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ABSTRACT

Electronic and vibrational degrees of freedom, and their interactions, control the
chemical and physical properties of solids. Core-level spectroscopies, such as tran-
sient extreme ultraviolet (XUV) spectroscopy, provide detailed information on the
electronic structure and local coordination environment of a material. In this work,
we employ transient XUV reflection spectroscopy to measure surface carrier and
structural dynamics in solar energy materials. To interpret experimental spectra,
excited state valence effects are incorporated into the OCEAN code (Obtaining core
excitations from ab initio electronic structure and the NIST Bethe-Salpeter equa-
tion solver). The modeling of core-level spectra from first principles enables the
extraction of carrier kinetics via the robust assignment of spectral features. More-
over, this thesis explores experimental and theoretical methods for understanding
carrier-structural coupling in solids relevant to solar energy applications.

Specifically, we explore the chemical and physical information contained in core-
level spectra for various solar energy material systems and present guiding principles
for designing a core-level electronic spectroscopy experiments to determine pho-
toexcited carrier and structural dynamics. We report on experimental measurements
of ultrafast surface carrier and structural dynamics in photocathodes zinc telluride
(ZnTe) and copper iron oxide (CuFeO2). Further, complementary excited state
theory is presented to extract excited state valence dynamics from experimental
core-level spectra based on ground state implementations of the Bethe-Salpeter
equation.
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C h a p t e r 1

INTRODUCTION

Charge carriers and lattice vibrations control the dynamic behavior of solids. In
semiconducting solids, the absorption of photons drives electronic transitions across
an energy region without electronic states (termed the band gap)—generating pho-
toexcited electrons and holes in the conduction and valence bands that follow an
initial non-equilibrium statistical distribution. Carrier-phonon interactions, the cou-
pling between electronic and vibrational degrees of freedom, cause the initial non-
equilibrium carrier distribution to relax towards the equilibrium Fermi-Dirac carrier
distribution. These carrier-phonon interactions describe the effect of changing lat-
tice positions on the energy of the charge carrier.[1]

1.1 Electronic spectroscopy
Since the initial photogeneration of charge carriers and subsequent carrier-phonon
interactions occur on ultrafast timescales (sub-femtosecond to picosecond), ultrafast
methods are required that resolve the coupled carrier-structural dynamics that steer
material behavior.[2] Ultrafast electronic spectroscopy is a set of techniques capable
of resolving ultrafast changes to the electronic structure of matter. By probing the
light-matter interactions using photons at energies similar to the electronic states of
interest, a material’s ground state electronic structure and its dynamical evolution
can be measured.[3, 4]

The interaction between light and matter is dictated by the coupling between the
light’s electromagnetic field and the material’s quantum states of matter. The light’s
electromagnetic field can be described as an oscillatory plane wave that propagates
in the 𝑧-direction. The electric field component of this wave is written as a sinusoidal
wave with an amplitude 𝐸0, frequency 𝜔, and wavenumber 𝑘 , propagating in the
coordinates of space 𝑧 and time 𝑡.

𝐸̃ = 𝐸0𝑒
𝑖(𝑘𝑧−𝜔𝑡) (1.1)

The wavenumber describes the spatial frequency of the electromagnetic field, deter-
mining the light’s wavelength𝜆, phase velocity 𝜈, and index of refraction 𝑛 according
to equations 1.2.[5]
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𝜆 =
2𝜋
𝑘
, 𝜈 =

𝜔

𝑘
, 𝑛 =

𝑐𝑘

𝜔
(1.2)

Commonly used to describe how an oscillating electromagnetic field is modified
when propagating through a given material, the complex index of refraction de-
scribes changes to the electromagnetic field’s intensity and phase. By formulating
the wavenumber as a complex quantity, the intensity and phase contributions become
directly apparent. The complex wavenumber 𝑘̃ consists of the real wavenumber 𝑘 ,
in addition to the imaginary component 𝜅.[5]

𝑘̃ = 𝑘 + 𝑖𝜅 (1.3)

When incorporated into the plane wave equation, the real wavenumber 𝑘 remains re-
sponsible for the spatial frequency, while the imaginary component of the wavenum-
ber generally results in an exponential decay of the electric field’s intensity as the
light travels through the material (i.e. absorption). For most materials measured by
electronic spectroscopies, the light’s magnetic field strength and material’s magnetic
permeability are sufficiently low for magnetic effects to be negligible.

𝐸̃ = 𝐸0𝑒
𝑖( 𝑘̃ 𝑧−𝜔𝑡) = 𝐸0𝑒

−𝜅𝑧𝑒𝑖(𝑘𝑧−𝜔𝑡) (1.4)

Since the observed intensity is the square of the electric field, the absorption coeffi-
cient 𝛼 is defined based on the imaginary component of the complex wavenumber.

𝛼 = 2Im( 𝑘̃) = 2𝜅 (1.5)

Connecting this propagating wave to the medium’s underlying electric and magnetic
properties, the complex wavenumber is related to the light’s frequency 𝜔 and the
material’s complex electric permittivity 𝜖 and magnetic permeability 𝜇.

𝑘̃ ≡ 𝜔
√︁
𝜖 𝜇 (1.6)

The electric permittivity, also known as the dielectric function due to its strong
frequency dependence, is similarly complex-valued to capture intensity and phase
changes.[6]

𝜖 = 𝜖′ + 𝑖𝜖 ′′ (1.7)
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Specifically, the real permittivity 𝜖′ corresponds to changes in phase, while the
imaginary permittivity 𝜖′′ generally causes a decrease in electric field intensity
(absorption). The real and imaginary components of the electric permittivity can be
related using the Kramers-Kronig relations. This dielectric function is not directly
measurable, but can be extracted from experimental observables of the material’s
polarization response to an external electric field.[6]

To understand the material’s macroscopic response when subjected to an external
electric field, the electric susceptibility quantifies the induced electric polarization in
a given linear dielectric material (an electrical insulator that can acquire an electric
dipole moment). This electric susceptibility 𝜒̃ is defined as the dimensionless
constant relating the material’s polarization 𝑃̃ response to the applied external
electric field 𝐸̃ .[5]

𝑃̃(𝜔) = 𝜖0 𝜒̃(𝜔)𝐸̃ (𝜔) (1.8)

The electric susceptibility 𝜒̃ is directly related to the the previously discussed electric
permittivity 𝜖 .

𝜖 (𝜔) ≡ 𝜖0(1 + 𝜒̃(𝜔)) (1.9)

In solids, the electric displacement field is used to describe free charge in addition
to the accumulation of bound charges (described by the polarization 𝑃̃).

Here, the external electric field 𝐸̃ leads to the electric displacement field 𝐷̃, which
includes the combined effects of the material’s polarization and the electromagnetic
field. Notably, the displacement field 𝐷̃ is again a complex quantity since the
material response can be in- or out-of-phase with the complex electric field 𝐸̃ .[5]

𝐷̃ (𝜔) = 𝜖0𝐸̃ (𝜔)+𝑃̃(𝜔) = 𝜖0𝐸̃ (𝜔)+𝜖0 𝜒̃(𝜔)𝐸̃ (𝜔) = 𝜖0(1+ 𝜒̃(𝜔))𝐸̃ (𝜔) = 𝜖 (𝜔)𝐸̃ (𝜔)
(1.10)

Experimentally, this electric response of the material to the external electric field
can understood by measuring the intensity of the absorbed and/or reflected light.
The frequency-dependent reflectance 𝑅(𝜔) of the material is defined as the ratio of
the incident and reflected intensity, which corresponds to the moduli of the incident
and reflected complex electric fields.[6]
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𝑅(𝜔) ≡ 𝐼𝑟 (𝜔)
𝐼𝑖 (𝜔)

=
𝐸∗
𝑟 (𝜔)𝐸𝑟 (𝜔)

𝐸∗
𝑖
(𝜔)𝐸𝑖 (𝜔)

(1.11)

Through the Fresnel equations describing transmission and reflection of electromag-
netic waves, the experimentally-measured reflectance can be related to the underlying
refractive index, and thus the material’s microscopic electric permittivity by the re-
lation: 𝑛̃ =

√
𝜖 =

√
𝜖′ + 𝑖𝜖 ′′.[6] For s-polarized light, the measured reflection signal

at the vacuum-material interface is a function of the material’s refractive index 𝑛̃

and incident angle 𝜃.[7]

𝑅𝑠 (𝜔) =
�����cos 𝜃 −

√︁
𝑛̃2 − sin2 𝜃

cos 𝜃 +
√︁
𝑛̃2 − sin2 𝜃

�����
2

(1.12)

To capture the dynamic evolution of the material’s quantum states, transient reflec-
tion or absorption techniques rely on using a sequence of two light pulses to create an
excited electronic state and subsequently probe how this excited state progresses over
time. (Due to this time-delayed sequence of excitation and measurement pulses, the
technique is commonly referred to as "pump-probe" spectroscopy.) The measured
transient absorption or reflection signal originates from the material’s third-order
non-linear susceptibility. In addition to creating purely electronic states, the pump
pulse can impulsively excite coherent vibrational modes, or phonons, if the optical
pulse is short compared to the lattice vibration frequency.[8] Thus, transient absorp-
tion/reflection techniques provide rich information not only on ultrafast electronic
states, but also on coupled carrier-phonon dynamics.

In a reflection geometry, both the absorptive and refractive components of the
refractive index (and therefore the complex electric permittivity) have been shown
to contribute to the observed specotroscopic signal.[9] By sweeping the incident
angle of the experimental geometry relative to an interface 𝜃, the full complex
permittivity can hereby be extracted.[6]

1.2 Core-level electronic spectroscopy
Core-level electronic spectroscopy involves the excitation of core-level electrons to
valence and continuum states, providing advantages such as carrier- and element-
specificity. By exciting a core-level electron to the valence states, these methods
can probe valence charge carrier (electrons and holes) and structural dynamics
using a well-defined initial state. The initial core states offer element-specificity
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by energetically separating core-valence transitions for different elements. In the
electric dipole limit 𝑒 · 𝑟, the intensity of absorbed X-ray photons 𝐼 depends on the
dipole operator acting between the final and initial eigenstates Φ 𝑓 and Φ𝑖.[10]

𝐼 ∼ |⟨Φ 𝑓 |𝑒 · 𝑟 |Φ𝑖⟩|2𝛿(𝐸 𝑓 − 𝐸𝑖 − ℏ𝜔) (1.13)

For energy conservation, the incident photon energy ℏ𝜔 of frequency 𝜔 must equal
the difference of the eigenstate energies, 𝐸 𝑓 − 𝐸𝑖.

Core-level techniques are widely used due to their sensitivity to the oxidation state
and local coordination chemistry. With the availability of increasingly bright sources
at high repetition rates (khz-MHz), X-ray experiments have become widely available
to scientific fields spanning photochemistry, strong-field physics, and structural biol-
ogy[11, 12]. In this work, we focus on transient table-top core-level spectroscopies
in the lower-energy extreme ultraviolet (XUV) and soft X-ray (SXR) regimes, which
offer the additional advantage of being sensitive to surface-level carrier and phonon
dynamics (∼nm) due to their photons’ low penetration depth in solids. Together with
an optical pump that photogenerates excited charge carriers, the core-level probe is
used to measure the coupled carrier-phonon dynamics in photoactive solids.

1.3 Thesis overview
This thesis explores ultrafast carrier-structural dynamics in solids through experi-
mental transient XUV reflection spectroscopy and complementary ab initio theory.
Chapter 2 introduces electronic and core-level spectroscopies for understanding cou-
pled charge carrier-structural dynamics in photoactive materials. Guiding principles
are proposed for planning core-level spectroscopy experiments to extract fundamen-
tal charge carrier and structural dynamics. The discussion focuses on using core-
level probes in the lower-energy XUV and SXR regimes to probe valence carrier
and indirect structural dynamics. These core-level transitions feature enhanced sen-
sitivity to valence carrier dynamics compared to higher-energy X-rays that excel at
measuring structural dynamics. In Chapter 3, we report measuring carrier-structural
surface dynamics in the photocathode zinc telluride (ZnTe). We separately measure
non-equilibrium photoexcited electron and hole relaxation dynamics and observe
many-body effects including band gap renormalization and coherent phonon oscil-
lations. Carrier dynamics are successfully extracted by robustly assigning excited
state spectral features using the Bethe-Salpeter equation. Chapter 4 discusses po-
laron formation, a form of ultrafast charge carrier self-trapping that severely reduces
carrier mobilities in a range of materials. In the transition metal photocathode cop-
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per iron oxide (CuFeO2), we measure electronic and structural signatures of small
polaron formation and subsequent polaron delocalization.
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C h a p t e r 2

ELEMENT-SPECIFIC CARRIER AND STRUCTURAL
DYNAMICS USING TRANSIENT EXTREME ULTRAVIOLET

AND SOFT X-RAY SPECTROSCOPY

Core-level spectroscopy provides energy-resolved information on the local electronic
structure environment of the probed element. Challenging direct interpretation of
underlying chemical and physical dynamics, the extensive information contained in
the core-level spectra is distorted by the perturbation of the core-valence exciton
created by the measuring electronic transition. The spectral regime of lower en-
ergy core-level excitations, including the extreme ultraviolet (XUV) and soft X-ray
(SXR) regimes, are sensitive to coupled carrier-structural dynamics occurring in
the material. By employing linear absorption or reflection techniques together with
theoretical methods calculating the core-valence excitonic interaction, core-level
probes excels at separating carrier and structural in molecular systems and materi-
als. This chapter discusses the unique advantages of XUV and SXR spectroscopies
for extracting carrier and structural dynamics in solar energy materials.

