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ABSTRACT

Photoexcited carriers (electrons and holes) perform photocatalytic solar energy conversion
reactions when they transfer from a solid-state material and into a nearby or surface-adsorbed
molecule. For example, light-driven water splitting occurs when a photocatalyst produces
molecular hydrogen and oxygen from water because electron transfer drives hydrogen
evolution, whereas hole transfer drives oxygen evolution. These photoexcited carriers often
get trapped at nanoscale features such as dopants, defects, and grain boundaries, limiting
their mobility and potentially reducing photocatalytic efficiency. However, identifying
which nanoscale properties hinder solar energy conversion remains a key challenge as this
requires a technique that can separately image carriers and photothermal heating on the
timescale relevant to photocatalysis. Here, we develop photomodulated electron energy-loss
spectroscopy (EELS) in the scanning transmission electron microscope (STEM) to map
photocarrier and heat distributions at sub-nanometer length scales. This dissertation presents
the experimental and computational developments critical for photomodulated STEM-EELS
development. We first introduce EELS and the fundamental working principles of ultrafast
and optically coupled TEM. We demonstrate the theoretical framework needed to
differentiate carriers from photothermal heating in two systems: plasmonic core-shell
nanoparticles and crystalline silicon. Then, we apply this method to image photoexcited
carriers localized at surface oxygen vacancies and along select nanoparticle facets in water-
splitting strontium titanate photocatalysts. We lastly perform optically coupled liquid phase
TEM (LPTEM) of similar photocatalytic nanoparticles in carbon film liquid cells, aiming to
expand this technique to operando measurements of photocatalysts in their working
conditions. Overall, this thesis demonstrates photomodulated STEM-EELS as a tool for

imaging photocatalytic structure—function relationships down to the atomic scale.
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CHAPTER 1

INTRODUCTION
Adapted with permission from the following:

Kim, Y.-J.; Palmer, L. D.; Lee, W.; Heller, N. J.; Cushing, S. K. Using electron energy-loss
spectroscopy to measure nanoscale electronic and vibrational dynamics in a TEM. J. Chem.

Phys. 2023, 159, 050901. https://doi.org/10.1063/5.0147356.
Copyright © 2023 Author(s). Published under an exclusive license by AIP Publishing.

Lee, W.T; Palmer, L. D.T; Gage, T. E.; Cushing, S. K. Imaging Nanoscale Carrier, Thermal,
and Structural Dynamics with Time-Resolved and Ultrafast Electron Energy-Loss
Spectroscopy. Chem. Phys. Rev. 2025, 6, 041303. https://doi.org/10.1063/5.0289128.

TCo-first author. Copyright © 2025, AIP Publishing.




1.1 The Transmission Electron Microscope

The transmission electron microscope (TEM) is an instrument with inherent atomic-scale
resolution, making it one of the most powerful tools available for characterizing the
structural, chemical, and electronic properties of materials. Technological advancements in
electron optics, specifically aberration correctors, from 2000-2010 have enabled these sub-
angstrom resolutions.! In a TEM, a beam of high-energy electrons is typically accelerated to
60-300 keV before transmitting through a specimen. The specimen inelastically and
elastically scatters the beam, and the resulting signals are used to form images, diffraction
patterns, or spectra with sub-angstrom spatial resolution. An aberration-corrected TEM’s
footprint is typically 2.5-3 m in height and composed of a column of vacuum chambers. The
microscope can be modified to allow specimen and/or gun photoexcitation for optically

coupled TEM or ultrafast electron microscopy (UEM) (Fig. 1.1).2

Figure 1.1. Images of optically coupled TEMs. (A) An original FEI Tecnai Femto
prototype, branded as UEM-2, refurbished from Nobel Laureate Ahmed Zewail’s laboratory.
(B) A JEOL JEM-2100 Plus microscope with IDES ultrafast pulsing and specimen
photoexcitation. (C) A JEOL NEOARM microscope with the IDES Luminary Micro

specimen photoexcitation system.
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TEMs are complex instruments that contain numerous electron lenses, apertures, and

detectors all working synchronously (Fig. 1.2). The electromagnetic lenses shape and focus
the electrons by applying a Lorentz force on the moving charged particles. The condenser
lenses control the beam size and convergence angle at the specimen. Post-specimen objective
lensing provides the primary image-forming stage, and projector lenses further magnify the
transmitted beam onto the detectors. In scanning TEM (STEM) mode, scan coils raster a
focused probe across the specimen, enabling data acquisition at each probe position. The
apertures control the beam’s coherence, current, or local acquisition. Multi-pole correctors
adjust spherical (Cs) aberrations and have pushed imaging resolution from angstrom to

picometer scales, reaching the inherent thermal atomic vibration limit.>*

—Cond. 2 Lens
— .
= —3 — Deflector Coils

) .

—Upper Polepiece
_ — STEM
——Specimen

——Lower Polepiece

— Objective Lens
—Obj. Aperture

—SAD Aperture
— Intermediate Lens

— Projection Lens(es)

—— Camera

Figure 1.2. Electron optics in the S/TEM. Free electrons (yellow) are emitted and
accelerated from an electron gun at the top of the microscope, shown here. The condenser
(cond.) aperture and lenses help focus and shape the beam. Deflector coils scan the beam in
STEM mode; descan coils are not depicted for clarity. After the specimen, the electrons are
further collected and projected for various detection and imaging methods. The objective

(obj.) aperture can optionally be inserted to block diffracted electrons and improve image
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contrast. The selected area diffraction (SAD) aperture can be inserted to pass electrons from

select specimen regions. A camera used for bright-field imaging and diffraction is shown;

here, the direct beam is detected in the image plane.

The TEM’s electron emission mechanism strongly influences the imaging coherence and
electron energy-loss spectroscopy (EELS) resolution. Free electrons are generated inside the
electron gun from a cathode via either thermionic or field emission (Fig. 1.3A). Thermionic
guns heat a filament (commonly tungsten or LaBs) to 2000-3000 K, producing a broad
thermal distribution of electrons with bandwidths of 0.7—1.5 eV FWHM. Schottky emitters
operate at lower temperatures (~1800 K) in the presence of a strong electric field, reducing
the spectral bandwidth to 0.5-1.1 eV. Cold field emission guns (cFEGs) employ a
nanostructured tungsten tip at ambient temperature in a strong electric field, enabling electron
tunneling with the narrowest emission bandwidths (<0.5 €V) and highest coherence.>¢ This
improved spectral bandwidth fundamentally dictates the achievable EELS resolution. For
reference, Fig. 1.3B estimates the energy ranges needed to measure select phenomena with
EELS. Advanced TEMs often contain a high-current cFEG source with an electron

monochromator to probe millielectronvolt phenomena such as atomic vibrations.

1.2 Electron Energy-Loss Spectroscopy (EELS)

Electron energy-loss spectroscopy (EELS) is performed by collecting electrons transmitted
through a specimen and dispersing their energies using a magnetic prism spectrometer.”?
Many electrons that pass through the specimen scatter elastically, largely by diffraction. The
largest feature in a thin specimen’s EEL spectrum is the elastically scattered zero-loss peak
(ZLP) at 0 eV (Fig. 1.4). The ZLP is used for aligning and calibrating the EELS energy, as
its full width at half-maximum (FWHM) defines the EELS energy resolution. The more
interesting features in EELS probe inelastically scattered electrons that transferred energy
and momentum to the specimen by exciting a range of potential quasiparticle and electronic
transitions. EELS excitations are broadly divided into two spectral regimes: low-loss and

core-loss.
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Figure 1.3. Cathode types and EELS resolutions. (A) Energy resolution of an electron
beam versus inverse cathode size. A thermionic gun or field emission gun, FEG, generates
an electron distribution in vacuum by extracting electrons around the Fermi level (Er). The
average emission bandwidth (FWHM) of each cathode is determined by its work function,
which decreases as the size of the cathode decreases. The dashed line depicts the bulk work
function. (B) The energy loss region and required energy resolution associated for
elucidating select dynamics with EELS. Each excitation’s fine structure peak separation and

spectral bandwidth determine the resolution required for acquisition.

EELS can image a material’s steady-state electronic and chemical properties (Fig. 1.4).° This
includes low-loss (<50 eV) excitations like phonons or vibrational mode,!*!! bonding
states,!? surface plasmons,'*!* and intra/interband transitions.!>!® The core-loss region
(approximately >50 eV) measures the oxidation state and local coordination of atoms similar

to X-ray spectroscopy.!”!® When EELS is performed in a scanning TEM (STEM) during
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STEM-EELS, the spectroscopic vibrational and electronic and excitations are imaged at

picometer-to-micrometer resolutions. Traditionally, the tradeoff of electron-based imaging
and spectroscopy has been specimen damage, but low-dose and cryogenic imaging can
mitigate damage to allow measurements of beam-sensitive systems such as molecules, soft

polymers, and biological complexes.!®-?
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Figure 1.4. Monochromated EELS. EELS of a 5% La-doped BaSnO; nanocube (teal
spectrum) shown in logarithmic vertical scale and schematics of the associated excitations
probed. Phonons are visible in the spectrum of the undoped specimen (orange spectrum) and

are otherwise screened by La dopants. Adapted from Ref. 9.

