Figure 7(d), the transient
NIR spectrum generated by mid-gap excitations at 514 nm

reveals a broad absorption band ranging from 0.95 to 1.35 eV,
attributed to the absorption of trapped holes. Moreover, this
spectrum displays a unique line shape characterized by a series of
subpeaks with intensities considerably surpassing the back-
ground baseline indicated by the red line. Notably, the energy
differences between adjacent subpeaks measure 84, 60, 44, 29,
42, 28, 49, and 60 meV, consistent with the optical phonons of
CdS. Specifically, 60 meV corresponds to two transverse optical
modes (2TO), 42 and 44 meV correspond to one longitudinal
optical mode, and one low-energy E, symmetry mode (1LO + 1

EX™), 84 meV corresponds to 2LO + 2EX", and 28 and 29 meV
correspond to one transverse optical (1TO) mode. Con-
sequently, the subpeaks observed in the transient NIR spectrum
are associated with the interaction between trapped holes and
optical phonons, indicating the formation of hole polarons. The
514 nm excitations induce the transition of electrons from Cd
vacancies to the CBM, thereby leaving trapped holes at the Cd
vacancies. This reasonably infers that hole polarons in the CdS
single crystal form at Cd vacancies. Furthermore, the study
reported the existence of electron polarons in the CdS single
crystal through transient mid-IR absorption spectroscopy,
similar to the electron polarons in ZnO. As shown in Figure
7(e), the fast Fourier transform analysis of the oscillation signal
in the free-carrier decay kinetics reveals a frequency of ~120
GHz, matching the longitudinal acoustic (LA) phonons in CdS
identified via Brillouin scattering.'*>~"*” This finding validates
the coupling between trapped electrons and LA phonons,
indicative of electron polaron formation. The duration of
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electron polaron formation is estimated to be within 4.5 ps,
corresponding to electron trapping by S vacancies. Ultimately,
the small electron polarons reside at S vacancies, effectively
extending the lifetime of carriers to 6.3 ns. Figure 7(f)
schematically outlines the processes of electron and hole
polaron generation in the CdS single crystal. This study provides
direct experimental evidence for the formation of hole polarons.

3. CONCLUSIONS AND OUTLOOK

The current Featured Article highlights the application of
TIRA—EESS in probing mid-gap defect states and the capability
of TAS in the detection of electron and hole polarons.
Correlations between photocatalytic activity and energy levels
of defect states can be established, shedding light on
understanding photocatalytic redox reactions and improving
the performance of photocatalytic semiconductors through
defect engineering.

Specifically, TIRA—EESS offers enhanced energy resolution
for detecting defect energy levels within bandgap of TiO,, ZnO,
and CdS, enabling the observation of numerous discrete energy
levels. It permits the accurate characterization of both the initial
and final states of electron excitation, facilitating the
determination of the Fermi level of trapped electrons. The
results contribute to proposing structural models for defect
states within the band gaps of several semiconductor materials,
such as anatase and rutile TiO,, ZnO, and CdS. Based on the
results of TAS, we have identified the formation of electron and
hole polarons at specific defect sites.

We propose several aspects for future study to overcome
current limitations in TAS:

I. Spatial resolution of defects: The limited spatial
resolution of time-resolved TAS hinders the measure-
ment of spatially resolved spectra and kinetics, both at the
surface and inside the bulk, restricting its applicability in
studying anisotropy and migration of free carriers and
polarons. Therefore, combining femtosecond time
resolution spectroscopy with spatial resolution micro-
scopes, such as polarized Raman sgpectroscopy,138 ultra-
fast electron diffuse scattering,'* and scattering-type
scanning near-field optical microscopy,'*” holds promise
for providing comprehensive temporal and spatial
information.

II. Structural and spin resolution of defects: Polarons located
at defect states play crucial roles in carrier localization and
charge recombination, often influencing photocatalytic
activity negatively. However, observations in ZnO and
CdS reveal that polarons exhibit prolonged lifetimes
compared to free carriers,’”''> suggesting potential
benefits for photocatalytic efficiency. This prolonged
lifetime may arise from spin interactions of trapped
carriers with their local environment.'*" Further efforts
are necessary to investigate these spin-interaction
mechanisms.

IIL. In situ detection of photophysical properties of photo-
catalytic semiconductors: Genuine chemical reactions
and complicated environmental conditions can markedly
alter the properties of the semiconductor surface, such as
the energy levels of defect states and the direction of
carrier transfer. However, most photophysical properties
studied via TAS were conducted only under laser
irradiation, without incorporating chemical reactions on
semiconductors. Hence, studying the ultrafast process of

semiconductors under real chemical reaction conditions
may offer practical insights for applications.
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