This chapter is adapted with permission from:

Liu, H.; Klein, I. M.; Michelsen, J. M.; Cushing, S. K. Element-Specific Elec-
tronic and Structural Dynamics Using Transient XUV and Soft X-ray Spec-
troscopy. Chem 2021, 7, 2569–2584, DOI: 10.1016/j.chempr.2021.09.
005.

https://doi.org/10.1016/j.chempr.2021.09.005
https://doi.org/10.1016/j.chempr.2021.09.005
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2.1 Abstract
Transient extreme ultraviolet and soft X-ray absorption techniques can measure
element-specific ultrafast carrier and structural dynamics in materials or multilayer
junctions. However, interpretation of the excited state spectra is not straightforward.
The core-hole couples with valence states, distorting the measured spectra. In
this perspective, we describe the implementation and interpretation of experiments.
This description includes a guide of how to design a transient XUV / soft X-
ray spectroscopy experiment by choosing a suitable edge and corresponding X-
ray sources. We particularly focus on the rising use of XUV spectroscopy for
understanding solar energy materials, such as measurements of polaron formation,
electron and hole kinetics, and layer-resolved charge transport in junctions. The
ability to measure photoexcited carriers in each layer of a multilayer junction, as
well as associated reaction products, could prove particularly impactful in the study
of molecules, materials, and their combinations that lead to functional devices in
photochemistry and photoelectrochemistry.

2.2 Introduction
To understand photochemical and photoelectrochemical processes, a complete mea-
surement of excitation, thermalization, transport, and recombination of charge car-
riers is needed.[1, 2] Dynamics on the femtosecond to nanosecond timescale can be
deterministic in defining a device’s overall performance.[3–10] Capturing the full
variety of coupled electronic and structural dynamics is a challenging task for a sin-
gle experimental tool. This hurdle is especially true when materials and molecules
are combined in the active junctions of solar energy devices.[11–14] Transient XUV
absorption spectroscopy can separate electron and hole dynamics from the vibra-
tional modes that lead to their relaxation and scattering.[15, 16] When a sample
includes multiple elemental edges, the photoexcited dynamics can be separated by
atomic contribution.[15–17] In a multi-element junction, the photoexcited dynamics
can be separated into each layer and the transport of charge carriers and thermal
energy can then be mapped throughout a full device.[12–14] Charge-selective con-
tacts, plasmonic or hot carrier junctions, light absorber/catalyst interfaces, and their
reaction products can be studied in their entirety.

Transient XUV and X-ray spectroscopy also brings unique challenges for inter-
preting experimental data.[18] The X-ray pulse excites a core-level transition to a
valence state leaving behind a core-hole. The core-hole couples with valence states,
perturbing the measured X-ray spectrum from the underlying orbitals or density of
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states.[18] The formation of core-valence excitons can therefore obscure electron
and hole occupations. On the other hand, the core-valence exciton can allow struc-
tural information to be inferred through changes in bonding lengths and valence
states.[4, 19] The energetically narrower valence states in molecules lead to easier
to interpret transient X-ray absorption spectra.[19] In a crystal, however, the com-
plexity of the valence and conduction bands with screening and many-body effects
obfuscates the measurement, placing a higher demand on theory for proper interpre-
tation.[20, 21] While multiple theoretical approaches exist for predicting the ground
state X-ray structure accurately,[18, 20–22] the prediction of excited state dynamics
over femtosecond to nanosecond timescales is still an ongoing development.[23]

In this perspective, we emphasize the capabilities and challenges of transient XUV
absorption and reflection spectroscopy. We hope to motivate new researchers in
relevant fields to consider the technique when studying complex photoexcited dy-
namics, while also giving an up-to-date picture on how to interpret measured pho-
toexcited changes. In particular, we highlight transient XUV spectroscopy because
its measurement of delocalized valence dynamics has led to growing popularity
for measuring solar energy materials.[4, 12–14, 24–26] The capability of tran-
sient XUV spectroscopy to simultaneously measure photoexcited electron and hole
dynamics makes it an extremely valuable tool for the development of solar energy
materials.[17, 25–28] Additionally, the table-top setup allows for flexible instrument
development and could be valuable in the broader materials science community. We
discuss several representative cases—polarons,[4, 10] hot carriers,[24–26, 29] and
nanoscale junctions[12–14]—where ultrafast electronic and structural dynamics de-
termine macroscopic device function on longer timescales. Although the examples
chosen represent transient XUV spectroscopy, similar concepts can be applied to
soft or hard X-rays spectroscopy with absorption edges at higher energies. For
more detailed reviews on ultrafast hard X-ray absorption spectroscopy and recent
spectroscopy advances of free-electron lasers, we encourage readers to check the
following references.[30, 31] Our goal is to help the reader decide which transient
X-ray absorption experiments could be most helpful, while also providing funda-
mental insight into why photoexcited XUV absorption edges appear the way they
do.

2.3 Background
Photoexcitation raises the energy of an electron, putting it into a non-equilibrium
state. The non-equilibrium charge density leads to many-body electronic interac-
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tions and couples with vibrational states. The resulting coupled electronic and
structural dynamics are the heart of photochemical processes.[1, 2] Ultrafast charge
carrier dynamics do not necessarily affect the overall efficiency of a solar energy
device. Often, carriers thermalize and couple to vibronic states on sufficiently short
timescales that their effects on the overall device performance can be ignored. Other
times, as is the case for polaron formation or inter-system crossings, the coupled
electronic-structural dynamics on ultrafast timescales determine overall device func-
tionality.[3–5, 10, 32] Most next-generation solar energy devices attempt to extract
more energy per incident photon by relying on ultrafast non-equilibrium dynamics
instead of ignoring them.[3, 6, 7] For example, non-equilibrium vibronic states can
tune the selectivity of certain reactions and products in molecular catalysts.[33, 34]
The excess kinetic energy of photoexcited hot electrons and holes can boost device
efficiency.[6, 7] The light-induced hybridization or creation of new states could
potentially drive hydrogen evolution or CO2 reduction. Measuring these ultrafast
dynamics is therefore an important step for the implementation of next-generation
solar energy devices.

Ultrafast spectroscopy describes a class of pulsed laser-based techniques that are
used to measure photoinduced ultrafast dynamics.[35] Generally, one or multiple
laser pulses photoexcite a sample, followed by another laser pulse that probes the
changes in the absorption or reflection of the sample. The probe pulse measures the
electronic and vibrational changes from the photoexcitation. Varying the time delay
between the pump and probe pulses enables the real-time observation of photoexcited
dynamics. The ideal measurement approach would be to pick a probe wavelength
that matches the transition state or resonant feature of interest. However, when using
ultraviolet, visible, or infrared light as a probe, overlapping spectral features in the
valence states can make it difficult to deconvolute the electronic and vibrational
dynamics, especially in the multi-element compounds or integrated multi-layer
samples common in photoelectrochemistry.[11] Electron and hole dynamics are also
difficult to separate in the signal because their joint density of states is measured.
Further, it is helpful to isolate the photoexcited dynamics in terms of different dopants
or atomic species. Transient X-ray spectroscopy aims to overcome these issues by
probing a core-to-valence transition instead of the valence-valence transition or a
vibrational resonance of traditional optical spectroscopy (Figure 2.1).

Core-level transitions span energies from tens of eV to tens of keV. Elements have
multiple edges (or core-to-valence transitions) within this broad energy range. The
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Figure 2.1: Simplified depiction of a time-resolved X-ray absorption experiment.
The red arrow indicates transitions with optical pulses, while the broken black
arrows indicate an X-ray transition from a core level. The optical pulse excites
valence electrons and then the XUV pulse probes the ensuing photodynamics. X-
ray pulses can independently probe the electron and hole dynamics.

most important step in designing a transient XUV / X-ray experiment is to select
an appropriate absorption edge in the material. Selection of an edge depends
on dipole allowed transitions and the dynamics of interest. In solids, the orbital
contributions to the valence density of states must be considered for the dipole
selection rules. Probing different dipole-allowed transitions of the same element
can provide different information about the photoexcited dynamics. For example,
low energy XUV photons <100 nm (10-100 nm) probe the delocalized valence
dynamics but can only infer structural information through changes in core-valence
excitons and multiplet effects.[4, 13, 25, 26, 29] While harder to interpret because of
the strong core-valence coupling and multiplet effects, the resulting features allow
electrons and holes to be measured simultaneously with strong structural distortions
such as polarons.[4, 10, 17, 25–27, 36] On the other hand, high energy hard X-rays
at several keV (sub-nm) give atomic-site specific electronic dynamics as well as
direct structural information.[18, 31, 37] Soft X-rays fall between XUV and hard
X-rays in terms of the probed valence dynamics, again only able to infer structural
dynamics by changes in valence couplings[19].

The edge energy also largely determines what XUV/X-ray source is best suited for
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the experiment. There are various experimental methods for generating ultrashort
X-ray pulses for transient measurements. An X-ray free-electron laser (XFEL) or a
synchrotron facility can generate hard X-rays above 1 keV.[38] XFEL, synchrotron,
and table-top XUV experiments start to overlap at intermediate soft X-ray ener-
gies from 300 eV to 1 keV.[39] Ultrashort, coherent XUV pulses are generally
created from a table-top setup using a scheme known as high-harmonic generation
(HHG).[40] Whereas synchrotrons and XFELs modulate relativistic free electrons
to create X-rays, HHG uses the strong electric field of an optical pulse to photoion-
ize, accelerate, and recombine electrons from a noble gas atom to create X-rays.[40]
Since HHG is a coherent process, the spatial and temporal characteristics of the
driving pulse are preserved in the XUV pulses that are generated.[41, 42] The re-
sulting broadband XUV pulse duration can be significantly shorter (attoseconds)
than the driving optical pulse (femtoseconds).[41] The broad bandwidth of HHG
emission makes it useful for measuring multiple atomic edges in one measurement.

A few comments should be made on the practical challenges of table-top XUV/soft
X-ray sources. At XFELs and synchrotron sources, experimental difficulties center
around limited access time and the inability to construct extensive experiment-
specific apparatuses at the facility. For table-top XUV experiments, unlimited
access is traded for low XUV/soft X-ray fluxes. In general, the HHG process has
a conversion efficiency of 10−5∼10−7 with commonly used noble gases and <20
fs optical driving pulses. Even with high intensity lasers, the produced XUV flux
from HHG is limited to the pJ to nJ range.[43] The low conversion efficiency of the
HHG process and its reliance on peak intensity adds to the cost and complexity of
the experiment. The low flux and short absorption depth of XUV radiation (∼100
nm for p-block and ∼10 nm for d-block elements) also necessitate special sample
preparation. These samples can include transmission measurements on a silicon
nitride or diamond window,[4, 25, 26] reflection measurements on smooth solid
samples,[10, 13, 27] or few- and sub-micron liquid jet methods.[44–47] Signal to
noise ratios allow resolution of transient changes on the order of a few mOD with
multiple hours of data acquisition using an XUV CCD spectrometer. Better signal
to noise ratios are possible through lock-in detection with an XUV photodiode,[48]
but the better signal to noise ratio must be balanced against now having to take
thousands of scans at different energies to replace a CCD image.
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2.4 Application in solar energy materials
Photocatalytic reactions limited by local charge-trapping (small polaron for-
mation)
Small polaron formation occurs when an electron or hole interacts with a polar lattice
to localize the respective wavefunction at a single atomic site.[4, 5, 10] The local-
ization occurs through a distortion in the surrounding bonds. The transformation
from a free electron-like wave to a trapped, defect-like charge severely limits charge
carrier mobility and increases recombination events. There is a growing belief,
backed by transient XUV measurements, that photoexcited small polaron formation
explains why metal oxide photocatalysts have never reached the photoconversion ef-
ficiencies suggested by their band gap.[4, 10] Small polarons are especially prevalent
in transition metals with partially-filled d-orbitals because of the orbitals’ localized
nature (Fe containing compounds, for example). The localized d-orbitals lead to
efficient molecular catalysis but also have a small energy cost for the formation of
a small polaron. For largely unfilled or nearly fully filled d-orbitals (e.g. TiO2 and
ZnO), large polarons are formed.[49] Large polarons refer to the fact that the trapped
charge and the associated lattice distortion is extended over multiple unit cells to
the point where it is only a slight impediment to charge transport.[49–52] Photoex-
cited polaron formation is still an active area of research, and many intermediate
cases such as BiVO4 remain debated.[53] It is becoming increasingly apparent that
the photocatalysis community must avoid or reduce small polaron effects to create
efficient photocatalysts.

As an XUV application example, recent transient XUV absorption measurements
of the Fe M2,3 edge of hematite confirm the formation of small polarons around
Fe sites in a few picoseconds after optical excitation.[4] Figure 2.2A illustrates
the small polaron formation in photoexcited 𝛼-Fe2O3. Optical excitation induces
electron transfer from a negatively charged oxygen site (dark orange) to the positively
charged Fe center (light orange). The charge transfer process reduces the Coulomb
interaction between the Fe center and the surrounding O atoms. The reduced
Coulomb interaction causes a local lattice expansion trapping the electron at the Fe
center. The XUV core-level transition is sensitive to its surrounding environment
through the core-hole perturbation of the transition state. As will be discussed later,
the Fe M2,3 edge is dominated by angular momentum coupling of the core-hole to
the valence states. The coupling results in multiple peaks that are re-arranged from
the unoccupied valence orbitals (Figure 2.2B). The optical charge transfer excitation
better screens the core-hole perturbations (which can also be referred to as a change
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in oxidation state), so the energy separation between said peaks reduces, producing
the blue spectrum in Figure 2.2B immediately after photoexcitation.