1.2.1 Low-Loss EELS Theory

Low-loss EELS largely probes a specimen’s inter/intraband excitations and bulk plasmons.
Low-energy phonons and surface plasmons are also measurable with monochromated, high-
resolution EELS but are not within the scope of this thesis. Interpreting the complex
electronic origin of low-loss EELS peaks is a significant challenge for most non-metallic and
multi-element specimens. Also known as the loss function, low-loss EELS probes the

negative imaginary component of the inverse dielectric function.?!?> The loss function can
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be directly expressed using the real (€;) and imaginary (€,) components of the dielectric

function (e = €; + i€,) as:

1 €,

Im [_ e(q, w)] - €2+ €2’ 11
Physically, €; represents the specimen’s polarization when there is no absorption at that
frequency, and €, represents single-particle excitations (i.e., absorption). The loss function
is therefore a direct reflection of the specimen’s complex dielectric function as a function of
momentum (q) and frequency (w). The TEM’s free electron beam also induces longitudinal
oscillations of the specimen’s electron charge density. As a result, the loss function measures
both the longitudinal (out-of-plane) and transverse (in-plane) components of the dielectric
function. This unique sensitivity to longitudinal excitations enables EELS to probe dark or
optically forbidden electronic transitions, as it is not constrained by the transverse dipole

selection rules that apply to most optical spectroscopies.

As mentioned, low-loss EELS directly probes a plethora of excitations (e.g., vibrational
modes, excitons, inter/intraband transitions, localized surface plasmons). In the low-loss
energy range of approximately 5-50 eV, absorption features can become obscured by bulk
plasmons, where the real part of the dielectric function becomes zero. These bulk plasmon
peaks are generated when a specimen’s free electron density is not polarizable and fails to
screen the incoming electron beam’s perturbation. As a result, either the valence or free

electrons in the specimen oscillate.

The free electron and Drude models predict the loss function and the bulk plasmon energy

(Ep) through the relation to its oscillation frequency (wj,) and electron density (n):

E —& h | ne?
= a) = — .
P 2w |m,€,

(1.2)
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Notably, the free electron model assumes electrons move freely in the specimen, which is a

relatively accurate approximation for metals. Physical constants are Planck constant (h), the
elementary charge (e), and the permittivity of free space (&;); the effective mass (m,) can

vary depending on the specimen.

The free electron model in Eq. (1.2) accurately captures the bulk plasmon energy in metals,
where the absence of a bandgap permits conduction of the free electron gas.?* In insulators,
however, the free electron model breaks down because the loss function and E,, in Egs. (1.1)
and (1.2) are complicated by dielectric screening, excitons, and interband transitions. Figure
1.5 depicts the complex dielectric function, loss function, and calculated plasmon energy for
both a metal (aluminum) and insulator (hexagonal boron nitride).?*> The loss function was
calculated ab initio using linearized time-dependent density functional theory (TDDFT).2

Figure 1.5B highlights the complexities of the loss function for insulators. Most notably, the
Drude model fails to predict the loss function for insulating hBN, whereas an ab initio
TDDFT approach produces a far more accurate result. The Drude model calculation was
performed using the electron density for a standard Al and hBN unit cell. Further
computational developments are needed to improve our understanding of insulators’ loss

functions, especially if attempting to use it as a means of resolving ultrafast carrier dynamics.
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Figure 1.5. Comparing loss functions for a metal and an insulator. TDDFT-calculated

dielectric function (top) and loss function (bottom) for (A) aluminum (Al) and (B) hexagonal
boron nitride (hBN). The loss functions for each material are derived from first-principles
TDDFT, the Drude model, and experiment. Al experiment adapted from Ref. 24. hBN
experiment adapted from Ref. 25.

1.2.2 Core-Loss EELS Theory

The core-loss region of the EEL spectrum arises when incident electrons promote tightly
bound core electrons into unoccupied states above the Fermi level. The fine structure of core-
loss edges provides detailed information about materials’ local electronic and crystalline
structure. This fine structure near the edge onset, known as the energy-loss near-edge
structure (ELNES), reflects the element-specific unoccupied density of states modified by
core-hole effects, crystal field splitting, and chemical bonding. ELNES is directly analogous
to the near-edge X-ray absorption fine structure (NEXAFS/XANES) measured by X-ray
absorption spectroscopy (XAS). This thesis focuses on the ELNES region of core-loss EELS.

Core-loss EELS in a TEM now exceeds the combined spatial and energy resolutions of many
comparable X-ray and synchrotron techniques. Modern aberration-corrected instruments
equipped with cFEGs and electron monochromators enable core-loss measurements with <3
meV energy resolution and <40 pm spatial resolution.?”-?® These resolutions readily enable
the identification of elemental distributions and oxidation states at single-atom dopant sites,
interfaces, and defects. These measurements would otherwise be extremely difficult or
impossible with X-ray spectroscopies that lack comparable spatial resolution and as such

average over the spectral signatures of highly localized properties.

A key distinction between core-loss EELS and photon-based core-level spectroscopies is the
momentum transfer (q) accessible to electrons (Fig. 1.6). Under the dipole approximation
(small q), the EEL spectrum closely resembles an X-ray absorption spectrum. However, at
larger momentum transfers, higher-order multipole contributions become significant, and
transitions that are dipole-forbidden become observable. This allows core-loss EELS to

probe a rich set of momentum-dependent excitations within a specimen’s Brillouin zone.
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Quantitative analysis of core-loss spectra is supported by ab initio simulation codes such as

the OCEAN package, which solves the Bethe-Salpeter equation (BSE) to account for the
core-hole/valence-electron exciton and many-body screening effects that govern the fine

structure of core-level transitions.?’
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Figure 1.6. Measured and calculated EEL spectra of SrTiOs. Measured EEL spectra
(green) of SrTiOs3 nanoparticles are compared to OCEAN calculations (black). The spectra
were acquired at small collection angles at zero momentum (¢ = 0 A™') to match an X-ray
absorption spectrum according to the dipole approximation. Finite momentum transfer is
simulated as denoted in the legend. The measured spectrum was smoothed, and the calculated

spectra were broadened to match the experiment.

For inelastic excitations outside of the bulk plasmon’s energetic range, and at ultralow-loss
and core-loss energies, the loss function is only dependent on the dielectric function’s
imaginary component.’® As a result, an EEL spectrum is almost 1:1 comparable to infrared
spectroscopy or XAS. The loss function in Eq. 1.1 is therefore be represented by €, for core-

loss excitations because €; & 1 and €, < 1:

im| ! |==2 (13)
S ) €24 €2 ~ €2(q ). '
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We interpret Fermi’s golden rule to understand the momentum dependence of core-loss

EELS. Here, the transition rate W;_, for a system transitioning from an initial state '¥; to a

final state W, upon interaction with an incident electron of energy Aw is given by Eq. 1.4:!

2T

= (|7 | 8(E; - E; - ho). (14)

Vl/i—> =
If we sum the transition rates across all potential initial (i) and final (f) states of the

specimen’s electronic structure, we readily relate Eq. 1.3 and 1.4 as:

e2(a,0) x ) Wiy (15)
Lf

In Eq. 1.4, T is the transition operator for inelastic scattering, expressed as T = €', The
delta function (&) accounts for energy conservation, indicating that the transition occurs
when the energy of the final state (Ef) matches the energy of the initial state (E;) plus the
energy loss of probe electrons (Aw). The transition operator is alternatively expressed as

through a Taylor series expansion:
R : 1
T=e‘q'r=1+iq-r—§(q-r)2+---. (1.6)

For small momentum transfer, higher-order terms can be neglected. Under the dipole
approximation and assuming the initial core-level and final state wavefunctions are atomic-

like, Eq. 1.4 can be simplified as:

2T

= (¥ la | w)[*8(E; - B - ho). (17)

VVi—>f =
As a result, the core-loss EELS transition probability depends quadratically on the
momentum vector, q. These momentum-dependent excitations are probed by tilting the
specimen or by sampling the g-vector in the specimen’s diffraction plane.?***-3* Momentum-

resolved EELS uniquely probes phonon and carrier dynamics within select Brillouin zones.
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1.3 Ultrafast and Optically Coupled EELS

Until this point, Chapter 1 has primarily treated EELS as a probe of ground-state properties.
In an optically coupled TEM, however, EELS can be extended into the time domain by using
a laser pulse to drive the specimen out of equilibrium while a delayed electron pulse probes
the photoinduced spectral changes. Ultrafast EELS directly probes how photoexcited
dynamics shift and broaden low-loss and core-loss spectra. The temporal resolution is set by
the pump—probe cross-correlation, timing jitter, and electron-pulse broadening. Different
optically coupled TEM methods access unique photodynamics in semiconductors as shown

in Fig. 1.7.
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Figure 1.7. Optically coupled TEM techniques used to probe select photodynamics.
(Top) Optically coupled TEM techniques each achieve unique temporal resolutions.
(Bottom) Photoexcitation leads to a cascade of atomic processes and ultrafast dynamics.
Purely electronic (blue), nuclear (yellow), and electron-nuclear coupled (red) dynamics are

listed. The words electron and phonon are abbreviated as e and ph, respectively.

Attosecond-to-femtosecond dynamics are dominated by coherent optical field interactions,
hot carrier generation, and electron—electron scattering. The first tens of attoseconds after
specimen photoexcitation are so brief that even atomic nuclei are frozen in time, meaning
phonons and molecular vibrations have not yet begun. To put these timescales into
perspective, an attosecond is to a second, as a second is to approximately 31.7 billion years.

As shown in Fig. 1.7, attomicroscopy is the only optically coupled TEM method able to
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detect attosecond processes.>>*¢ This emerging technique relies on attosecond optical gating

of electron pulses, where a laser pulse effectively gates or chops the electron down to 625 as.
Attomicroscopy is technically a sub-field of UEM, and attosecond EELS measurements have

not yet been demonstrated.

In a standard UEM, femtosecond laser pulses photoexcite the specimen and photo-trigger the
electron gun (Figure 1.8A).373° A mechanical delay stage controls the time delay between
the pump and probe pulses to acquire femtosecond — picosecond dynamics. Real-space
imaging in a UEM can be correlated with reciprocal and energy spaces via diffraction and
spectroscopy, respectively. Ultrafast EELS is an emerging technique for spectroscopic
measurements of photodynamics at nanometer length scales. Ultrafast low-loss EELS is
highly sensitive to photocarrier populations, dielectric screening, plasmonic response, and
temperature.***? Ultrafast core-loss EELS has been reported to probe transient thermal,
bonding, and charge dynamics.*** Future ultrafast EELS studies are equipped to probe
electron—phonon scattering, phonon—phonon scattering, and the onset of carrier trapping or

polaron formation.

We highlight the unique applications of EELS in the UEM for measuring ultrafast light-
induced processes (Figs. 1.8B—E). For example, charge dynamics electron microscopy
(CDEM) is one technique that probes local electromagnetic fields induced by charge
dynamics at nanometer spatial and femtosecond temporal scales (Fig. 1.8B).**” CDEM
probes the charge dynamics as the electron beam is broadened and accelerated by charge-
induced plasmas and THz fields. Ultrafast low-loss EELS has also been used to measure
changes to a material’s carrier density due to photoexcitation while capturing both the
electronic and structural effects (Fig. 1.8C).**~*> Demonstrations also utilize a g-slit to probe
photoexcited scattering and relaxation processes in reciprocal space using momentum-
resolved ultrafast EELS (Fig. 1.8D).3? Lastly, ultrafast core-loss EELS can accurately probe
changes in the chemical bonding and coordination geometry of a material caused by

photoexcitation, such as charge transfer and lattice changes (Fig. 1.8E).*#°
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Figure 1.8. Time-resolved and ultrafast electron energy-loss spectroscopy (EELS) in
the ultrafast electron microscope (UEM). (A) A standard UEM uses an ultraviolet (UV)
pulse-triggered photocathode to generate ultrafast photoelectron wavepackets (green). Scan
coils deflect the electron beam in scanning TEM (STEM). A femtosecond (fs) pump (blue)
photoexcites the specimen (red) at fixed time delays relative to the photoelectron probe. A
g-slit (teal) enables momentum-resolved EELS. Apertures are excluded for clarity. (B-E)
Time-resolved and ultrafast EELS imaging methods. (B) CDEM maps charge-induced
terahertz (THz) fields around a specimen. (C) Ultrafast low-loss EELS quantifies a material’s
free carrier density change due to thermal expansion or strain. (D) Time- and momentum-
resolved EELS measures carrier dynamics in reciprocal space with a g-slit. (E) Ultrafast
core-loss EELS probes photoinduced changes in oxidation state and bonding due to charge

transfer and phonons.

At longer, nanosecond temporal delays, the dominant observables are excited-state
population kinetics, carrier transport, and thermal diffusion. Time-resolved EM in the
nanosecond regime is well suited to measure carrier trapping, recombination, phonon—
phonon relaxation, and heat flow.**>° New fast direct electron detectors with high-speed
readout now measure <1 ps timescales relevant to carrier hopping, diffusion, and trapping;
and initial demonstrations have even imaged nanosecond heat diffusion kinetics.’!>? Figure

1.7 highlights these various optically coupled TEM methods, and additional reviews
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highlight the full landscape of measurable chemical dynamics with optically coupled and

ultrafast TEM.30-23-54

1.4 Outlook

This thesis develops and implements photomodulated EELS in the optically coupled TEM
for studying steady-state photoexcited carrier and thermal dynamics in equilibrium. Our
approach advances the field’s understanding of complex and convoluted thermal and carrier
effects on low-loss and core-loss EEL spectra. We first test this approach using
photomodulated X-ray absorption spectra of plasmonic core-shell nanoparticles,
distinguishing photothermal heating from electron transfer in the nanoparticle’s outer shell.
We further advance this methodology through careful temperature-dependent EELS control
studies on silicon. Our experimental and computational results on crystalline silicon report
that the temperature-dependent redshifts of core-loss EELS and X-ray edges result from a
decrease of semiconductors’ band gaps with temperature. Next, we apply these
computational and experimental advancements to study the photomodulated thermal and
carrier populations in doped SrTiO3 nanoparticles that perform photocatalytic water splitting.
Using the optically coupled TEM, we directly image photoexcited carriers trapped at the
nanoparticle’s surface oxygen vacancies. Lastly, we aim to expand these measurements to
probe photocatalysts and their carrier dynamics in liquids. We perform optically coupled
liquid phase TEM (LPTEM) measurements with catalysts in water encapsulated by
amorphous carbon thin films, characterizing the water evaporation dynamics and thermal
limitations of the thin support films. Our achievements make significant progress toward
developing ultrafast and time-resolved EELS to image nanoscale photocatalytic dynamics

occurring at femtosecond-to-second timescales.

Ultrafast EELS continues to advance as new instrumental capabilities are developed, offering
a direct route to imaging light- and bias-driven dynamics at the nanoscale. Developments in
RF and electrostatic beam blanking are improving probe brightness and coherence, while
fast, event-based direct electron detectors are increasing EELS sensitivity. Extending

ultrafast EELS to in situ and operando platforms such as environmental cells with gases,
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liquids, and applied bias will be critical for studying photocatalytic and electrochemical

processes under working conditions. Combining ultrafast EELS with cryogenic stages and
low-dose acquisition strategies may minimize beam-induced specimen damage and expand
the technique to soft matter, molecular, and biological systems. Together, advances in
instrumentation, theory, and data analysis are positioning time-resolved and ultrafast EELS
as a powerful spectroscopic tool for next-generation materials science, with broad impact

across quantum materials, solar energy conversion, nanophotonics, and related fields.
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CHAPTER 2

DETERMINING QUASI-EQUILIBRIUM ELECTRON AND HOLE
DISTRIBUTIONS OF PLASMONIC PHOTOCATALYSTS USING
PHOTOMODULATED X-RAY ABSORPTION SPECTROSCOPY

Adapted with permission from the following:

Palmer, L. D.; Lee, W.; Dong, C.L.; Liu, R.-S.; Wu, N.; Cushing, S. K. Determining Quasi-
Equilibrium Electron and Hole Distributions from Plasmonic Photocatalysts using
Photomodulated X-ray Absorption Spectroscopy. ACS Nano 2024, 18 (13), 9344-9353.
https://doi.org/10.1021/acsnano.3c08181.
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2.1 Introduction

A balance between carrier photoexcitation, thermalization, and recombination rates
determines the quasi-equilibrium carrier distribution that controls photocatalytic and
photovoltaic device efficiencies (Figure 2.1).!'* A quasi-equilibrium state occurs during the
thermodynamic balance of the system’s photoexcitation and relaxation. Photoexcited carriers
are generally assumed to be fully thermalized to the band edges at the device’s working
conditions.* However, slowed hot carrier cooling through phonon bottlenecks,’ surface state
trapping,® or dielectric carrier Coulomb screening!'® can generate a non-thermal carrier
quasi-equilibrium. In nanoscale junctions, photoexcited carriers can transfer between active
layers or to surface catalysts on timescales shorter than carrier thermalization.!!!?
Transferring the quasi-equilibrium hot carrier population into surface reactants then modifies
a semiconductor’s photochemical reduction potential, tailoring resultant reaction products. '3
For example, plasmonic metal-semiconductor junctions have been used to increase

14-16

semiconductors’ photocatalytic product selectivity and solar power conversion

efficiency.!”!®
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Figure 2.1. Photoexcited properties of plasmonic core-shell nanoparticles. (a)
Continuous photoexcitation of a metal nanoparticle’s localized surface plasmon resonance
(LSPR) with visible light results in dynamic carrier excitation.[ref. 2] Hot carrier formation
then occurs following electron-electron and electron-phonon scattering.[ref. 3] The hot

carriers transfer into TiO> and can be probed with the Ti L3 edge. (b) The hot carriers
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transfer over the Au@TiO: Schottky barrier (¢ ) and fill the TiO2 conduction bands (CBs)

with an excess energy of 0.3 eV and subsequently (c) thermalize in the CBs through phonon

scattering.