Figure 2.2: (A) Initial excitation of Fe2O3 leads to a charge-transfer transition from
oxygen (dark orange) to iron (light orange). The initial excited carriers undergo
optical-phonon scattering, during which the charge can be trapped by forming a
small polaron expanding the lattice locally. (B) XUV absorption spectra of the
polaron formation process. The top panel is experimental data; the middle two
panels are simulations. Dashed lines represent the contributions of the multiplet
splitting and core-hole absorption to the predicted small polaron spectrum. The
final panel shows the predicted contributions of charge transfer and the polaron to
the differential absorption spectrum (dashed lines) compared to the time = 0 ps and
time = 2 ps differential absorption measurements following a 480 nm excitation
pulse (solid lines). (C) The resulting transient XUV absorption measurement.
Following photoexcitation, the differential absorption reveals regions of increased
and decreased absorption around 55 and 56 eV. The energy of the zero crossing
between the areas of increased (blue) and decreased (red) absorption shifts on a
∼500 fs timescale and is circled for clarity. (D) The experimental time = 0 ps
and time = 2 ps slices are used to extract the amplitude of the charge-transfer and
small polaron state using a multivariate regression of the experimental data. These
amplitudes are fitted with a rate equation model for small polaron formation (solid
lines). Reprinted with permission from Carneiro et al.[4] Copyright 2017 Macmillan
Publishers Limited, part of Springer Nature.

The polaron formation creates a local anisotropic lattice distortion that breaks the
degeneracy of Fe 3p core level. The sub-picosecond shift in the differential ab-
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sorption (Fig. 2.2B, bottom panel) corresponds to the resulting change to the XUV
absorption (Fig. 2.2C). Hence, the polaron formation rate relative to the charge
transfer state is apparent in the differential absorption, as shown in Fig. 2.2C and D.

After decomposition of the differential absorption, the small polaron formation is
measured to occur in under 100 fs (Figure 2.2D), matching the first electron-phonon
scattering events. Importantly, the small polaron state persists until the photoexcited
electron and hole recombine. The few picosecond polaron formation will therefore
determine any later photocatalytic steps. Interestingly, polaron formation has been
measured not to be influenced by grain boundaries or defect states. Small polaron
formation is an intrinsic property of the lattice that cannot be removed by better
quality materials alone. Bulk and surface polaron formation occur on slightly dif-
ferent timescales, with bulk polaron formation occurring with a time constant of 90
fs and surface polarons forming with a time constant of 250 fs.[4, 36] Molecular
functionalization of the hematite surface has also been shown to change the lattice
reorganization and polaron stabilization energies, but polarons still form with rates
between 146 fs for OMe-PPA-Fe2O3 and 250 fs for hydroxyl-Fe2O3.[36] Further-
more, comparing small polaron formation in hematite and goethite (𝛼-FeOOH) has
shown that small changes in ligands and crystal structure have a significant effect on
formation rates, with polarons forming in 180 ± 30 fs in goethite nanorods and 90
± 5 fs in a hematite thin film.[54] Engineering materials to remove polaronic effects
remains as an outstanding question for photocatalysis and photoelectrochemistry.

Energy-resolved electron and hole kinetics
As highlighted by small polaron formation, controlling the relaxation pathways of
photoexcited carriers is crucial for optimizing solar energy devices. Efficient ex-
traction of the excess kinetic energy of hot (non-thermalized) electrons and holes
can overcome the theoretical Shockley-Queisser efficiency limit.[3, 6, 7] Hot elec-
trons and holes created by plasmonic nanoparticles can create new photoproducts
not reachable with thermalized carriers.[8] The ability of transient X-ray absorption
spectroscopy to separately measure the electron and hole energies as a function of
time is very useful for these applications, whether the device utilizes thermalized
or non-thermalized carriers. To be clear, X-ray spectroscopy measures the momen-
tum summed electron and hole energies, not to be confused with angle resolved
photoemission spectroscopy (ARPES). However, X-rays offer different benefits than
ARPES in terms of penetration depth,[12] measuring electronic and structural dy-
namics simultaneously,[4, 29] element specificity,[17] and the ability to measure
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insulating or oxidized samples.[55]

Figure 2.3: Time-resolved measurement of electron and hole dynamics in a ger-
manium nanocrystal thin film (A) and silicon-germanium alloy (B). (A) Carrier
dynamics in nanocrystalline germanium reveal the relaxations and decays of pho-
toexcited carriers in the valence band (VB) and conduction band (CB). The hole,
mid-gap, and electron states are labelled on the plot. (B) The electron and hole
dynamics are different in a Si:Ge alloy, and an additional weak feature is measured
for photoexcited electron filling of the mid-gap states (indicated by the black arrow.
Reprinted from Zürch et al.[26] Licensed under a Creative Commons Attribution
(CC BY) license.

Figure 2.3 shows the measured transient XUV absorption at the germanium M4,5

edge of a germanium thin film (A)[25] and a Si0.25Ge0.75 alloy (B).[26] In this exper-
iment, a visible-to-near-IR femtosecond pulse photoexcites the thin film samples.
The photoexcitation creates free electrons and holes in the conduction bands and
valence bands, respectively. The holes in the valence bands result in new XUV tran-
sitions and appear in the measurement as a positive (red) contribution. Similarly,
photoexcited electrons in the conduction band will block existing XUV transitions,
reducing the XUV absorption in the measured spectrum (blue). Electron and hole
dynamics are therefore separated by the band gap, as modified by core-valence ex-
citons, in the transient XUV spectra (Figure 2.3A and B). In this figure, a constant
energy shift has been removed from the differential absorption to give a better pic-
ture of the electron and hole dynamics. A shift of the entire edge to lower energy
is measured because the photoexcited state changes the screening of the core-hole
perturbation (similar to band gap renormalization in optical excitation).

From the processed differential absorption, electrons are measured to thermalize
quicker than holes over a one picosecond timescale. The slower hole thermalization
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is expected because of the higher effective mass of holes. The holes also have
a higher initial energy because of where the optical excitation occurred within the
band structure of Ge and the SiGe alloy. The kinetics of the SiGe alloy (Figure 2.3B)
can be compared to measurements of Ge alone (Figure 2.3A). After the carriers are
thermalized, a filling of the mid-gap defect states in the alloy is measured (Figure
2.3B). The decreasing amplitude in the differential absorption also measures the
electron and hole recombination.

Concerning defect and dopant state measurements, the current signal to noise ratio
limits experiments to the 1 mOD level for carrier excitation densities in the 1019−20

carriers/cm3 range (corresponding to a one-thousandth excitation of an average
atomic density of 1022−23atoms/cm3). Assuming a comparatively high contrast
XUV absorption between the dopant or defect state and the host material, such as a
transition metal M edge in a p-orbital host, this estimation suggests that a few percent
doping level can be measured. The estimate is in line with the ability to measure
defect state occupation in an alloy like SiGe with a high defect density.[26] Measur-
ing how a few percent dopant or defect states affect the photoexcited dynamics of
an alloy is a promising direction for the transient X-ray techniques.

Carrier kinetics have been measured in a range of materials using transient XUV
spectroscopy.[24, 56] Figure 2.4A shows the differential absorption of Si from which
electron and phonon dynamics are measured. Comparing Figure 2.4 to Figure 2.3
highlights the trade-off between different core-level transitions. Interpretation of
the Si L2,3 edge is dominated by core-valence excitons, requiring a more in-depth
theoretical treatment. However, the core-valence excitons provide sensitivity to
structural changes such as acoustic phonons,[29] whereas they are more difficult
to interpret in the Ge M4,5 edge at lower energy. Comparison of the electron and
acoustic phonon dynamics then allows inference of the optical phonon dynamics. A
Bethe-Salpeter equation (BSE) approach[21] was developed to predict the change
in the photoexcited transient XUV spectra of Si. The electron population versus
time, the thermalization of the electrons, and the acoustic phonon generation can
then be extracted from the differential absorption spectrum (Figure 2.4B).[29] The
extracted kinetics match those of known silicon scattering rates from optical mea-
surements, but in transient XUV spectroscopy the electron and phonon dynamics
can be measured at the same time. Valley-dependent scattering rates can also be
obtained by changing the excitation wavelength in the measurement.[29] The mea-
surements of the Si L2,3 edge are good examples of where intuitive interpretation
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Figure 2.4: Time-resolved XUV spectroscopy of the silicon L2,3 edge. (A) The
differential absorption is shown on a logarithmic time scale from 0 to 200 ps for
800 nm excitation. The inset represents some of the possible excitation and scat-
tering pathways for the photoexcited electrons. The in and out of plane arrows
indicate where inter-valley scattering between degenerate valleys is possible. The
cross-over time between electron-phonon scattering and phonon-phonon scattering
is also indicated by the dashed horizontal line. (B) Time-dependent carrier density,
lattice deformation, and thermal lattice expansion are extracted from a non-linear
fit of the measured excited state XUV absorption in A, following modeling of the
XUV spectrum with the Bethe-Salpeter equation (BSE). The solid lines show the
predictions of a three-temperature model for the carrier density, optical phonons,
and acoustic phonons. The data points refer to the quantities extracted from the
experimental data, with error bars representing the standard error of the fit to the
experimental data. The non-linear fit is weighted by the experimental uncertainty.
The scatter of the points is representative of the experimental noise. The thermal
lattice expansion from acoustic phonons is approximated as an isotropic lattice ex-
pansion in the BSE model. The log scale of time is offset by 100 fs for visualization.
Reprinted from Cushing et al.[29] Licensed under a Creative Commons Attribution
(CC BY) license.

based on increased and decreased absorption fail without more in-depth theoretical
modeling of core-valence coupling. The more complex ab initio methods, however,
do allow for larger classes of materials to be interpreted than material-specific toy
models. Also, once a material is theoretically modeled, future experiments can then
be analyzed with simpler decomposition or lineout methods.

Charge transfer in multilayer devices
Solar energy devices rely on multi-materials junctions to separate and transport elec-
trons and holes.[57] The critical interfaces within a device are the charge-selective
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contacts in a photovoltaic cell or the semiconductor-catalyst-electrolyte interface of
a photoelectrochemical cell.[11, 57] Multiple charge transport events, recombina-
tion, thermalization, and oxidation-reduction reactions occur from femtosecond to
second timescales.[1, 8, 11, 57] Measuring the ultrafast photo-dynamics of buried
interfaces is a challenging but valuable spectroscopic task for these devices. While
charge transfer is readily measured in two-component systems[17, 58] (such as be-
tween solids and quantum dots or molecules), adding the metal contacts and multiple
broadband absorbers of a full solar energy device makes transient optical measure-
ment non-trivial. Element-specific transient XUV measurements, on the other hand,
can track the photoexcitation and electronic-structural coupling that leads to both
charge and heat transport between multiple layers.[24, 29] The XUV penetration
depth can also be varied as a function of incident angle to differentiate surface and
bulk dynamics or same-element junctions, such as p-n and p-i-n doped materials.
Comparison of the measured kinetics of different elemental edges (or as a function
of incidence angle) leads to the direct calculation of transport properties as long
as the layer thicknesses are known. The ultrafast transient XUV measurements
are therefore directly comparable to the results of device averaged bulk electrical
measurements.[12]

As an example, Figure 2.5A shows the carrier transport processes in a p-Si/TiO2/Ni
photoelectrode geometry.[12] An 800 nm near-infrared pulse photoexcites the Si.
The built-in-field of the junction then leads to transfer of the photogenerated holes of
Si to the Ni layer (Figure 2.5B). The hole transport process is measured by a negative
energy shift in the Ni M2,3 edge because the added electron screens the many-body
core-valence interaction in the metal (which corresponds to the quasi-Fermi level
energy). The Ni shift compared to the Si dynamics measures ballistic transport
without occupation in the TiO2 in the first ∼100 fs (Figure 2.5B). Picoseconds later,
holes in the Ni diffuse back through the TiO2 to the Si. This back-diffusion of holes
decreases the screening of the core-valence exciton (or increases the Ti oxidation
state) which leads to a positive energy shift in the Ti M2,3 edge energy. Eventually
the holes recombine with electrons, the loss of which is measurable by analysis
of the Si edge with the BSE approach as described in the previous section. The
summary of the full carrier transport kinetics in this multi-junction layer device is
therefore measured as summarized in Figure 2.5B. The holes arrive on the Ni edge
after a 33 ± 8 fs delay from the photoexcitation pulse. More quantitatively, the
transport properties can be calculated from the kinetics and the ∼20 nm thickness
of the TiO2 layer. The holes have a tunneling velocity of (5.8 ± 1.4)×107 cm · s−1,



20

Figure 2.5: (A) The energy level alignment for the metal, oxide, and semiconductor
is shown, along with the expected photoexcited hole transfer in the p-type metal-
oxide-semiconductor junction. (B) The edge shift kinetics, which indicate the hole
kinetics, measured for the TiO2 (gray triangles) and the Ni (red squares) in the
junction are compared to the increase in electron recombination (i.e. decrease in
electron signature at the Si edge) in the junction (purple squares). The solid line
is a fit to the diffusion equation with a diffusion constant of 1.2 ± 0.1 cm2·s−1 and
a surface recombination velocity of 20 ± 50 cm · s−1. The measured decrease in
electron density qualitatively tracks the diffusion of holes through the TiO2. The
dashed line represents the predicted (Pred.) arrival of holes at the Si-TiO2 interface
based on the fit diffusion kinetics. Reprinted with permission from Cushing et
al.[12]

similar to the velocity of the electrons in the Si, indicating ballistic tunneling. From
the calculated built-in field of the junction, the hole mobility is calculated to be
390 ± 100 cm2·V−1·s−1, which is comparable to the established value for 1015 cm2

p-doped Si (450∼500 cm2·V−1·s−1).[59] A charge transfer efficiency of 42% is also
extracted from the measurement, and a surface recombination velocity at the Si-TiO2

interface is calculated to be >200 cm/s.

Interfacial hole transfer dynamics have also been reported in other solar junctions,
including Fe2O3/NiO and Zn/n-GaP junctions.[13, 60] The transient XUV measure-
ment of a Fe2O3/NiO heterojunction (Figure 2.6) indicates a hole transfer from the
Fe2O3 to NiO ∼10 ps after photoexcitation.[13] The simultaneous measurement of
the Fe M2,3 edge and the Ni M2,3 edge (Figure 2.6C) indicates the two-step nature
of the mechanism. An initial localized excitation on the Fe persists for 680 fs after
photoexcitation, after which the hole is injected into NiO after ∼10 ps. Transient
XUV spectroscopy again gives a detailed microscopic picture of charge transport in
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Figure 2.6: (A) Schematic depiction of a two-step sequential mechanism of hole
transfer. The interfacial field drives the exciton dissociation in the space charge
region of Fe2O3/NiO heterojunction. The subsequent hole transfer occurs via the
drift of the carrier across the interface. (B) Contour plot showing the experimental
transient reflection data of the Fe2O3/NiO heterojunction after excitation with 400
nm light. (C) The population of the bound exciton, dissociated exciton, and hole
transfer states is obtained from the global fit of data in B. Photoexcitation at 400 nm
initially leads to a charge transfer excitation in the Fe2O3, which dissociates with a
rate constant of 𝑘1 (680 ± 60 fs). The subsequent interfacial hole transfer across to
the NiO occurs with a rate constant of 𝑘2 (9.2 ± 2.9 ps). Adapted with permission
from Biswas et al.[13]

a multi-layer junction.

Interpreting photoexcited X-ray absorption spectra
The interpretation of photoexcited X-ray absorption spectra requires theoretical
modelling to accurately extract charge carrier and structural dynamics, regardless
of the energy range used.[18, 20–22] An X-ray probe photon excites a core electron
to a valence state, leaving a positively charged localized hole in the core state. As
a first approximation, the transition probability of the X-ray, and thus the measured
absorption spectrum, would be proportional to the unoccupied valence density
of states including dipole selection rules, because of the narrow energy width of
the core level. However, the core-hole that is created during the X-ray transition
perturbs the final transition valence density of states.[18, 21, 22] The strength and
extent of this perturbation determines what information can be extracted from the
transient X-ray absorption experiment. The ability to model and predict the core-
valence perturbation defines what photoexcited information can be extracted from a
transient X-ray absorption measurement.
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The general ranking of different core-hole perturbation effects, from strongest to
weakest, is angular momentum effects (atomic multiplet and spin orbit effects re-
sulting from the interaction between unpaired valence electrons and the unpaired
core electron), ligand field effects on these angular momentum perturbations, and
the creation of core-valence excitons between the X-ray excited electron and the
core-hole. The ability of the valence orbitals to screen the core-hole perturbations
determines the peak amplitudes and spectral shifts within this general ordering,
often resulting in XUV absorption spectra that do not follow the form of the valence
density of states.[4, 12]

Figure 2.7: (A) In a metal oxide, the localized d levels interact strongly with the
core-hole of the XUV transition. The final transition density of states is dominated
by atomic multiplet splitting and is therefore distorted from the unoccupied valence
states. (B) In a covalent semiconductor, the delocalized electrons shield the core-
valence exciton, and the measured experimental absorption is close to the unoccupied
density of states. (C) In metals, many-body effects lead to an increased absorption
near the Fermi level and a power law tail as compared to the underlying density of
states. Adapted with permission from Cushing et al.[12]

For X-ray transitions to localized d-orbitals, such as the M-edge of the first-row
transition metals, angular momentum and spin-orbit effects are dominant in the
X-ray spectra. Atomic multiplet coupling between the core level and valence states
leads to a redistribution of the ground state, unoccupied density of states across tens
of eV (Figure 2.7A). Multiplet effects are edge dependent, with multiplet interaction
generally being stronger for M edges compared to L edges, while not present in
K edges. The angular momentum effects make extracting exact electron and hole
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energies more difficult but also make the edge more sensitive to dynamic bonding
and structural changes as described earlier for polarons[4]. Screening and ligand
field effects determine the exact strength and separation of the peaks. A lower
energy peak is therefore not necessarily a lower energy valence orbital. Theoretical
methods[20–22] are used to map out to which states the X-ray peaks correspond. A
photoexcited change in oxidation state / screening is usually obvious in the measured
spectra, such as the ligand to metal charge transfer[4] in Figure 2.2, but the electrons
and holes are not spectrally resolved as in Ge (Figure 2.3A).

For elements with s- and p-orbital valence electrons, the angular momentum cou-
pling is moderate. The primary perturbation affecting the X-ray absorption structure
is the creation of core-valence excitons. The core-valence exciton is usually narrow
in linewidth and shifted lower in energy from the expected orbital with a modulated
amplitude. In a molecule, the core-valence exciton is quite pronounced because
valence orbitals are highly localized and therefore do not screen the core-hole.[19]
In a solid, the delocalized electron and hole wavefunctions can screen the core-hole
and weaken the excitons amplitude and energy shift. The XUV spectrum is then
more closely (but not exactly) related to the ground state, valence density of states
of the material (Figure 2.7B).[24] After photoexcitation, electrons block existing
XUV transitions while holes allow new XUV transitions, generically leading to
negative and positive peaks in a transient X-ray spectrum.[25, 26] Changes in the
occupation and energy of electrons and holes can therefore be measured and ex-
tracted, sometimes even without the need for in-depth theoretical modeling as is
the case for Ge in Figure 2.3.[25, 26] However, more generally, the change in pho-
toexcited valence occupation screens any core-valence excitons, with the resulting
renormalization causing spectral changes across the full XUV absorption, as seen
in the Si L2,3 edge in Figure 2.7C.[24, 29] In this case, relying only on positive
and negative changes in the transient absorption measurement is misleading and
in-depth theoretical modeling is needed.

However, intuition about screening of the core-hole does not always hold true.
An important case is the X-ray absorption spectrum of metals.[61] For a metal,
many-body interactions between the core-hole and free electrons dominate the X-
ray absorption. For example, the renormalization from the core-hole creates an
exponentially increasing density of states near the Fermi level in the otherwise nar-
row bandwidth and partially filled d-valence bands. The resultant many-body effect
leads to a strong increase in absorption, or “white line effect”, at the X-ray edge
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energy and a power law decaying tail.[62] The X-ray absorption spectrum is thus
broadened and redistributed from the underlying empty orbitals, even though atomic
multiplet effects are minor (Figure 2.7C). The shift in the edge with photoexcita-
tion, however, usually aligns with the change in quasi-Fermi level after excitation,
allowing average electron or hole energies to be generically extracted (Figure 2.5).

Regardless of the edge or the material, as the photoexcited carriers relax by coupling
with vibrational modes (phonons), a longer timescale (10-100 picoseconds) “heat-
ing” signal is measured in the transient X-ray spectra that originates from acoustic
phonons.[29] A lattice expansion occurs from the anharmonicity of the excited
vibrational modes generically from acoustic phonons created by phonon-phonon
scattering of optical phonons or direct electron-phonon scattering at energies near
the band edge. The resultant lattice expansion decreases the bond hybridization and
the band gap of the material, so the interaction of the core-hole with surrounding
atoms is decreased and the overall X-ray spectrum is shifted to lower energy.[29]
The “heating” feature can be used to study heat transport between materials in a
junction, like carrier kinetics in Figure 2.5 and 2.6, but by comparing its kinetics
with the change in carrier energy versus time, the electron-optical phonon and the
optical-to-acoustic phonon scattering can be kinetically extracted. Phase changes
and other lattice distortions are similarly measurable.

While atomic multiplet theory can predict M edge spectra in metal oxides,[63] Bethe-
Salpeter Equation (BSE) and time-dependent density functional theory (TDDFT)
calculations are rising as a material and edge independent method to accurately
predict X-ray edges including multiplet effects and Coulomb screening.[21] First,
TDDFT calculations can be used for directly simulating the time evolution of core-
holes and valence excitations on the sub-picosecond timescale.[64] This approach
gives the real time evolution of the states, predicting attosecond dynamics, but it
is computationally expensive for longer timescales. In the second approach, the
BSE equation spectrally solves the experimental X-ray spectra but without inherent
time dependency.[21] Generally, a DFT calculation is used to calculate the ground
state valence orbitals and their occupation. An optional GW approximation step is
used to correct the DFT band structure for electron-electron type interactions. The
naming of the GW approximation comes from the term symbols used for the Green’s
function and screening used when calculating the self-energy of a many-body system
of electrons. Next, the core-valence excitons and any angular momentum coupling
is calculated using the BSE. Two approaches can be taken to predicting the transient
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XUV spectrum. First, the time evolution of the excited state can be included
from other software packages (like molecular dynamics and Boltzmann transport
equation solutions) into the DFT, GW, and BSE steps. The calculations are based
on the approximation that the core-hole excitation (attoseconds) is faster than the
measured carrier or phonon dynamics (femtoseconds and longer) and are therefore
not suitable for attosecond dynamics. Second, generic changes in carrier and
phonon occupation can be included in the BSE without a full excited state ab initio
calculation, then the experimental spectrum can be back-fit to extract the carrier
occupations and structural dynamics. The flexibility of the second approach is useful
for experiments on novel or complex materials where time dependent calculations
are not feasible. In either case, the BSE approach allows for different components of
the core-valence coupled Hamiltonian to be separated, such as contributions from
spin-orbit, multiplet splitting, long-range screening, and higher order processes such
as bubble/ladder interactions.

2.5 Outlook
This perspective outlines the potential of transient XUV spectroscopy for measuring
photoexcited dynamics in solar energy materials. Although only a few materials
have been measured to date, the technique is now reaching a maturity that makes
it ready for widespread measurement. An important instrumentation development
step is to include in situ and environmental cells to match the cutting edge of
synchrotron experiments. The ideal measurement would measure the photoexcited
dynamics of carriers, charge transfer between the electrode-electrolyte interface,
and the associated chemical reaction intermediates and products that form. For
example, recent static in situ measurements were taken of the electrochemical CO2

reduction reaction on a Cu catalyst with X-ray absorption spectroscopy and X-ray
diffraction.[65] In situ measurements are traditionally more difficult with table-top
XUV experiments because of the limited penetration depth of the XUV photon
with respect to water. However, table-top sources are now pushing into the water
window (282∼533 eV) with sufficient flux for transient experiments in the liquid
phase.[39] This energy coverage also allows the study of organic elements. Transient
XUV spectroscopy could also be significant for measuring the alloyed and multiple-
element catalysts critical for photoelectrochemical cells. As signal to noise ratios
continue to improve, the ability to measure the role of trace defect and dopant states
is also on the horizon.

In addition to linear X-ray absorption spectroscopy, novel nonlinear X-ray methods
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are emerging as a promising field for both fundamental light-matter interaction and
material characterization.[66–70] Recent developments of intense X-ray sources at
larger facilities and on the table-top are now making nonlinear X-ray measurements
possible. X-ray transient grating spectroscopy[67] can measure element-specific
vibrational, magnetic, or electronic transport. XUV second harmonic generation
has measured atomic displacement with sub-angstrom spatial resolution.[66] X-ray
sum frequency generation is allowing an element-specific addition to studying in-
terfaces.[66, 67] X-ray wave mixing processes are also starting to reach the level of
complexity needed for true two-dimensional spectroscopy studies of coupled exci-
tations.[67, 69] Chiral and circularly polarized X-rays are also reaching a maturity
for studying spin dependent phenomenon.[71, 72]
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C h a p t e r 3

MEASURING PHOTOEXCITED ELECTRON AND HOLE
DYNAMICS IN ZNTE AND MODELING EXCITED STATE
CORE-VALENCE EFFECTS IN TRANSIENT EXTREME

ULTRAVIOLET REFLECTION SPECTROSCOPY

Photoelectrochemical CO2 conversion requires efficient photoabsorbers and cata-
lysts to generate and transport charge carriers to synthesize value-added products.
This chapter discusses measurements of carrier and structural dynamics in the wide
band gap semiconductor zinc telluride (ZnTe). ZnTe and related II-VI compounds
(e.g. ZnTexSe1– x) are attractive light-absorber candidates for driving the CO2 re-
duction reaction. Using transient XUV reflection spectroscopy, we simultaneously
measure femtosecond non-equilibrium electron and hole dynamics at the material’s
surface. The carrier-specific measurement enables the direct understanding of each
charge carrier’s relaxation, diffusion, and recombination kinetics. Further, the chap-
ter introduces an integrated theory framework for incorporating excited state effects
into the Bethe-Salpeter equation approach, accurately modeling experimental spec-
tra from first principles.