Measuring the quasi-equilibrium carrier distribution is therefore critical. However, few
methods to date can characterize the equilibrium photoexcited carrier population with the
same detail as ultrafast pump-probe methods like two-dimensional, terahertz, or
photoemission spectroscopies.!*2? While ultrafast spectroscopy is the conventional method
for measuring carrier thermalization and recombination, ultrafast measurements sum over
different relaxation pathways, often use a high peak power that exceeds the solar flux, and
rely on laser sources that are more narrowband than the solar spectrum. When effects such
as Fermi level pinning, defects, and surface states are present, it can be difficult to reconstruct

steady-state carrier distributions using ultrafast measurements alone.

X-ray spectroscopy is one potential method for resolving carrier distributions and dynamics.
Transient X-ray spectroscopy is now routinely used to measure element-specific electron and
hole energies in multi-element catalysts.?>~2 Obtaining the same information should also be
possible using steady-state, photomodulated X-ray spectroscopy.?’” However, measuring and
interpreting photomodulated X-ray spectra are challenging tasks because the decreased
photo-induced carrier concentration and slower repetition rate make the signal-to-noise ratio
(SNR) significantly lower. Therefore, accurate excited-state X-ray theory is needed, even
more so than for ultrafast X-ray spectroscopy, to interpret the small photomodulated spectral

intensity within the experimental noise.

Previous investigations of plasmonic Au@TiO2 nanoparticles and their photomodulated X-
ray spectra suggest that quasi-equilibrium hot electron populations exist in TiO2.”?%2° In our
prior work, the photoexcited X-ray spectra were not modeled fully ab initio but were rather
calculated using a semi-quantitative model of phase-space filling and lifetime effects.?
Thermal and photoexcited hole effects were not included. Here, we use excited-state density
functional theory (DFT) and Bethe-Salpeter equation (BSE) calculations to evaluate steady-

state photomodulated X-ray spectra. To simulate hot electron X-ray spectra, we fill the DFT-
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calculated conduction band states with electrons from the conduction band minimum (CBM)

to a specified energy and calculate the corresponding spectrum with the BSE. Methods that
model transient charge configurations ab initio instead use density functional perturbation
theory and the Boltzmann transport equation to predict ultrafast charge redistribution
following electron-phonon interactions and transport.’® However, density functional
perturbation theory is not used for modeling steady-state dynamics due to computational

costs.

In this work, we test whether photomodulated, steady-state X-ray spectroscopy can be used
to quantify quasi-equilibrium carrier distributions. X-ray absorption at the Ti L3 edge is
measured for each nanoparticle with modulated photoexcitation. An adiabatic approximation
to the BSE is then used to predict the change in the X-ray spectrum for each possible
photoexcited configuration. We use a mean squared error (MSE) analysis to compare the
potential theoretical contributions of thermal, hot electron, and dipolar excitations to the
signal from plasmonic core-shell nanoparticles designed to isolate each one of these effects.
Even in the case of relatively noisy spectra, quasi-equilibrium hot carrier distributions are
differentiated from photothermal heat. Separating electron from hole effects on a
photothermal background is more difficult because of the hole’s smaller perturbation to the
Ti Lo 3 edge. Within experimental noise, electron versus hole populations were not separable
with statistical significance. However, our calculations demonstrate that electrons and holes
have distinct spectral features and could be differentiated with improved X-ray
measurements, and we discuss the required experimental conditions for such measurements.
Our findings suggest that photomodulated X-ray spectroscopy at non-time-resolved
beamlines can be used to separate electron, hole, and thermal excitations, but continued
improvement in experimental SNRs is needed when multiple photoexcited processes

simultaneously exist.

2.2 Results and Discussion
A nanoparticle’s localized surface plasmon resonance (LSPR) can be used to transfer energy

to a semiconductor through multiple mechanisms. Here, a SiO- layer is used to systematically
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control three such mechanisms between a Au or Ag nanoparticle core and a TiO» shell. For

Au@TiO> nanoparticles, plasmonic hot electrons in Au can overcome the interfacial
Schottky junction to inject into TiO (Figure 2.2a,d).>*'3? Ag@SiO>@TiO, nanoparticles
use the plasmon’s dipole moment to increase the light absorption rate in the tail of a
semiconductor’s absorption edge, creating electron-hole pairs (Figure 2.2b,e).2?% In
Au@SiO>@TiO; nanoparticles, a SiO» layer prevents carrier transfer from Au into TiO», so
the TiO: shell only experiences heating from the Au core to provide a control experiment
(Figure 2.2¢,f).2® Past work has verified that these core-shell nanoparticles isolate these

excited-state effects.?®

This paper theoretically interprets previously measured X-ray spectra of the nanoparticles
synthesized and characterized in Ref. 28. In these previous measurements, the nanoparticles
were reported to have a 15 nm radius Au or Ag core, a 10 nm thick SiO» insulating layer (not
present in Au@Ti0O2), and a 10 — 20 nm amorphous TiO; outer shell. UV—visible absorption
spectroscopy was used to measure the LSPR center wavelength at 420 nm for Ag and 560
nm for Au (Figure 2.2a-c).

The approximate interfacial band bending of each heterojunction is calculated using a 1D
drift-diffusion model implemented in the Automat FOR Simulation of HETerostructures
(AFORS-HET) (Figure 2.2d-f).>* This approach does not consider nanoscale near-field or
photoexcited effects. The approximate Schottky barriers are 0.9 eV for Au@TiO», 0.8 eV for
Ag@SiO,@TiO2, and 0.7 eV for Au@SiO>@TiO2. The metal-semiconductor junction
produces band bending and built-in electric fields in the TiO; and SiO» layers. The average
built-in field estimated for the semiconducting layers is ~10° V/cm. The SiO> insulator acts
as a carrier tunnelling barrier between the metal and TiO», and the Schottky barrier in such
cases refers to the energetic barrier for electron transfer at the SiO»-TiO: interface.
Considering the ~4.4 eV Au-SiO; Schottky barrier, which exceeds the maximum hot electron
energy by 3.2 eV, Au hot carriers would need to tunnel through SiO; to reach TiO,. Similar
junctions with a 4.8 nm SiO, oxide were previously measured to have a <10 A/cm?

tunneling current at 10> V/cm following an applied bias.’* Therefore, as experimentally
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observed, photoexcited electrons would not transfer to TiO> for the Au@SiO>@TiO: system.

See the Supporting Information for numerical input parameters and field calculation.
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Figure 2.2. Plasmonic core-shell nanoparticle heterostructure characterization. (a-c)
UV-visible absorption spectra for (a) Au@TiO,, (b) Ag@SiO@TiO2, and (c)
Au@SiO>@TiO; core-shell nanoparticles. The localized surface plasmon resonance (LSPR)
and UV bandgap for amorphous TiO; (grey dashed line at 3.34 eV, 370 nm) are marked [refs.
43,44]. (d-f) Schematic representations of each nanoparticle’s band alignment and hot carrier
distribution (d) Hot electrons up to ~0.3 eV above the conduction band minimum (CBM),
relative to the Schottky barrier (¢ ), have sufficient energy to transfer into TiO; directly.[ref.
3] (e) The Schottky barrier and SiO; layer prevent hot electron transfer. Instead, the localized
electromagnetic field from the plasmon couples with a TiO; electron-hole excitation, and
carriers are created at both the CBM and valence band maximum (VBM). (f) The SiO; layer

prevents electron transfer into TiOx.

The ground-state electronic structure and X-ray absorption of TiO, are first calculated as
shown in Figure 2.3. The Ti L, 3 X-ray absorption edge (456 — 468 eV) was measured, which
corresponds to a core electron transition from Ti 2p to Ti 3d states (Figure 2.1a, right). The
DFT calculated projected density of states (PDOS) for anatase TiO; is given in Figure 2.3a.
A 1 eV scissor shift is applied to the bandgap. In the PDOS, the O 2p orbitals dominate the
valence band and the Ti 3d orbitals compose the conduction band. The crystal field
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characteristically splits the Ti 3d conduction band into the t», (blue shading) and e, (grey

shading) orbitals in the electronic structure and ground-state X-ray absorption (Figure
2.3a,b).%°
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Figure 2.3. Calculation of TiO: electronic structure and X-ray absorption. (a) The DFT-
calculated, projected density of states for anatase TiO,. The Fermi level represents the
valence band edge. (b) Calculated (black) and measured (grey) Ti L3 X-ray spectra for TiO,.
The theory spectrum is broadened to match the experiment with the bottom spectrum being
the unbroadened output. The blue and grey shading depict the Ti tz and e, states,

respectively. (¢) The difference between theory and experiment.

Figure 2.3b compares the BSE simulated Ti L,3 edge to the measured ground-state
Au@SiO,@TiOz spectrum. An energy-dependent broadening method of the predicted

spectrum was used to replicate the experimental core-hole lifetime broadening, which has a
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3:2 broadening ratio (L»:L3) for the TiO» Ti L3 edge (see Supporting Information).*¢

According to the PDOS in Figure 2.3a, the photomodulated Ti L»3 edge predominantly
probes photoexcited electrons over holes through the Ti 3d states; however, because of the
screening and angular momentum coupling matrix elements in the X-ray transition

Hamiltonian, holes will still perturb the core-to-valence transition excitons.?”-*

This work approximates the nanoparticle’s amorphous TiO> as purely anatase phase.
Although 10 — 20 nm TiO: nanoparticles typically consist of a mixture of anatase and
brookite, anatase is a slightly more stable phase, and this approximation reduces the
otherwise insurmountable computational costs of excited-state X-ray BSE calculations for
hundreds of atoms.?*#? We find this to be a valid approximation due to the excellent match
between the ground-state experiment and theory (Figure 2.3b). However, aspects of the
amorphous phase electronic structure are not considered. First, there is a discrepancy
between anatase and amorphous TiO; for the Ti L e, states at 461 eV (Figure 2.3¢).** The
core-hole exciton effects calculated by the BSE are therefore not accurately modeled at these
energies and are not considered during the MSE analysis. Further, defect-induced midgap
states (depicted in Figure 2.2d-f) are not modeled. Midgap states show little effect on the
ground-state TiO» spectra but may appear as a shoulder of the L t», peak at 463 eV (Figure
2.3b,c).

The previously measured X-ray spectra were collected using a light-on, light-off sequence
with a 1-minute collection time per spectrum. A continuous-wave lamp, filtered below the
3.34 eV amorphous TiO, bandgap, was used to photoexcite the nanoparticles’ LSPR.#443
Surface charging from photoexcitation creates a baseline drift in photomodulated spectra for
the total electron yield detection method.*® To account for charging, each spectrum is
normalized to the edge onset maximum near 458 eV (grey dashed line in Figure 2.4) after
the baseline background subtraction. The charging normalization creates artifacts directly
below and above the X-ray absorption edge, so only the 458 — 466 eV range is compared to

theory herein (see average spectra for all samples overlaid in Figure S5). Charging is not

measured for the Au@SiO@TiO> sample, which confirms that only heat results from
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photoexcitation. However, the insets of Figure 2.4a reflect that even the light-off spectra

change after modulating photoexcitation, meaning residual charges may perturb the total

electron yield acquisition even after sample relaxation.
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Figure 2.4. X-ray absorption spectra of core-shell nanoparticles with and without
photoexcitation. (a) Raw, light on and light off Ti L, 3 edge X-ray spectra of the amorphous
TiO> outer shell. The spectral intensity increased throughout the data collection of all four
spectra. The spectra are background-subtracted. Each inset magnifies the edge maxima
intensity differences caused by charging. Each inset window size is 0.15 eV width but a
variable amplitude. (b) Spectra from (a) normalized to the edge maximum near 458 eV (grey
dashed line) to correct for charging that broadly increases the spectral amplitude. (c)
Photoexcited differential spectra of the normalized data in (b) to highlight photomodulated
energetic shifts in the L3 edge. The lighter spectra are from the first light on/light off

collection. The ground state experimental spectrum is shown above for reference.

The measured differential absorption, calculated as the log of spectra collected with the lamp
on divided by those with the lamp off and averaged across two data sets, is used to identify
photoexcited carrier and structural effects on the X-ray spectra (Figure 2.4). Because the
total electron yield detection only probes the first ~4 nm of TiO, only carriers in surface trap
states in the amorphous TiO; are probabilistically measured.*” The spectra in Figure 2.4 are
relatively noisy due to the lower power of the excitation source and slower modulation time

of the steady-state measurement. Therefore, we first test the accuracy of our ab initio
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approach by comparing to a previous ultrafast X-ray absorption spectrum of anatase TiO:

(Figure S1).2’ The measured transient spectrum is analyzed using an adiabatic approximation
to excited-state effects in the BSE. This approach has been verified previously for other
transient X-ray datasets and is described in the Methods section.?37-3 The ultrafast time
slice is after carrier thermalization (1 ps). The proposed ab initio method accurately
reproduces the transient X-ray spectrum at all energies besides 458 — 460 eV. The
discrepancy is likely due to the reported onset of carrier transfer to midgap states (see
Supporting Information). The electron, hole, and thermal signals are reproduced in this case,

giving a baseline for the accuracy of the photomodulated data presented here.

Given this verification, we proceed to analyze the photomodulated spectra. Three differences
are observed between each plasmonic excitation mechanism although it must be noted that,
since only two averages are used, the statistical significance must be interpreted with caution.
First, all nanoparticle’s spectra have different amplitudes just after the L3 edge at 458 eV.
Second, the Au@TiO, has decreased absorption centered at 462 eV. Lastly, the
Ag@SiO@TiO2 nanoparticles have decreased absorption at 465.5 eV. We then investigate
how these trends compare to the theoretically predicted photomodulated spectra, which is

found to successfully model ultrafast dynamics (Figure S1).

The steady-state spectral signatures of photothermal effects are first compared to theory
using the Au@SiO@TiO: experimental control (Figure 2.5). Photothermal heating arises
from the heat produced by carrier thermalization in the metal nanoparticle after LSPR
photoexcitation and relaxation.*® The photomodulated Au@SiO@TiO, nanoparticle’s
experimental spectra lack the surface charging artifact that results from photoexcited carriers
in the other two nanoparticle systems (Figure 2.4a), confirming that photoexcited carriers

are not excited in TiO».

Heating is modeled through DFT and BSE calculations by an expansion of the TiO: lattice.
Calculations are performed for lattice expansions equivalent to 2.5, 5.0, 10, 15, and 20 K
temperature increases above 300 K (Figure 2.5a).*’ The spectrum’s peak positions linearly

redshift with increasing lattice temperature, increasing and decreasing the differential



35
intensity at pre- and post-edge regions, respectively. The spectrum mainly redshifts because

of the Ti atoms’ reduced crystal field. The simulated X-ray differential absorption for a 2.5

K lattice-expanded TiO> crystal is compared to the measured differential absorption in

Figure 2.5b.
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Figure 2.5. Photothermal effects on the Ti L»3 edge in Au@SiO@TiO:. (Top) Raw
spectra for reference. The spectral range analyzed by the MSE is shaded. (a) Simulated
differential X-ray spectra for a 0 — 20 K anatase lattice expansion. The arrows highlight the
differential amplitude change with an increasing lattice parameter. (b) The lattice-expanded
differential spectra predicted for 2.5 and 20 K heating are compared to the Au@SiO@TiO>
differential spectrum. The yellow shaded region depicts the experiment’s standard deviation.
(¢) The measured differential subtracted from the optimized simulation differential at 2.5 K,
selected using the MSE analysis. The experiment’s standard deviation is included for

reference.
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The Au@SiO>@TiO> nanoparticle temperature after photoexcitation was predicted to be

+2.5 K through a MSE fit of all simulations in Figure S2. Subtracting the 2.5 K heating
differential from the experiment (Figure 2.5¢) reflects that the general spectral changes are
reproduced. The heating simulation’s largest disagreement results from the anatase TiO>
approximation at 460 — 462 eV. The differential between theory and experiment shows bias,
as in it is not centered around zero, so a statistical conclusion is difficult even if trends are
similar by eye. The MSE fit predicts a ~2.5 K rise in the TiO; layer and is consistent, within
an order of magnitude, with other studies reporting 7.7 K (theoretical)®® and 2.6 + 2.3 K
(experimental)®! heating of aqueous Au nanoparticles when using similar excitation
densities. The thermal dissipation will of course differ in the vacuum environment for the

experimental X-ray measurements.

Next, the Au@TiO2 nanoparticle sample that has both photothermal and hot electron effects
is examined. To simulate hot electron transfer in the Au@TiO» nanoparticles, electrons up
to a specific energy above the TiO, CBM (0.0 eV for fully thermalized electrons, 0.1 €V, 0.3
eV, 0.45 eV, and 0.6 eV) are included in the BSE calculation (Figure 2.6a). We simulate
spectra by approximating an average electron energy in the CBs and not a distribution. The
added electrons change the core-hole screening and prevent X-ray transitions into the newly
blocked states, leading to a complex differential absorption, as shown in Figure 2.6b. In
Figure 2.6b, the intensity of the hot electrons’ differential absorption is normalized to the
total number of simulated hot electrons to better evaluate excited-state trends with increasing

hot electron energy.
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Figure 2.6. Hot electron effects on the Ti Ly3 edge in Au@TiO,. (a) Simulated hot
electrons 0.0, 0.1, 0.3, 0.45, and 0.6 eV above the TiO>» CBM (b, Top) Raw spectra for
reference. The spectral range analyzed by the MSE is shaded. (b) Simulated differential X-
ray spectra for each hot electron occupation in TiO». The spectral intensity is normalized to
the number of electrons simulated in all but the thermalized (0.0 eV) case. (¢) The optimized
simulation with hot electrons 0.3 eV above the CBM with a 14 K lattice expansion is
compared to the Au@TiO, measured differential absorption. The orange shaded region
depicts the experiment’s standard deviation. (d) The measured differential subtracted from

the optimized simulation differential shown in (c) with the standard deviation.
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Unlike photothermal heating, changes in TiO2’s simulated differential absorption are not

perfectly linear with increasing electron energy (Figure 2.6b). Instead, spectral intensity
increases with the hot electron energy and there are differential peaks from changes in the
screening of the core-valence exciton and X-ray transitions blocked by hot electrons. The
differential peaks are mainly a result of hot electrons affecting the screening and angular
momentum components of the core-valence exciton when measured energies are above the
hot carriers at the bottom of the t2; bands (Figure 2.6a). The differential features blueshift as
more hot electrons screen the exciton in the BSE. State-filling effects of hot electrons
blocking X-ray transitions begin to appear at 463 eV when the simulated hot electrons fully

occupy states above 0.45 eV.