This chapter is adapted with permission from

Liu, H.; Michelsen, J. M.; Mendes, J. L.; Klein, I. M.; Bauers, S. R.; Evans,
J. M.; Zakutayev, A.; Cushing, S. K. Measuring Photoexcited Electron and
Hole Dynamics in ZnTe and Modeling Excited State Core-Valence Effects in
Transient Extreme Ultraviolet Reflection Spectroscopy. The Journal of Physical
Chemistry Letters 2023, 14, 2106–2111, DOI: 10 . 1021 / acs . jpclett .
2c03894.
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https://doi.org/10.1021/acs.jpclett.2c03894


34

3.1 Abstract
Transient extreme ultraviolet (XUV) spectroscopy is becoming a valuable tool for
characterizing solar energy materials because it can separate photoexcited electron
and hole dynamics wiwth element-specificity. Here, we use surface-sensitive fem-
tosecond XUV reflection spectroscopy to separately measure photoexcited electron,
hole, and band gap dynamics of ZnTe, a promising photocathode for CO2 reduction.
We develop an ab initio theoretical framework based on density functional the-
ory and the Bethe-Salpeter equation to robustly assign the complex transient XUV
spectra to the material’s electronic states. Applying this framework, we identify
the relaxation pathways and quantify their timescales in photoexcited ZnTe, includ-
ing sub-picosecond hot electron and hole thermalization, surface carrier diffusion,
ultrafast band gap renormalization, and evidence of acoustic phonon oscillations.

3.2 Introduction
Photoelectrochemical reduction and oxidation reactions are driven by the charge
transfer of electrons or holes at an electrode’s surface.[1–3] Thus, it is necessary to
develop surface-sensitive experimental probes that can separate photoexcited elec-
tron and hole kinetics. Knowing the initial excess energy of hot electrons and holes,
their thermalization time, and charge transfer pathways is crucial for optimizing
photoelectrochemical reactions and devices.[4, 5] For example, hot carriers with ex-
cess kinetic energy have been proposed for steering selectivity in photocatalysis.[6]
Characterizing the carrier-specific ultrafast photodynamics in II-VI semiconductors
is desirable due to their application in photoelectrodes,[7–10] as well as in opto-
electronics,[11] electro-optical detectors,[12] and photovoltaics.[13, 14] Recently,
ZnTe has gained attention as a photocathode material for CO2 reduction due to
its aqueous stability at reducing conditions and its conduction band edge energy
position, which facilitates electron transfer to the reaction species.[15] To truly
understand the microscopic mechanisms governing the performance of such pho-
toelectrochemical systems, it is necessary to first understand the photodynamics of
the light absorber by isolating the underlying electron and hole energetics, surface
carrier kinetics including diffusion and recombination, as well as any associated
structural dynamics.[16]

Transient extreme ultraviolet (XUV) spectroscopy measures ultrafast element- and
carrier-specific dynamics by exciting a core-level electron into valence states.[17–20]
XUV spectroscopy in a grazing-angle reflection geometry offers high surface sensi-
tivity because of the low penetration depth (1-10 nm) of the photons in solids.[21]
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In addition to carrier dynamics, structural dynamics at the surface can also be mea-
sured.[22] However, the complexity and richness of the transient XUV spectra of
solid-state materials presents challenges for extracting the underlying photodynam-
ics. For example, experimental spectra often contain mixed electronic-structural
dynamics because of the shallow energy core-hole perturbation from the XUV
probe transition. Due to the core-hole perturbation, the XUV absorption or re-
flection spectrum usually does not directly map out the unperturbed band structure
and carrier occupation of interest.[19, 22–26]The extent to which the density of
states is modified depends on the valence electronic configuration of the material.
For instance, for some semiconductors, electrons and holes can be directly resolved
from the experiment and global fit of transient XUV spectra.[17, 18, 27] However,
directly extracting carrier kinetics is not possible for most materials, such as transi-
tion metal compounds with highly localized 3d orbitals where angular momentum
coupling changes the XUV spectral shape compared to the unoccupied density of
states.[24, 28–30] Here, in addition to experimental results, we present a unified, ab
initio theoretical framework for modeling excited state XUV and X-ray spectra that
can be applied to a range of materials at different absorption edges. The theoretical
methods are especially necessary when performing transient XUV spectroscopy in
a reflection geometry, where changes in both the real and imaginary parts of the
refractive index must be considered.[31, 32]

In this study, we use transient XUV reflection spectroscopy to measure the ultrafast
electron and hole dynamics at the surface of ZnTe. Experimentally, transient XUV
reflection spectra are measured at the Te N4,5 edges (4d3/2, 5/2 core states) around
40 eV following photoexcitation with a ∼50 fs, 3.1 eV (400 nm) pulse. The XUV
probe pulse has a sample penetration depth of ∼2 nm at a 10° grazing incidence
angle. We measure a hot electron thermalization time of 330 ± 100 fs and a hot hole
thermalization time of 340 ± 320 fs. Using our modified Bethe-Salpeter equation
approach, the hot carrier thermalization pathways can be mapped back onto the
band structure. The electron and hole diffusion times are determined to be 2.21 ±
1.12 ps for electrons and 3.91 ± 3.58 ps for holes. In addition to carrier dynamics,
we also measure an initial photoexcited band gap renormalization with a decay
time of 730 ± 170 fs. Evidence of surface acoustic phonons is also measured
as intensity oscillations in the spectra. More broadly, this paper demonstrates an
ab initio approach to interpret transient XUV measurements without the need for
system-specific approximate models.[22, 33] This approach is also applicable to
higher energy X-ray edges measured at free electron lasers and synchrotrons.
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Figure 3.1: (a) The calculated band structure of ZnTe is overlaid with optical
photoexcitation and core-to-valence XUV probe transitions. The red arrow indicates
a 3.1 eV (400 nm) optical excitation between the valence and conduction bands.
Core-to-valence probe transitions are labeled with purple arrows. (b) Measured
transient XUV reflection-absorption near the Te N4,5 edges after photoexcitation.
The main transient features due to state filling include a decrease in absorption
(increase in reflection) between 40.75 eV and 42.25 eV (blue features). An increase
in absorption (decrease in reflection) is measured starting at 38 eV and broadens to
39.5 eV approximately 1 ps after optical excitation (red features). Additionally, in-
gap dynamics are observed, showing an initial decrease in absorption below 40 eV,
which blue shifts and disappears over time. The alignment of the transient spectral
features to the valence and conduction band are indicated by the dashed lines.

As shown in Figure 3.1(a), optical excitation at 3.1 eV (400 nm) promotes electrons to
the otherwise empty conduction bands of ZnTe, blocking allowed XUV transitions
to the same states in the transient spectrum. On the other hand, the creation of
photoexcited holes allows new core electron transitions to the valence band. The
change in the transient reflection after optical excitation is defined using Equation
3.1:

Δ𝑂𝐷 = − log10

(
𝐼𝑝𝑢𝑚𝑝 𝑜𝑛

𝐼𝑝𝑢𝑚𝑝 𝑜 𝑓 𝑓

)
(3.1)
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This definition is often termed reflection-absorption, due to the negative sign in
Equation 3.1.[34] The measured transient XUV reflection spectra around the Te
N4,5 absorption edges are shown in Figure 3.1(b) for an excitation density of 1.74
mJ/cm2. The blue color is a decrease in absorption (increased reflectivity) while the
red color is an increase in absorption (decreased reflectivity). After photoexcitation,
two dominant decreased absorption features (blue) are measured centered at 40.75
eV and 42.25 eV along with a dominant increased absorption (red) below 40 eV.
The probed Te N4,5 absorption edges involve XUV transitions from two core states,
4d3/2 and 4d5/2, separated by ∼1.6 eV. The decreased absorption (blue) at 40.75
eV and 42.25 eV correspond to XUV transitions from 4d5/2, 3/2 core levels to the
conduction bands. In general, photoexcited electrons in the conduction bands will
block core-to-conduction band transitions. Similarly, the photoexcited holes lead to
increased absorption (red) below 40 eV.

To robustly assign the electron and hole dynamics, a combined density functional
theory (DFT) and Bethe-Salpeter Equation (BSE) approach is used to model the
core-valence transitions that compose the measured XUV peaks. First, ground state
XUV reflection spectra are calculated using Quantum ESPRESSO and the Obtain-
ing Core-level Excitations using Ab initio calculations and the NIST BSE solver
(OCEAN) code (Supporting Information Figure A.10).[28, 29, 35] The band gap
obtained from the DFT calculation is corrected using a scissor correction to match
the experimentally observed band gap. To capture the effects of photoexcited elec-
trons and holes on the XUV spectra, the standard code is modified using an adiabatic
approximation to the core-level excited states since the lifetime of the core-level ex-
citon (attoseconds) is shorter than the measured photoexcited valence dynamics
(femtoseconds and longer). To simulate the excited state valence dynamics, the
carrier occupation in the conduction or valence bands are changed at different k-
points in momentum space. Various electron and hole state filling configurations are
calculated to cover possible photoexcitation and thermalization pathways based on
the optical pump energy and the material’s band structure. The calculation results
are then independently fitted to experimental data at each pump-probe time delay to
extract the carrier distribution.

In Figure 3.2(a), the theoretical spectra accurately reproduce the experimental mea-
surements. A comparison is shown between the calculated XUV spectra (dashed
lines) with the measured transient XUV reflection spectra (solid lines). Spectral
lineouts are shown for the initial photoexcited states (blue lines) and the steady-
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Figure 3.2: (a) Comparison of experimental (solid lines) and theoretical spectra
(dashed lines) for initial photoexcited carrier states (blue lines) and fully thermal-
ized final states (red lines). Calculated transient XUV reflection are plotted as dashed
lines, reproducing the main carrier-specific experimental spectral signatures. For
the thermalized final states, modeled state filling effects (red dashed line) accurately
reproduce the experimental features (red solid line). For the initial non-equilibrium
photoexcited states, an additional mid-gap feature is measured, which is not repro-
duced by modeling state filling effects (blue dashed line). A more accurate fit to
the experiment is achieved by approximating the mid-gap feature as pump-induced
transitions to mid-gap states (orange dashed line), which is consistent with band
gap renormalization or defect states. (b) From matching the experimental spectra to
the theoretical calculations, approximate time-dependent carrier occupations can be
inferred in momentum space. Differential momentum-resolved XUV transition am-
plitudes are shown for the theoretical state filling conditions that match experimental
spectra in (a). The XUV transition amplitude reflects the underlying photoexcited
carrier distribution. (c) The approximate time-dependent carrier occupations are
used to model the spectral contributions from state filling effects, matching the
measured experimental carrier thermalization in Figure 3.1(b). The reconstruction
is performed for the first 800 fs after photoexcitation, when hot carrier relaxation
has largely finished and before phonon-induced intensity modulations dominate the
spectrum.

state signal when carriers are fully thermalized (red lines), averaged over 2.1 ps to
2.5 ps to remove the effect of phonon-induced intensity oscillations. Due to the
energy splitting of Te 4d3/2 and 4d5/2 core states, there are duplicate spectral fea-
tures from core-to-valence transitions originating from different initial core states.
For the final thermalized states, modeling based on state filling effects (dashed red
line) is in excellent agreement with the experimental spectra (solid red line). For
the initial photoexcited states, theoretical spectra are calculated for state filling ef-
fects only (blue dashed line) and state filling effects combined with transitions to
mid-gap states (orange dashed line). Better agreement with experiment is achieved
by including these mid-gap transitions, which represent a smaller band gap tran-
sition that would result from band gap renormalization or defect states. Once the
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theoretical and experimental spectra are matched, the corresponding XUV transi-
tions in momentum space can be extracted as shown in Figure 3.2(b), reflecting the
modeled photoexcited electron and hole distribution in the conduction and valence
bands. The non-equilibrium electron and hole thermalization becomes apparent in
the reconstructed spectra (Figure 3.2(c)).

The mid-gap feature is assigned to band gap renormalization based on the material’s
low defect density and the transient signal’s dependence on excitation fluence. Band
gap renormalization is a many-body effect where the photoexcited electrons and
holes have a Coulomb attraction which decreases the band gap.[36] In principle,
both mid-gap defects and many-body band gap renormalization could account for
the mid-gap feature that is not reproduced by state-filling effects (Figure 3.2(a)). If
the experimental spectrum was interpreted without theory, the origin of the mid-gap
feature would seem to be associated with mid-gap defect states based on its energy
alignment relative to the conduction and valence bands. In order for defect states
to be responsible for the mid-gap feature, the defect density would need to be on
the order of the photoexcited carrier density (>1018 carriers/cm3) since the intensity
of the mid-gap feature is similar to that of the state filling features. However, XPS
and 4-point probe measurements do not reveal any defect levels above 5 × 108

cm−3 (Supporting Information Section A.1). Additionally, no mid-gap states were
measured using ground state optical absorption (Figure A.6, A.7). Similar band gap
dynamics were measured in ZnTe thin film samples by different growth methods
(Figure A.12), which indicates that the feature is intrinsic to ZnTe and is not related
to defect states. Measurements at different optical excitation fluences exhibit a
larger band shift energy and longer recovery lifetime (Figure A.12(b)), consistent
with band gap renormalization.

While fundamentally the theoretical DFT+BSE approach is a frequency-domain
method, this back-extraction process provides an approximate understanding of the
carrier evolution in momentum space after photoexcitation. Ultimately, the theoret-
ical resolution is limited by the number of sampling positions in momentum space
used in the DFT calculation and the intrinsic experimental spectral fluctuations.
While our theoretical approach provides an estimate of the carrier distribution in
momentum space, it must be stressed that this is an approximation as the measured
XUV spectra is summed over all dipole allowed transitions. As a result, estimating
the momentum-resolved carrier distribution will work best for materials exhibiting
few highly dispersive bands near the optical transitions. A detailed discussion of



40

this method, including its resolution and limitations, can be found in the Supporting
Information Section A5.2. After robust assignment using the DFT+BSE theoretical

Figure 3.3: (a) Extracted electron, hole, and band gap renormalization dynamics
from the experimental spectra using the DFT+BSE approach. An exponential fit
of the electron feature for the Te 4d3/2 to conduction band transition in the first
920 fs reveals an electron thermalization time of 330 ± 100 fs. An exponential fit
of the hole feature in the first 760 fs yields a hole thermalization time of 340 ±
320 fs. These fitting ranges are chosen before the intensity modulation from the
acoustic phonons dominates the spectra. The band gap renormalization dynamics
are extracted by tracing the energy shift of the spectral zero-crossing for the 4d5/2
to conduction band transition, and are found to have a time constant of 730 ± 170
fs. (b) The spectral intensity for electrons (blue) are integrated between 41.75 eV
to 42.56 eV while the spectral intensity for holes (red) are integrated between 37.88
eV to 38.75 eV. Exponential fits give diffusion time constants of 2.21 ± 1.12 ps and
3.91 ± 3.58 ps for electrons and holes, respectively.

framework, the electron and hole kinetics are extracted from the experiment (Figure
3.3(a)). The electronic 4d5/2 to conduction band transition is modulated by the
nearby hole feature from the 4d3/2 to valence band transition. Due to this spectral
overlap, electron kinetics are extracted using the 4d3/2 to conduction band transition,
while hole kinetics are extracted using the 4d5/2 to valence band transition. The
thermalization times are found to be 330 ± 100 fs for electrons and 340 ± 320 fs
for holes using an exponential fit. Evidence of phonon oscillations is also observed,
with a frequency of 2.79 THz (93 cm−1), matching the acoustic phonon dispersion
branches around the Γ point (Figure A.12(b), A.13).[37]

While carrier kinetics are extracted from spectral shifts, the intensity of the pho-
toexcited spectrum corresponds to the diffusion of the photoexcited carriers away
from the sample surface. As shown in Figure 3.3(b), the carrier populations de-
crease with a time constant of 2.21 ± 1.12 ps for electrons and 3.91 ± 3.58 ps for
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holes. This decay in transient signal is assigned to carrier diffusion rather than
recombination since a nanosecond measurement reveals no change in intensity after
the first few picoseconds, suggesting a carrier lifetime of greater than 1 ns (Figure
A.14). Due to the weak signal of the carrier diffusion, the time constants feature
large confidence intervals, motivating future measurements to fully quantify this
surface carrier diffusion effect.

3.3 Conclusion
This paper demonstrates using femtosecond XUV reflection spectroscopy and ab
initio theory to extract surface non-equilibrium electron, hole, and band gap dy-
namics as well as the carrier diffusion times at the surface of ZnTe. These carrier-
specific dynamics are critical for understanding photoelectrochemical reactions and
other renewable energy applications, where transient X-ray measurements are mov-
ing towards in-situ environments.[38, 39] The necessity of an ab initio predictive
framework to robustly assign spectral features in solids is stressed. As an example,
the carrier kinetics in this work are experimentally obscured by a mid-band gap
feature. In a broader context of method development, our theoretical approach al-
lows the robust interpretation of transient XUV and X-ray spectra without the use
of semi-empirical, material-dependent parameters.
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C h a p t e r 4

DYNAMICAL POLARON DELOCALIZATION IN CUFEO2
IMPROVES PHOTOEXCITED ELECTRON TRANSPORT

Ultrafast charge carrier self-trapping via polaron formation is pervasive in transition
metal oxides. The formation of the polaron quasi-particle typically occurs on sub-
picosecond timescales and limits charge transport on device timescales. This chapter
investigates polaron formation in the photocathode copper iron oxide (CuFeO2).
Sub-picosecond small polaron formation after photoexcitation is measured in the
form of charge transfer to the iron center and coherent lattice expansion between Fe-
O layers. The comparison to photocathode iron oxide (𝛼-Fe2O3) reveals improved
carrier diffusion due to a polaron delocalization effect resulting from coherent
lattice expansion between Fe-O layers and charge-sharing with surrounding Fe4+

atoms. This work offers insight into delocalization effects on polaron formation
and provides methods for systematically measuring the carrier-structural dynamics
behind polaron formation.

This chapter is adapted with permission from:

Liu, H.; Mendes, J. L.; Michelsen, J. M.; Finn, B.; Cooper, J. K.; Cushing, S. K.
Dynamical Polaron Delocalization in CuFeO2 Improves Photoexcited Electron
Transport. In preparation.
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4.1 Abstract
Transition metal oxides have been widely studied for applications in photocataly-
sis. However, charge trapping via small polaron formation remains a significant
bottleneck to realize efficient devices. Detailed measurements of small polaron
dynamics have been performed. Yet, the relation of these small polaron dynamics
to photoexcited transport is only inferred, rather than probed directly. Moreover, the
mechanism of how small polarons couple to electronic states and lattice modes to
control delocalization, and thus transport, remains unclear. Here, we characterize
small polaron formation in CuFeO2 using transient XUV reflection spectroscopy.
We measure that adiabatic small polaron formation occurs on a ∼100 fs timescale,
similar to other Fe(III) compounds. Notably, following polaron formation, a dynam-
ical delocalization of the small polaron occurs through a coherent lattice expansion
between Fe-O layers and charge-sharing with surrounding Fe4+ states. Our work
bridges atomic scale dynamics with mesoscale charge transport to provide a de-
tailed, real-time observation of how electronic-structural coupling in a polaron-host
material could be used to suppress polaronic effects for a variety of applications.

4.2 Introduction
Small polarons dominate transport in a variety of material physics spanning super-
conductivity, charge density waves, and transport in organic and inorganic mate-
rials.[1–6] The balance between strong electron correlations and strong electron-
phonon coupling determines electronic properties from band gaps to charge trans-
port.[4] For materials with photocatalytic applications, the effect of polaron dynam-
ics on surface chemical kinetics that benefit from charge localization and lattice
reorganization must also be considered.[7, 8] Iron oxide compounds, such as 𝛼-
Fe2O3, are prototypical photocatalysts that have near-ideal charge-transfer-based
band gaps and surface kinetics due to their localized d-orbitals. Yet, their photocat-
alytic efficiency is below the theoretical limit because the same localized orbitals
lead to the formation of photoexcited, charge-transfer small polarons which reduce
carrier mobility. While transition metal oxides that have an empty d-shell after
bonding, such as TiO2, tend to form photoexcited large polarons that have sufficient
carrier mobilities to reach near theoretical efficiencies, this bonding scheme usually
leads to UV band gaps that limit the overall solar conversion efficiency.

While small polaron formation dynamics are well studied in 𝛼-Fe2O3, the effect of
polaron delocalization on carrier mobilities is not fully understood. In 𝛼-Fe2O3, the
photoexcited electron distorts the local lattice upon the first electron-optical phonon
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scattering, forming small polarons that trap photoexcited carriers with a large carrier
effective mass. The ∼100 fs small polaron formation process can be considered
adiabatic, as the on-site reorganization energy is large enough that the small polaron
can form without significant carrier thermalization, and it remains trapped until
carrier recombination. One proposed approach to suppress small polaron formation
is to introduce heteroatoms at a unit cell level to decrease the reorganization energy
of the small polaron to less than the thermal energy by expanding its localization
radius.[9] This approach has been studied widely in high-throughput synthesis but
has yielded mixed performance, partly due to a lack of inclusion of polaron-based
physics in the search criteria.[10] The effect of atomic substitutions on small polaron
formation dynamics and the correlation to photoexcited charge transport is necessary
for improving photocatalysis and engineering other small polaron based applications.

In this work, we measure small polaron formation in CuFeO2 using transient ex-
treme ultraviolet (XUV) spectroscopy. CuFeO2 has a delafossite structure (Figure
4.1(a)) with 2D Cu atomic layers substituted between Fe-O networks, and was
identified by high-throughput screening techniques as a potential top performing
photocatalyst.[11–13] The Cu atoms affect small polaron formation in two ways,
(1) by providing electronic screening between photoexcited polarons in the Fe-O
layers, and (2) by allowing the lattice to expand parallel to the Fe-O plane to reduce
reorganization potentials. Transient XUV measurements indicate that electronic
screening between layers does not change the adiabatic small polaron formation rate
from the standard <100 fs measured for almost all Fe(III) compounds to date.[14–
16] The ability for the lattice to expand perpendicular to the Fe-O plane, however, is
measured to enable a polaron delocalization on a picosecond timescale through a co-
herent acoustic Cu-(Fe-O) c-axis phonon mode. A corresponding nearest-neighbor
Fe(III) to Fe(IV) charge compensation supports the hypothesis of an initial small
electron polaron dynamically delocalizing beyond the initial Fe(III) site to the near-
est neighbors. This delocalized polaron in turn leads to increased thermally activated
hopping relative to the carrier recombination timescale.[15] Beyond photocatalysis,
the results provide insight into a broad range of small polaron based materials, and
how lattice interactions versus electron correlations can be leveraged to tune their
properties.

4.3 Results
Figure 4.1(a) shows the crystal structure of CuFeO2, where the Fe and O sublattices
are capped by Cu layers along the c-axis. In the Fe-O sublattice, the Fe atom is
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Figure 4.1: A comparison of the (a) delafossite crystal structure of CuFeO2 where
Cu atoms are inserted between Fe-O layers and (b) hematite (𝛼-Fe2O3). (c) The
projected density of states shows that the conduction band is dominated by Fe
orbital character while the valence band is mixed Cu-O orbitals.[17] (d) The band
structure of CuFeO2, where the 400 nm visible pump is shown to demonstrate the
promotion of electrons from the valence band into the conduction band following
photoexcitation.

surrounded by oxygen octahedra. This configuration is locally similar to hematite
(𝛼-Fe2O3), as shown in Figure 4.1(b). 𝛼-Fe2O3 is a prototypical example of pho-
toexcited small polaron formation at an Fe(III) site and is used as a comparison
throughout the paper.[8, 15] Both CuFeO2 and 𝛼-Fe2O3 are charge-transfer insula-
tors (Figure 4.1(c)). The additional electron density offered by the Cu heteroatoms
in CuFeO2 provides hybridization between the Cu and O atoms, which reduces
the material’s band gap compared to 𝛼-Fe2O3 and adds dispersion (curvature) to
the band structure in the valence band. The conduction band is still relatively flat
despite the delocalization offered by the Cu atoms, suggesting that local electron
correlations still remain present despite the addition of Cu.

Transient XUV spectroscopy measures small polaron formation dynamics in thin
film CuFeO2 following a 3.1 eV (400 nm) photoexcitation of the ligand-to-metal
charge-transfer transition from the O 2p orbital to the Fe 3d orbital. The XUV pulse
is generated from few-cycle broadband white light with energy centered around the
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Fe M2,3 edge. Transient XUV reflection spectroscopy is performed at a 10° grazing
incidence angle, resulting in a penetration depth estimated as ∼2 nm from extinction
coefficients. After photoexcitation, the change in the XUV spectrum is defined
as Δ𝑂𝐷 = − log10(𝐼pump on/𝐼pump off). Under this convention, the increase in
spectral intensity (red color) is roughly associated with increased absorption whereas
the blue color is roughly associated with decreased absorption. More accurately, the
underlying differences between real and imaginary changes in the refractive index
versus transmission measurements are important for comparison to theory.

Figure 4.2: (a) Transient XUV reflection-absorption spectra of CuFeO2 following
photoexcitation with a 400 nm pump. The red and blue colors represent increased
and decreased absorption after photoexcitation, respectively. Four main spectral
features are labeled in the plot. At pump-probe overlap (𝑡0), a series of positive
and negative peaks are observed (label 1). Immediately after photoexcitation, an
ultrafast spectral blue shift is observed around 55 eV (label 2), which is attributed
to octahedra expansion and small polaron formation. At longer pump-probe time
delays, spectral intensity and energy oscillations are observed (label 3), which is
attributed to polaron induced coherent acoustic phonons. At higher XUV transition
energies, increased XUV absorption is observed and attributed to photoinduced Fe4+

states (label 4). Experimental lineouts (b) at 30 fs (blue), 180 fs (red), and 2.04 ps
(green) which correspond to dynamics in label 1, label 2, and label 3, respectively.
The blue trace best represents the charge-transfer state, while the red trace represents
the polaronic state, and the final state with the lattice expanded is represented by
the green trace. Kinetics plot (c) of the charge transfer (blue), polaron (green), and
lattice expansion (red) states with “best fit” lines to visualize the kinetics chosen
dynamics while disregarding the coherent phonon oscillations.

The measured transient XUV spectra for the Fe M2,3 edge is shown in Figure 4.2.
Four distinct spectral features are identified (Figure 4.2(a)). Immediately following
photoexcitation, a series of positive and negative spectral features occur between 51
and 56 eV (Figure 4.2(a), label 1). This initial spectrum is followed by a fast spectral
blue shift around 55 eV within the first ∼300 fs (Fig. 4.2(a), label 2). There are
both intensity and energy oscillations in the measured spectra at longer time delays.
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A clear intensity oscillation is observed for the main negative peak at 55 eV. An
increased oscillation in spectral density occurs between 55.5 eV and 56.6 eV, which
is out-of-phase compared to the oscillation of the main negative peak between the
54.5 eV and 55.5 eV (Fig. 4.2(a), label 3). In addition to the features between
51 eV and 56 eV, there are two major absorption peaks above 56 eV. These peaks
emerge immediately after photoexcitation, and exhibit oscillating spectral features
that strongly correlate with spectral intensities below 56 eV and are in-phase with
the oscillations between 54.5 eV and 55.5 eV. While the features in labels 1 and
2 are common among transient XUV measurements of 𝛼-Fe2O3 and other Fe(III)
small polaron materials, the features in labels 3 and 4 are not typically observed in
the transient XUV spectra of photoexcited iron oxides. This difference in spectral
features suggests that the Cu interstitial layer between the Fe-O octahedra influences
later timescale dynamics.