The measured Au@TiO> nanoparticle differential absorption spectrum is compared to a
simulated differential spectrum with 0.3 eV hot electrons and 14 K lattice expansion in
Figure 2.6¢c. Compared to Au@SiO>@TiOz, the simulated X-ray spectrum with hot
electrons has a new minimum around 462 eV, consistent with the measured spectral
differences between samples with and without hot electrons (Figure 2.4). An MSE analysis
was used to determine the most likely temperature and hot electron energy, based on the
simulated spectra. Each modeled hot electron distribution is shown separately in Figure S9,
and the differential X-ray spectra with both hot electrons and temperature simulated are in
Figure S11. Here, the differential between the experiment and theory is centered around zero,
but again the experimental results must be interpreted with some caution given the low
number of averages. Using the MSE fit, the TiO» lattice temperature is found to be hotter
than for the Au@SiO>@TiO: nanoparticles, attributed to the larger plasmon intensity that
leads to a greater level of hot electron thermalization in TiO» (Figure S3). Further, the 0.3 eV
hot electron quasi-equilibrium distribution is consistent with recent studies, as steady-state
and ultrafast Raman measurements estimate that hot electrons exceeding 0.32 and 0.34 eV,
respectively, transfer from Au nanoparticles to nearby molecules.’>> An approximate
calculation comparing the electron excitation and relaxation rates in the amorphous TiO: is
given in the Supporting Information, but the main conclusions of Figure 2.6 are that

photothermal and hot electron effects can be differentiated within a relatively noisy spectrum.
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Further light intensity-dependent control experiments would be necessary to quantify the hot

electron concentration and would also be useful to clarify the nonlinear change with hot
carrier concentration versus the temperature-induced shift. We approximate the measured
hot electron density using the relative occupation of the state filling in the band structure.
The state filling simulation for states up to 0.3 eV above the CBM best matches the
experiment (Figures 2.6¢ and S2b). The integrated total DOS in this energy range is 150
states of the 10* total possible calculated conduction states. Using this number, and the
measured DOS for nanocrystalline TiO> (8 x 10'® ¢m™), one can approximate an electron

concentration of ~10'® ¢m3 .34

Lastly, the Ag@SiO>@TiO2 nanoparticle system is examined and is expected to have
thermalized electron and hole pairs (Figure 2.7). This is the most challenging example to
model as electrons, holes, and photothermal effects are present within the noisy experimental
spectrum and the hole more weakly perturbs the spectrum than the electron since the probed
Ti 2p states predominantly compose the conduction band (Figure 2.3a). The holes only
change the screening and angular momentum components of the core-valence excitons in the
X-ray spectrum without adding or blocking new transitions, usually the larger signal. The
theoretical differential absorption in Figure 2.7a as compared to thermal and hot electron
changes does demonstrate that adding holes to the calculation should have a measurable
effect but experimentally requires a better SNR. Namely, introducing holes to a photoexcited
electrons-only model produces an increase in the differential absorption largely at 462 eV

and across the spectrum.
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Figure 2.7. Thermalized electron plus hole effects on the Ti L3 edge in
Ag@SiO>@Ti0:. (Top) Raw spectra for reference. The spectral range analyzed by the MSE
is shaded. (a) Simulated differential spectra for a +5 K lattice expansion (light grey),
thermalized electrons (grey), and thermalized carriers (black). The thermalized carriers are
simulated at each respective band edge. (b) Thermalized carriers compared to the
Ag@SiO,@TiO2 measured differential spectrum. The blue shaded region depicts the
experiment’s standard deviation. (¢) The measured differential subtracted from the optimized

simulation differential shown in (b) with the standard deviation.

The Ag@SiO@TiO> nanoparticles' measured differential absorption is compared to the
simulated differential for thermalized carriers in Figure 2.7b. Calculating the differential
absorption spectra and corresponding MSE for thermalized electrons, thermalized electron-

hole pairs, and photothermal effects reveals that there is no statistical difference in the MSE
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for the three calculations, despite the changes in the spectra between these three photoexcited

effects (Figure S2c¢). The initial spectral features are well-captured in Figure 2.7b, but this
alone is not enough to signify a statistical difference from the other models. The photo-
charging indicates that the plasmonic resonance energy transfer effect is present as in
previous reports, but a less noisy spectrum or a higher excitation density, which would
exaggerate the pre-edge and hole effects, would be needed to differentiate all three models.
We also plot the difference between the measured and calculated differentials in Figure 2.7c.
The amplitude of the residual further reflects that the excited-state calculation is unable to
model the experiment. However, Figure 2.7a indicates that the separation of electrons, holes,
or electrons plus holes from photothermal effects should be possible in a quasi-equilibrium,

photomodulated experiment.

Our theoretical analysis, verified by a comparison to ultrafast experiments (Figure Sl1),
provides valuable guidance for comparing each photoexcited effect’s spectrum to
experimental X-ray data. Based on this analysis, future photomodulated spectroscopy
measurements should aim for a photomodulated or differential SNR >2 or an average
differential signal of ~5 mOD. The SNR in this work is 0.5, determined by dividing the
average differential signal (1.4 mOD in Figure 2.6¢) by the noise root-mean-squared (2.8
mOD in Figure 2.6d). Ultrafast studies have larger SNRs due to a higher impulse response,
carrier density, and spectral chopping rate frequency, apparent in Figure S1. Additional
synchrotron measurements with more extensive experimental controls would be necessary
to accurately quantify the steady-state carrier equilibrium. These measurements could
consider the following: a total fluorescence yield detection scheme to avoid sample charging
artifacts, power-dependent photoexcitation measurements (to modulate the carrier density
amplitude and temperature effects), and rapid photomodulation or extensive light-on/light-
off measurements to confirm signal reproducibility. Ideal specimens would be nanometer-
scale crystalline semiconductors with long carrier lifetimes or polaronic traps to increase the
likelihood that atoms contributing X-ray signal are properly photoexcited (not bulk atoms in

the ground state).
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2.3 Conclusion

We used a set of plasmonic core-shell nanoparticles to test if a BSE-based analysis can
differentiate heating, hot electron, and thermalized carrier effects in quasi-equilibrium,
photomodulated X-ray absorption experiments. The lattice temperature and hot carrier
energy were successfully separated and analyzed within a noisy experimental spectrum.
Separating a thermalized electron and hole carrier distribution was not as successful,
although this outcome is mainly due to a lower experimental signal and a spectral
cancellation unique to the Ti L3 edge. The BSE method proposed appears accurate enough
to allow non-time-resolved X-ray beamlines to determine electron and hole effects, greatly
expanding the realm of photoexcited studies. This is a particularly important advance for
systems where defects, hot carrier effects, and junctions that control transport and surface
catalysis through steady-state distributions are difficult to study with ultrafast spectroscopy.
However, measuring quasi-equilibrium distributions requires a careful balance of the
excitation rate, recombination rate, and photomodulation time. The results of our paper
therefore give technical guidelines for measuring simultaneous electron, hole, and thermal
quasi-equilibrium populations. The spectral signatures for each excited-state effect, and their
intensity with excitation density, are particularly useful for future steady-state and ultrafast

measurements of anatase TiO,.

2.4 Methods

Core-Shell Nanoparticle Synthesis and Characterization

Core-shell metal@(SiO2)@TiO2 nanoparticles were synthesized and characterized
previously, and this work is only a theoretical analysis of X-ray spectra for these same
particles.?® All experimental X-ray and UV—Vis spectra were collected at the time of these
referenced, initial publications. Aqueous-phase UV-Vis absorption (Shimadzu 2550)
measured the localized surface plasmon resonance and TiO: absorption onset for each

particle (Figure S3).
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Photodiode Heterojunction Modeling

A drift-diffusion model is used to simulate the metal-semiconductor junction for each core-
shell nanoparticle design through the Automat FOR Simulation of HETerostructures
(AFORS-HET) software v.2.5. This numerical simulation software uses a 1D drift-diffusion
model based on self-consistent solutions to the Poisson equation to model the band bending,
carrier tunneling, and junction properties.”> See the Supporting Information for input

parameters and the built-in field calculation.

X-ray Absorption Spectroscopy

The National Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan,
collected all Ti L edge X-ray spectra at the BL20A1 beamline in total electron yield mode
(reflection geometry) depicted in Figure S4. Each specimen was mounted on conductive Cu
tape without surface treatment. All secondary electrons were collected to generate the
detected signal. The total Xe lamp power density was ~200 mW/cm? at the sample and ~10
mW/cm? across each plasmon resonance energy range. The photon flux was measured 1 m
away from the lamp with an initial power of 500 W. The lamp was spectrally filtered to
irradiate the sample with >400 nm light or below the TiO2 bandgap, and non-AR coated
optics were used as the entrance windows. The X-ray spectra were collected with a (lamp
off), (lamp on), (lamp off), (lamp on) sequence for 48 s acquisition per spectrum. The X-ray
analysis software at the beamline was used to subtract the background (X-ray scattering and

electron emission) using a straight baseline fit below the absorption rising edge.

Ab Initio X-ray Theory
The X-ray absorption simulation package, Obtaining Core Excitations from the Ab initio
electronic structure and the NIST BSE solver (OCEAN), was used to model the plasmonic

and excited-state properties in Ti0,.%%%7

The package’s workflow has been described
previously.3”-3® A variable-cell relaxation of the TiO, anatase crystal structure was initially
performed to define the suitable cell parameters. As part of the workflow, Quantum
ESPRESSO%%° performed density functional theory (DFT) to calculate the ground-state

electronic structure using a plane-wave basis set and a 350 Ry cutoff energy. The DFT used
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Trouiller-Martins norm-conserving pseudopotentials, calculated using a Perdew-Wang local

density approximation (LDA). A 16x16x12 k-point mesh was used with 248 total bands. The
macroscopic dielectric constant was set to 5.62 for TiO: anatase.®® The Haydock solver is
used to calculate all X-ray spectra. The spin-orbit coupling for all BSE calculations was fixed
as 4.5 eV. See the Supporting Information for input parameters of the cutoff energy

convergence, BSE screening, variable-cell relaxation, and band structure calculations.

The standard OCEAN code can interpret static lattice heating by re-running the DFT and
BSE calculations for lattice parameters that simulate an isotropic thermal lattice expansion.
However, our previous reports discuss the modified BSE code that simulates excited-state
electrons and holes.?637-*8 The standard code is modified to output the band structure as a
usable k-point mesh array with defined energy values for each k-point. This array is then
evaluated and modified to include an excited-state carrier population through state filling.
Specifically, photoexcited electrons are simulated by blocking available transitions in the
conduction band while holes are simulated by opening or making states available in the
valence band. It is worth noting that the state filling fully occupies each state whereas a partial
occupation would more accurately depict a carrier density. We use an iterative approach to
state filling in MATLAB, which fills all conduction states up to a specified energy or opens
valence states for holes. However, this method is complicated for band structures with
degenerate valleys across k-space because the k-point mesh in OCEAN is unsorted. In other
words, degenerate valleys would be unavoidably filled with excited-state electrons, and the

simulated excitation would not be momentum-specific.

After the X-ray absorption spectra are calculated, they are broadened to account for the
experimental lifetime broadening of the TiO» Ti Los edge.*® The theoretical differential
absorption is then calculated as the log of the excited-state spectrum divided by the ground-
state spectrum. The mean squared error (MSE) between the calculation and experiment is
calculated using MATLAB’s ‘goodnessOfFit’ function. See the Supporting Information for
the lattice expansion parameters, state-filling simulations/scripts, spectral broadening

procedure, and MSE calculations.
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2.5 Supporting Information

The supporting information, containing figures and data labelled S[X], is available free of

charge at: https://doi.org/10.22002/wheak-c7d39
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CHAPTER 3

NANOSCALE AND ELEMENT-SPECIFIC LATTICE TEMPERATURE
MEASUREMENTS USING CORE-LOSS ELECTRON ENERGY-LOSS
SPECTROSCOPY

Adapted with permission from the following:

Palmer, L. D.; Lee, W.; Durham, D. B.; Fajardo, J., Jr.; Liu, Y.; Talin, A. A.; Gage, T. E.;
Cushing, S. K. Nanoscale and Element-Specific Lattice Temperature Measurements using
Core-Loss Electron Energy-Loss Spectroscopy. ACS Phys. Chem. Au 2025, 5 (6), 589-598.
https://doi.org/10.1021/acsphyschemau.5c00044.
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3.1 Introduction

Accurate temperature measurements at the nanoscale are essential for understanding and
managing thermal gradients in modern electronic, photonic, and energy conversion/storage
devices. During operation, local thermal variations significantly influence device
performance and reliability. For example, the breakdown of Dennard scaling for transistors
and the increasing challenge of heat removal have limited transistor density and clock speeds
in central processing units since the early 2000s.! Similarly, semiconductor devices used in
transportation, renewable energy systems, and the electric grid require precise thermal
control to ensure efficient switching and prevent degradation.? In contrast, modest
temperature increases in semiconductor-based photocatalytic systems have recently been
reported to substantially improve solar hydrogen generation.* Understanding when local
heating is detrimental or beneficial to each application requires robust and accurate in

situ temperature measurements with nanometer spatial resolution.

Plasmon energy expansion thermometry (PEET) is one technique that, in principle, enables
sub-nm thermal imaging.>'® PEET measures temperature-induced shifts in a material’s
volume plasmon energy according to the free electron model following thermal expansion.
In a scanning TEM (STEM) with electron energy-loss spectroscopy (EELS), PEET has been
used to image nanoscale temperatures and thermal lattice expansion coefficients for
nanoparticles, membranes, and two-dimensional materials.”!! Time-resolved PEET is also
possible in optically-coupled electron microscopes.'? However, recent studies show that the
volume plasmon can vary with sample thickness and local dielectric properties.!* The
resolution in momentum (k) space can also obscure accurate PEET measurements because
plasmon energies typically vary quadratically with momentum.!#!6 Local strain can also
exceed the thermal expansion, especially at junctions and interfaces.!” PEET also has
difficulty measuring temperature in materials with small thermal expansion coefficients that
result in <0.1 meV/K plasmon energy shifts. PEET’s challenges necessitate additional

spectromicroscopy tools for nanoscale thermal imaging.!'®
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We propose core-loss thermometry as a complementary or alternative method to PEET that

also has expanded utility at X-ray beamlines. Core-loss edges, such as those measured by
core-loss EELS and X-ray absorption, are sensitive to changes in a material’s electronic
structure and valence states. While extended X-ray absorption fine structure (EXAFS)
spectra can quantify lattice temperatures, its need for high-energy core-level transitions
prohibit the signal and spatial resolution for core-loss EELS.!%-?* Ultrafast and photoexcited
X-ray spectroscopy studies have found that core-level edges of semiconductors redshift with
temperature, but the exact redshift mechanism is not well understood.?'" We aim to
understand and predict this temperature-dependent redshift using EELS simulations to

develop core-loss thermometry.

In this work, we use in situ STEM-EELS with controlled temperature-dependent low- and
core-loss EEL spectra across multiple thickness regions of a crystalline Si lamella with native
oxide. We evaluate PEET’s and core-loss thermometry’s accuracy across different thickness
regions of the lamella and extract temperature-induced shifts of the Si L»3 edge (2p — 3s+d
transition). To interpret these shifts, we incorporate ab initio simulations of the Si plasmon
and L,3 edge using density functional theory (DFT), linearized time-dependent DFT
(TDDFT), and the Bethe-Salpeter equation (BSE). Our analysis finds that the core-loss
spectrum redshifts according to the reduction of Si temperature-dependent bandgap as
predicted by the Varshni equation.>*?> Compared to PEET, core-loss thermometry of
semiconductors is less sensitive to effects from multiple plasmons, multiple scattering,
temperature-dependent strain, small thermal expansion coefficients, surface contamination,
and multi-element stacked junctions. We also find core-loss thermometry more accurate than
PEET at measuring the thermal expansion coefficient when the temperature-dependent
dielectric constant and environment are not fully characterized. Further, a standard spectral
denoising algorithm can improve core-loss thermometry’s accuracy. Ultimately, core-loss
thermometry is a promising route for element-specific, nanoscale temperature mapping

during operando or ultrafast measurements.
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Figure 3.1. Temperature-dependent scanning TEM electron energy-loss spectroscopy
(STEM-EELS). (a) Plasmon energy expansion thermometry: thermal expansion of
crystalline Si due to resistive heating is measured by STEM-EELS using a cold field-
emission gun. The inset depicts the image-averaged plasmon energy shift while heating and
cooling the Si lamella as compared to the plasmon energy calculated using the temperature-
dependent thermal expansion coefficient (o(T)). Shaded bars are the plasmon energy
standard deviation in each STEM image, and error bars were calculated using reduced 72
but smaller than each datapoint, Trer = 50°C. (b) A high-angular annular dark-field STEM
image of the membrane at Trer, with the Cu grid, 200 nm Ta, and a W capping layer apparent
as bright contrast. The dashed red square represents the STEM-EELS acquisition region in
(¢). Scale bars are 1 um. False coloration represents hot colors as “warmer” sample regions,
and Lorentzian fits were used to determine the plasmon energy. See supplementary movies
for temperature-dependent dark-field and plasmon energy images. (d) Temperature-

dependent spectra of the Si lamella collected using dualEELS and aligned to the zero-loss
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peak (ZLP). Each spectrum is an average of spectra in each 40x40 pixel STEM-EELS image

with the first two rows used for image alignment. The direct bandgap (Eg) and Si L3 edge
are power-law background-subtracted. (e) Calculated Si EEL spectra modeled over a range
of expanded lattice parameters using the temperature-dependent, isotropic thermal expansion
coefficient of Si [ref. 27]. The unit cell’s energy-optimized lattice parameter (ao) was 10.33
Bohr (5.47 A). A scissor shift was applied to the calculated Si L, edge according to the
temperature-dependent band gap [ref. 24], and the edge was broadened by an energy-

dependent Lorentzian broadening.