The observed spectral changes are rooted in changes to the screening and angu-
lar momentum coupling X-ray transition Hamiltonian. For the Fe M2,3 edge, the
X-ray transition Hamiltonian is dominated by angular momentum coupling, so the
changes in the measured spectra relate more to oxidation states and local bond-
ing effects as compared to state-filling of photoexcited carriers.[18] To understand
the spectral features, we simulate the transient XUV reflection spectra of CuFeO2

using a previously reported adiabatic approximation to an ab initio excited state
Bethe-Salpeter equation (BSE) treatment of the XUV spectra.[18, 19] Figure 4.3(a)
compares experimental spectral lineouts taken from 30 fs after photoexcitation and
2 ps after photoexcitation (Figure 4.3(a)) with BSE theory. The lineout at earlier
times corresponds to an initial photoexcited charge-transfer state while the later time
lineout shows the polaron state, matching previously measured Fe(III) polaron dy-
namics.[15, 16] The experimental lineouts follow the theoretically predicted changes
in terms of the shift of the zero-crossing and the appearance of a new multiplet-peak
at 54.5 eV.

The spectral features in labels 3 and 4 indicate the dynamics of CuFeO2 that differ
from previously measured iron oxide materials. The spectral splitting seen in
Figure 4.2(a), label 3 matches theory for an overall isotropic lattice expansion in
the unit cell starting around one picosecond after the small polaron has formed.
When the small polaron is formed, the oxygen octahedra around the new Fe2+-
like site expand locally due to the reduced Coulomb attraction between Fe and O
atoms. The secondary, local lattice expansion around the polaron site reduces the
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bond length between the oxygen and nearest neighboring Fe sites through a c-axis
expansion, delocalizing the polaron wavefunction from its initial state. The lattice
expansion correlates with coherent phonon oscillations measured within this region.
Specifically, intensity modulation occurs between 55.4 eV and 56.4 eV that oscillates
out-of-phase compared to the intensity between 54.5 eV and 55.2 eV (Fig. 4.2(a),
labels 3 and 4). The differential spectra between 55.4–56.4 eV is plotted in Figure
4.3(c). Initial features are damped due to the optical phonons associated with small
polaron formation. After ∼1 ps, a Fourier analysis reveals that dominant oscillations
at 1 and 5.3 THz are present (Fig. 4.3(d)). These frequencies correspond to acoustic
Cu-(Fe-O) modes along the c-axis and a mixture of acoustic and optical phonons of
the Fe-O bond, respectively, confirming the coupling between the polaron-induced
octahedra expansion and the lattice expansion along the c-axis between Cu and Fe-O
planes.[20]

The spectral features above 56 eV (Fig. 4.2(a), label 4) are well represented by the
formation of a local Fe(IV) state immediately after photoexcitation, which would
agree with a delocalization of the Fe(II) small polaron state through lattice expansion.
This feature also possesses oscillations that are in-phase with the Fe-O and Cu-O
bond motions seen in the negative spectral features at 1 and 5.3 THz and plotted
in Figure 4.3(c and d). While a pure oxidation state is challenging to model using
the DFT-BSE calculations (given that carrier states are filled up to the photoexcited
energy in the adiabatic perturbation limit), a ligand field theory calculation reinforces
that the increased XUV absorption above 56 eV is due to Fe4+ absorption (Fig.
4.3(b)).[21] The only possible oxidation state in CuFeO2 in the ground state is Fe3+.
Our measurement suggests that there is a sudden increase in Fe4+ states immediately
after photoexcitation and the charge-transfer transition. This state then oscillates
in-phase with the Fe-O and Cu c-axis lattice motions.

The kinetics for each spectral feature are shown in Figure 4.2(c). The Fe(IV) state
in the nearest-neighbor shell forms during the the Fe(III) to Fe(II) charge transfer
transition (Fig. 4.2(c) blue trace) immediately after photoexcitation. However, the
polaron delocalization signal does not appear until the ∼1 ps timescale, compared
to the ∼100 fs small polaron formation time constant reported here (Fig 4.2(c) green
trace) and in other Fe(III) oxide systems.[15, 16] The transient XUV data confirms
that the Cu-hybridization does not change the small polaron formation energy or
kinetics through electronic screening, but rather reduces the on-site reorganization
energy that ultimately delocalizes the small polaron. The small polaron formation
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Figure 4.3: Comparison of experiment and theory. Experimental lineouts (solid
lines) (a) compared to BSE theory (dashed lines) for immediately after photoexci-
tation (blue), following polaron formation (green), and the change to the polaron
spectrum following lattice expansion (red), which correspond the label 1, label 2,
and labels 3 and 4 in Figure 4.2(a), respectively. Ligand-field theory (b) for differing
oxidation states of iron. The blue trace corresponding to Fe4+ appears at the same
energy as Figure 4.2(a), label 4. The spectral oscillations (c) in the main negative
feature at ∼55 eV in Figure 4.2(a) label 3. The oscillations in the red box were
Fourier transformed (d) and demonstrate Cu c-axis acoustic mode at 1 THz and a
mixture of Fe-O modes at 5.3 THz.

and delocalization process is shown schematically in Figure 4.4 for both 𝛼-Fe2O3

and CuFeO2. In 𝛼-Fe2O3, the charge transfer initiated by photoexcitation induces
a small electron polaronic state resulting in distortion of the lattice and trapping of
the charge carrier until recombination. In CuFeO2, the charge transfer also induces
small polaron formation; however, the nearest neighboring atoms compensate this
charge transfer by becoming Fe4+ in character. This charge compensation enables a
lattice expansion that leads to polaron delocalization on a picosecond timescale.

The outcomes of this work provide new insight into small polaron dominated ma-
terials and phenomena. We did not find that the Cu atom hybridization changes the
small polaron formation rate, most likely due to strong Fe-Fe electron correlations.
Instead, changing the lattice degrees of freedom appears to correlate with increasing
the transport of the small polarons by lowering the polaron reorganization energies.
Surprisingly, delocalization is a dynamical process following adiabatic small po-
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Figure 4.4: Schematic representation of polaron formation mechanisms in (a) 𝛼-
Fe2O3 and (b) CuFeO2. In CuFeO2 the formation of Fe4+ states around polaron sites
and the isotropic expansion of the lattice enables delocalization of the polarons on
a ps timescale.

laron formation, going against the step-wise framework of carrier thermalization
and delocalized polaron formation occuring sequentially. These insights are useful
for both the materials-engineering of larger radius and more mobile polarons in
transition metal oxides, as well as the coherent control of the lattice response to
small polaron formation.
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A p p e n d i x A

SUPPLEMENTARY INFORMATION: MEASURING
PHOTOEXCITED ELECTRON AND HOLE DYNAMICS IN

ZNTE AND MODELING EXCITED STATE CORE-VALENCE
EFFECTS IN TRANSIENT EXTREME ULTRAVIOLET

REFLECTION SPECTROSCOPY

This appendix contains supplementary information for Chapter 3. The content is
adapted with permission from:

Liu, H.; Michelsen, J. M.; Mendes, J. L.; Klein, I. M.; Bauers, S. R.; Evans,
J. M.; Zakutayev, A.; Cushing, S. K. Measuring Photoexcited Electron and
Hole Dynamics in ZnTe and Modeling Excited State Core-Valence Effects in
Transient Extreme Ultraviolet Reflection Spectroscopy. The Journal of Physical
Chemistry Letters 2023, 14, 2106–2111, DOI: 10 . 1021 / acs . jpclett .
2c03894.

A.1 Dopant characterization of intrinsic bulk ZnTe
To rule out the possibility of mid-gap defect states that could potentially lead to
the experimentally observed transient decrease in reflectivity within the gap, we
perform X-ray photoemission spectroscopy (XPS) and a 4-point probe measurement
on intrinsic bulk ZnTe.

Figure A.1: XPS measurements on intrinsic bulk ZnTe. Carbon and oxygen are
observed on the surface. No heteroatom dopants are observed.

https://doi.org/10.1021/acs.jpclett.2c03894
https://doi.org/10.1021/acs.jpclett.2c03894
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Figure A.1 shows an XPS survey on bulk ZnTe. While carbon and oxygen on the
surface are observed, there is no evidence for hetero-atom dopants. Quantification
furthers shows a roughly 50:50 Zn:Te ratio. Figure A.2 shows the 4-point probe
measurements. The resistivity is measured to be 𝜌=(1.26±0.3)×109 Ω·cm. The
dopant density 𝑛 is related to the resistivity via 𝜌 = 1

𝑒𝜇𝑛
, where 𝜇 is carrier mobility

and is estimated to be 𝜇 ≈ 100 cm2·V−1· s−1. The dopant density is estimated at
5×107 cm−3. The dopant density is too small to be responsible for the observed
mid-gap transient spectral feature, whose amplitude is comparable to the transient
reflectivity change caused by high concentrations of photoexcited carriers at 1020

cm−3.

Figure A.2: 4-point probe measurements of resistivity and dopant density on intrin-
sic bulk ZnTe.

A.2 Growth and structural characterization of sputter-deposited ZnTe thin
films

ZnTe thin films were prepared on a 50.8 mm x 50.8 mm Corning EXG glass substrate
by RF sputtering from a ZnTe target. A stainless-steel 130 m thick shadow mask
was placed over the substrate to create two distinct regions: a large blanket film
and smaller discrete patterns. The substrate + mask assembly was clamped to an
Inconel plate which was heated by a SiC serpentine resistance heater. The plate
was held at the setpoint of 300 °C for a minimum of 1 hour prior to deposition.
Chamber pressure at this temperature was 3 x 10−7 Torr prior to flowing any process
gases. During the sputter process, 16 sccm of Ar was flowed through the system
and the pumping was throttled to achieve the desired growth process pressure of
2.7 mTorr. The plate was rotated at approximately 30 revolutions per minute
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during the 2-hour growth. Samples were cooled under Ar prior to being removed
from the growth chamber. The blanket region of the ZnTe film was characterized
by X-ray diffraction (XRD) at 22 distinct points (Figure A.3) to verify structural
uniformity as a function of position. XRD patterns were collected by a 2D solid state
detector scanning in an𝜔-2𝜃 geometry using Cu-K𝛼 radiation. Figure A.4 shows the
resulting XRD patterns for all 22 points as a false color plot. No appreciable changes
were observed in diffraction patterns between points. An intensity vs. 2𝜃 line scan
from point 10 is also shown. Comparing the experimentally measured diffraction
pattern against a simulated pattern generated using a reference ZnTe crystallographic
information file (Inorganic Crystal Structure Database entry 77072), we find that
the peak positions match and the ZnTe film adopts the expected zincblende crystal
structure. The high relative intensity of the (111) peak at ca. 25° in the experimental
data (versus the reference pattern) is attributed to crystallographic texture. Figure
A.5 shows film thickness measurements collected from three different regions using
a stylus profilometer. The regions were from the masked portions of the film
and geometrically equivalent to the positions of points 3, 9, and 17 (Figure A.3).
Raw profilometry data were notably sloped and bowed. A first-order polynomial
subtraction was carried out to flatten the profiles over the region of interest (i.e.,
the masked ZnTe sample), but higher-order bowing was ignored. As seen in Figure
A.3, the sampled points are ca. 400-450 nm thick. It is difficult to pinpoint whether
any discrepancies between the points are due to non-uniformity or experimental
factors, such as substrate topology, shadowing from the stainless-steel mask. 100
nm thick calibration samples grown with nominally identical chamber conditions
were measured by X-ray reflectometry (XRR), and thicknesses over a similar area
were uniform to ±2 nm with <1 nm RMS roughness.

A.3 Ground state optical sample characterization
The band gap of both bulk and thin film ZnTe was determined using UV-VIS spec-
troscopy (Cary 5000) (Figure A.6, A.7). The PRISA software was used to calculate
the bandgap of the thin film sample while also mitigating thin-film interference
effects.[1] Figures A.6 and A.7 present (𝛼ℎ𝑣)1/𝑟 vs energy plots where r = 1/2 for
direct allowed transitions. The estimated direct bandgap is found to be 2.19 eV and
2.18 eV for bulk and thin films, respectively.
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Figure A.3: Spatial map of point locations on a 25.4 mm by 50.8 mm region of the
glass substrate used to verify uniformity of ZnTe thin films.

Figure A.4: X-ray diffraction from the ZnTe thin films. The false color map shows
uniformity of the XRD patterns from the 22 sampled points. A reference pattern
(generated from Inorganic Crystal Structure Database entry 77072) and line scan
(collected from point 10) presented using more typical intensity vs. 2𝜃 axes are also
provided.

A.4 Experimental setup: Transient extreme ultraviolet reflection spectrome-
ter

The reported bulk ZnTe measurements are obtained using photoexcitation of a ∼50
fs, 400 nm frequency doubled output of a BBO crystal with p-polarization, pumped
with an 800 nm, 1 kHz regeneratively amplified Ti:Sapphire laser (Coherent Legend
Elite Duo). The optical excitation fluence is 1.74 mJ/cm2, resulting in an initial
photoexcited carrier density of 5.41 × 1020 cm−3. Transient reflection is measured by
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Figure A.5: Stylus profilometry collected from ZnTe thin films. Data were collected
from a part of the substrate with masked regions, with the points being symmetrically
equivalent during growth to those shown in Figure A.3.

Figure A.6: Tauc plot of the ZnTe bulk. The direct band gap is measured to be 2.19
eV.

varying delay times between the excitation and probe pulses using an optomechanical
delay stage. The photoexcited carrier dynamics are probed with an XUV pulse
produced by high-harmonic generation in argon with an s-polarized few-cycle white
light pulse (<6 fs, 550 nm - 950 nm, Figure A.8). The residual white light beam is
removed with a 200 nm thick Al filter (Lebow). The generated XUV continuum is
used to probe the Te N4,5 absorption edges around 40 eV. A typical XUV spectrum
is shown in Figure A.9. An edge-pixel referencing scheme was used to reduce noise
due to intensity fluctuations based on signal-free spectral regions.[2] The reflection
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Figure A.7: Tauc plot of ZnTe thin film. The direct band gap is measured to be 2.18
eV.

measurement uses a 10-degree grazing incidence geometry (80 degrees from normal
incidence). The static sample reflectivity around the Te N4,5 edge is shown in Figure
A.10. The reflectivity decreases around the conduction band minimum (around 40
eV from Te 4d core states). The static XUV reflectivity of ZnTe is found by dividing
the measured static reflectivity spectrum of ZnTe by the static reflectivity of a Si
wafer, which does not have any absorption features in this energy region.

A.4.1 Characterization of few-cycle white light pulse for XUV pulse genera-
tion

A dispersion scan (d-scan, Sphere Ultrafast Photonics)[3] was used to characterize
the broadband white light few-cycle pulse used for XUV pulse generation. In this
method, a pair of glass wedges with known dispersion are inserted in the beam
path. The second harmonic spectra of the white light generated with a BBO crystal
are measured as a function of introduced dispersion through wedge insertion. The
electric field of the few-cycle pulse can be retrieved based on the reconstruction
algorithm of the d-scan trace.

A.4.2 Representative XUV probe spectrum
The XUV probe pulse is produced through high-harmonic generation in an Ar gas
cell. Figure A.9 shows a representative normalized XUV spectrum reflected from
ZnTe with a 10 degree incident angle (80 degrees from normal incidence).
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Figure A.8: Characterization of few-cycle white light pulse with dispersion scan
(d-scan). (a) Measured second harmonic spectra as a function of wedge insertion.
(b) Reconstructed d-scan trace. (c) White light spectrum (red line), spectral phase
(blue line) and polynomial fit of the spectral phase (black line). (d) Retrieved white
light pulse has an intensity profile with a temporal FWHM of 4.9 fs.

A.5 Theoretical methods: Ground state and excited state core-level spectra
To fully analyze the transient core-level spectra, state blocking, and the associated
changes in screening of the core-valence exciton must be considered, as well as
any potential change in spin-orbit coupling and angular momentum effects. These
changes are calculated using an ab initio combined theoretical approach based on
density functional theory (DFT) and the Bethe-Salpeter equation (BSE). The existing
OCEAN code (Obtaining Core-level Excitations using Ab initio calculations and the
NIST BSE solver)[4, 5] is modified to accept excited state distributions to determine
how the ground state band structure relates to the observed XUV spectra and transient
changes. In this procedure, the band structure and the ground state wavefunction
are first calculated using DFT (Quantum Espresso)[6]. The BSE is solved to obtain
core-valence exciton wavefunctions including spin-orbit coupling and Coulomb
screening of the core-valence exciton. The reflectivity spectra are calculated from
the complex dielectric function as calculated by OCEAN and converted using the
Fresnel equations.
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Figure A.9: Representative reflected XUV spectrum from ZnTe with a 10 degree
incident angle relative to the sample surface (80 degrees from normal incidence).
The energy range of the selected spectrum is defined by the physical size and position
of the detector to cover the Te N4,5 edge.

A.5.1 Ground state calculation
XUV reflection spectra were calculated with the OCEAN[4, 5] code based on a
converged DFT calculation[6]. The DFT and BSE calculations are solved using
a 20 × 20 × 20 k-point mesh. We use 9 valence bands and 31 conduction bands
in our calculation. The DFT calculation uses the norm-conserving generalized
gradient approximation (GGA), Perdew-Burke-Enzerhof (PBE) pseudopotentials, a
300 Rydberg energy cut-off, and a converged lattice constant of 6.10 Å. The OCEAN
code uses the projector augmented wave method (PAW) to calculate core-level
transition matrix elements, which are then used in the BSE equation to calculate
final states as modified by the core hole. The OCEAN BSE calculation uses a
screening mesh of 4 × 4 × 4, a dielectric constant of 10.4, a 4.0 Bohr screening
radius, and a 0.7 scaling factor for the slater G parameter. A post-calculation
broadening is used as a fitting method to achieve similar linewidth to that observed
in the experiment. The DFT calculation underestimates the band gap of ZnTe. After
DFT calculation, we add a band gap correction by scissor shifting conduction bands
up by 1.02 eV to achieve a correct band gap. In this theoretical framework, both the
real and imaginary dielectric function are directly calculated in the OCEAN code,
allowing easy comparison between theory and experiments done in transmission or
reflection configurations.

Figure A.10 shows the calculation of the ground state complex dielectric function
(Figure A.10(a)), as well as the calculated reflectivity, overlaid with the experimen-
tally measured static sample reflection around the Te N4,5 edge (Figure A.10(b)).
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Figure A.10: (a) Calculated ground state complex dielectric constant. (b) Calcu-
lated ground state reflectivity, overlaid with experiment. Experimentally measured
refection is normalized to a Si wafer to remove the high harmonic profile in the
spectra.

The measured ZnTe XUV reflection is normalized to a Si wafer, which doesn’t
exhibit any sharp spectral features around 40 eV. By referencing to Si, the typi-
cal high-harmonic intensity profile is removed from the static reflection spectrum.
However, the absolute reflectivity of ZnTe and Si is difficult to obtain as variance
of sample surface roughness affects XUV reflectivity, such as Debye-Waller factors.
For this reason, a normalized reflectivity is shown in Figure A.10(b).

As shown in Figure A.10, the OCEAN calculation reproduces Te edges. However,
it underestimates the pre-edge absorption. In OCEAN, the calculation assumes
perfect crystals, where there is no pre-edge absorption. For actual samples used
in experiments, many effects can contribute to the pre-edge absorption, including
but not limited to an imperfect crystal lattice, surface states, an imperfect bond-
ing environment, and surface-modified lattice configurations. We note that the
discrepancy between the calculated and measured ground state reflection plays a
much lesser role in the excited states interpretation. The reason is that for the ex-
cited states calculation, we compare the changes in transient reflectivity, defined as
Δ𝑂𝐷 = − log10

𝐼𝑝𝑢𝑚𝑝 𝑜𝑛

𝐼𝑝𝑢𝑚𝑝 𝑜 𝑓 𝑓
. Under this definition, systematic error such as underesti-

mated pre-edge absorption largely cancels during the normalization between pump
on and pump off spectra.
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A.5.2 Excited state calculation
To capture the photoexcited electrons and holes, we modify the OCEAN package,
which allows us to selectively forbid or allow XUV transitions to the conduction
or valence bands at different momentum k-points. In this experiment, we aim to
understand carrier thermalization from the initial photoexcited states to the band
gap minimum at the Γ point. To simulate this charge transfer process, we discretize
the states between the initial photoexcited states and the final states across the direct
band gap at the Γ point into a combination of 9 different electron configurations in
the conduction bands and 9 different hole configurations in the valence band. The
discretization is based on the energy difference between conduction and valence
bands. As a result, each discretized electron and hole configuration consist of
multiple k-points in momentum space. The calculated excited states spectra of
the total 81 combined electron and hole configurations is shown in Figure A.11.
The calculation is performed on a 20 × 20 × 20 mesh in k-space. Under this
condition, both electron and hole thermalization can be seen, with electron and
hole energy resolution at ∼60 meV (calculated carrier energy difference between
neighboring hole configurations). Better resolution can be further achieved by
increasing the k-space sampling rate or interpolating the spectra between adjacent
carrier distributions.

The momentum-resolved differential XUV transition probability amplitudes in Fig.
3.2(b) are calculated by solving the core-valence wavefunctions using the OCEAN
generalized minimal residual method (GMRES) solver instead of the Haydock
method used for calculations of spectra.[7]

When comparing theory with experiment, it is worth noting that in the excited states
calculation, we do not input the actual carrier density (in units of 1020/cm3) in
our calculation. Rather, we fully allow or forbid XUV transition to certain states
in the conduction or valence bands. For this reason, we do not simulate carrier
density evolution as a function of time, which is encoded in spectral intensity and
is related to recombination and diffusion. It is the simulated peak position, or peak
energy (related to the hot carrier energy), rather than peak amplitude (associated
with carrier density) that we use to compare between experiment and theory.

A tentative reconstruction of the transient data is shown in Figure 3.2(c) of the
main text, where we fit the calculated excited state spectra to the measured transient
spectra at each pump-probe time delay. The reconstruction is performed for the first
800 fs after photoexcitation, before phonon modulation dominates the spectra while
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the carrier relaxation largely finishes. Initial hot electron and hole thermalization is
observed in the theoretical reconstructed transient XUV spectra. While an overall
thermalized trend can be reconstructed, in the current example it is difficult to
assign the measured transient reflectivity at each pump-probe delay to a unique
carrier configuration. The resolution is limited by k-space sampling rate, small
excess kinetic energy of carriers from photoexcitation, and spectral fluctuations
from the experiment. This method will work best when the hot carriers have large
excess kinetic energy compared to the band gap and when the band structure is
highly dispersive. In principle, this approach allows the theory to reproduce state
filling effects, carrier energy and momentum distributions, and relaxation pathways,
which could be of importance in various solar-driven semiconductor processes such
as multi-exciton generation.

Figure A.11: Calculated excited state XUV differential spectra under different
carrier configurations. States between the initial photoexcitation and the final states
at the point are discretized into 9 electron energy configurations and 9 holes energy
configurations, with a combined total 81 unique electron-hole energy configurations.
In this plot, 81 configurations are plotted and sorted by increasing electron and hole
energy. For example, the carrier configuration indices (y axis) 1 to 9 corresponds
to having holes fixed at the lowest energy states (around the point), while sweeping
9 electron configurations from low energies to high energies. Similarly, the carrier
configuration indexes 10 to 18 plot the same 9 electron configurations, but under
a different hole configuration with a higher hole energy. Clear electron and hole
thermalization can be seen in this plot.
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Figure A.12: Transient XUV spectra of ZnTe thin film. (a) Similar transient XUV
signature compared to bulk measurements in Figure 3.1 are reproduced on the thin
film sample with an excitation density of 1.06 mJ/cm2, suggesting the mid-gap
feature is intrinsic to ZnTe and does not depend on the sample growth method. (b)
At a higher excitation intensity of 1.59 mJ/cm2, both the spectral redshift and the
lifetime of the band gap dynamics are increased. This observation is consistent
with the assignment of the many-body induced band gap renormalization picture
to the measured in-gap dynamics. Spectral intensity oscillations potentially due to
acoustic phonons are also observed.

A.6 Transient XUV spectra on ZnTe thin films and under different pump
intensities

The many-body nature of the mid-gap transient spectral feature reported in Figure
3.1 is further confirmed by performing a transient XUV reflection measurement on
high quality ZnTe thin films (sample characterization in Supplementary Information
section A.2). The transient XUV reflection spectra are shown in Figure A.12. In
Figure A.12(a), a similar mid-gap transient spectral signature is observed, as com-
pared to the bulk ZnTe measurement reported in the main text. This measurement
rules out the possibility of the mid-gap response being dependent on the method
of sample growth, and strongly suggests that it is an intrinsic response of ZnTe, re-
gardless of sample growth methods. We further conclude that the mid-gap response
depends on the photoexcited carrier density. Figure A.12(b) shows the transient
XUV reflection measured at a higher excitation density of 1.59 mJ/cm2. Under
higher carrier density, the mid-gap dynamics are more pronounced, where both the
redshift and the lifetime are increased. This is consistent with the assignment of
many-body driven band gap renormalization, where higher carrier densities will
increase energy shifts as well as increase the lifetime as it takes longer for more
carriers to reach equilibrium.
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Figure A.13: Fourier analysis of intensity oscillations. Frequency spectrum of
intensity oscillations between 40.2 eV and 41.4 eV of the data shown in Figure
A.12(b) reveals an oscillation frequency of 2.79 THz. This frequency is associated
with acoustic phonon branches with wave vectors between Γ-K and Γ-L regions.

In addition to enhanced band gap dynamics, at higher excitation intensity we also
observe strong spectral intensity oscillations (Figure A.12(b)). Fourier transforma-
tion between 40.2 eV and 41.4 eV reveals oscillation peaked at 2.79 THz (Figure
A.13). This frequency is associated with acoustic phonon branches with wave
vectors between Γ-K and Γ-L regions.

A.7 Nanosecond transient XUV reflection measurement

Figure A.14: Transient XUV reflection measurement up to 1 ns after photoexcitation.
No significant carrier recombination is observed, suggesting that the intrinsic carrier
lifetime is longer than 1 ns.

As a complementary measurement to the fast femtosecond-to-picosecond carrier
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relaxation dynamics presented in the manuscript, here we report the measurement
of transient XUV spectra up to 1 ns (Figure A.14). The scanned time points are
sampled on a logarithmic scale, and the pump-probe temporal overlap has an offset
of 2 ps, as shown in Figure A.14. The spectral intensity of the electronic Te 4d5/2 to
conduction band transition around 40 eV only exists for the first∼10 ps and is quickly
replaced with the overlapped Te 4d3/2 to valence band transition (hole signature).
For this reason, we use the intensity of 4d3/2 to conduction band transition to track
the hot carrier lifetime. Unlike the electron and hole diffusion rates of 2.21 ± 1.12
ps and 3.91 ± 3.58 ps reported in the manuscript, we do not observe any significant
signal decay at longer timescales up to 1 ns. This suggests that the signal intensity
drop reported in Figure 3.3 is likely due to surface carrier diffusion, while the
intrinsic carrier lifetime is significantly longer than 1 ns.
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