3.2 Results

Figure 3.1 depicts the experimental setup used to measure PEET and core-loss thermometry.
When integrated with STEM-EELS, PEET can accurately map the plasmon energy shift
(Figure 3.1a). The measured dual-thickness Si lamella (82.5 = 2.2 and 106.0 + 3.5 nm
thicknesses) with native oxide was prepared by focused ion beam lift out, thinning, and
polishing of >10 kQ + cm Si (<4.4 x 10" cm™ intrinsic Np).?¢ The inset shows that the Si
plasmon energy redshifts linearly with increasing temperature with minor hysteresis across

the thermal sweep.

The volume plasmon energy (E,) redshifts due to thermal lattice expansion according to the

free electron model in Eq. 3.1:

E,(T) = hoy(T) = A /nm(Tff)eez. 3.1)

As the Si lattice expands, the carrier density n(T) decreases (€., €, and mesr are the

specimen’s dielectric constant, electron charge, and valence band effective mass,
respectively). The electron’s temperature-dependent effective mass and dielectric constant
vary with temperature but are typically ignored by PEET studies by interpreting the relative
change in the plasmon energy according to the thermal expansion coefficient a(T) using Eq.

3.2:
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3 T
Ep(T) = Ep * (1 —3 * f a(T)dT). (3.2)
T

ref

Here, Eyo is the plasmon energy at the reference temperature (Trwf) and a(T) is the
temperature-dependent thermal expansion coefficient of Si.?” Equation 3.2 was used to
calculate the temperature-dependent plasmon energy, black trend-line in Fig. 3.1a(inset).
However, it is apparent that the plasmon shifts 1 meV, or ~25%, more than the predicted
value over this temperature range. This shift could be due to a wide variety of factors. The
plasmon’s absolute energy and redshift can only be directly related to the thermal lattice
expansion if approximations for fixed momentum, strain, and dielectric environment across
the specimen hold true. We believe that the lamella contains built-in stress from milling and
welding with materials of differing thermal expansion coefficients that manifests as
temperature-dependent tensile strain. The inset also features two types of error bars (1)
capped and (2) shaded. The capped error bars were calculated using a reduced y? analysis of
the averaged data points’ deviation from a linear fit, normalized to the degrees of freedom
but are largely unnoticeable due to the minimal error. The shaded error bars are the standard
deviation of the plasmon energy calculated across all the pixels in the STEM-EELS image
at each temperature. About half of this ~13 meV standard deviation results from the two
different thicknesses of the Si staircase measured in Figure 3.1b. The Si surface-to-volume
ratio is thickness dependent because the Si surface plasmon near 10 eV redshifts the volume
plasmon with decreasing thickness. The other half of the ~13 meV standard deviation results
from suboptimal signal-to-noise ratio in peak fitting. Although each pixel’s plasmon signal-
to-noise is comparable to other manuscripts in this field, peV accuracy is needed to properly
perform PEET. The experimental PEET uncertainty would improve using higher
magnification over a uniform thickness region and dualEELS to separately acquire the ZLP

and plasmon spectra.

STEM-EELS (Figure 3.1b,c) was performed on an electron-transparent region of the Si
lamella over two different regions of uniform thickness, as indicated by the dashed red square

in the high-angle annular dark-field (HAADF) image survey. The 40x40 pixel STEM-EELS
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image in Figure 3.1¢ was collected with the sample at Tier= 50 °C. The plasmon energy was

determined for each pixel where the zero-loss peak (ZLP) was aligned using a center-of-mass
fit, three Lorentzian functions were used to fit the Si plasmon peaks, and the energy
difference of the ZLP and most intense, first plasmon peak was calculated (see
Supplementary Information for fitting details). The thin and thick regions of the specimen
are clearly apparent due to the plasmon energy differences. However, the thickness
dependence has no noticeable effect on the plasmon energy difference with temperature (see

movies in Supporting Information).

During the STEM-EELS mapping, dualEELS spectral acquisition allowed for sequential
acquisition of the ZLP, plasmon, multiple scattering, and Si L3 edge. The spectra averaged
across each 40x40 px STEM-EELS image are shown in Figure 3.1d. Collecting the ZLP
through dualEELS is highly critical for core-loss thermometry in a (S)TEM as it allows for
longer acquisitions of the low-intensity core-loss spectrum while still offering a method for
spectral alignment. The spectral redshift with temperature is apparent in the experimental

and calculated plasmon and L3 edge spectra (insets in Figure 3.1d,e).

The direct bandgap (Egirect) of Si, Si main plasmon, and Si L»3 edge are highlighted with
insets showing the magnified features’ redshifts. The Si surface plasmon around 10 eV is
ignored, as well as the SiO; plasmon that is not resolvable at this thickness. Temperature-
dependent spectra in Figure 3.1e were modeled using TDDFT for the ~16.8 eV volume
plasmon (turboEELS) and DFT/BSE for the ~99 eV Si L, 3 edge (OCEAN). Thermal lattice
expansion was modeled using lattice parameters spanning a/ao = 1.000 — 1.002 according to
the temperature-dependent thermal expansion coefficient.?” The lattice parameter was the
only input parameter modified across simulations, and the band gap was corrected after the
calculation to account for the well-known band gap underestimation using DFT.?® The
reference lattice parameter (ap = 10.33 Bohr) was selected by minimizing the total cell

energy.
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Figure 3.2. Si L3 core-loss differential EEL spectra. (a) Measured and (b) modeled
differential spectra of the Si L3 edge from Figure 3.1d,e. Spectra are calculated as (At —
ATref) X 1000. The measured differential is smoothed by a Savitsky-Golay filter (window =
17, order = 3). Two measurements were taken at each temperature, one for both the cooling
and subsequent heating ramps in the Figure 3.1a, inset. Modeled spectra were calculated
using ab initio DFT / BSE theory with a scissor shift applied according to the temperature-
dependent band gap [ref. 24]. The as-measured temperature-dependent Si L3 edge spectra
are shown above for reference, and the measured spectra exclude any pixels over the Ta

alignment layer.

The ab initio TDDFT calculations match the analytical approach for PEET as apparent in the
Figure 3.1e insets. For PEET on Si, ab initio calculations are generally not needed as the
thermal lattice expansion is well-studied.® However, more complex materials like transition
metal oxides and multi-material stacks/interfaces that contain multiple plasmon and low-loss
features are challenging to deconvolute. Instead, an ab initio TDDFT approach like the
one used here would have to be applied.” Core-loss thermometry is therefore motivated

because its element-specificity leads to well-separated spectral features in complex materials.
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However, we first must test whether a simple analytical procedure can sufficiently predict

the temperature-dependent core-loss spectra without relying on an ab initio approach.

Conceptually, the interpretation of temperature-dependent core-level spectra is complicated
by complex dependencies of the specimen’s band gap, band curvature, and dielectric
function following thermal lattice expansion, lattice vibrational modes, and strain; thus, the
mechanism for the previously reported redshift of core-level spectra with temperature
remains unclear.?!~2* To help discern the origin of the redshift, we measure the temperature-
dependent differential spectra and compare these results to calculated spectra using a
DFT/BSE approach (Figure 3.2). The core-loss spectra were aligned for each STEM-EELS
pixel using the center-of-mass-fit ZLP and averaged across each STEM-EELS map. This
approach assumes that drift tube hysteresis does not occur tube at each pixel. The differential
spectra were calculated by first normalizing each core-loss spectrum to span zero to one for
the core-loss near edge’s minimum and maximum. The spectrum at Trer = 50 °C =~325 K
was then subtracted from the corresponding spectrum at each elevated temperature and
multiplied by 1000 for visualization (Figure 3.2a). The differential spectra for the DFT/BSE-

calculated spectra were similarly obtained (Figure 3.2b).

The differential spectra in Figure 3.2 have positive features at the edge onset, indicating the
redshift of the core-loss spectra with temperature and lattice expansion as apparent in the
Figure 3.1d,e insets. The positive differential feature is almost identical to a rigid spectral
shift (Figure S8), which suggests the conduction band’s density of states is minimally
modified at the measured temperatures. X-ray studies often normalize to an intensity far past
the edge onset, but multiple scattering and temperature-dependent constructive interference
effects in EELS prevented this normalization method.?® These effects appear as increasing
intensity with temperature beyond the edge (>101 eV). The DFT/BSE approach used here is

also optimized for near-edge features instead of post-edge effects.
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Figure 3.3. Comparing the modeled and measured Si L2 3 edge’s differential amplitude
and redshift. The average maximum differential amplitude of the measured (magenta open
circles) and simulated (purple filled circles) core-loss differential spectra from Figure 3.2.
On the right axis, the amplitude is converted to the band gap’s redshift according to a rigid
shift model. The temperature-dependent band gap of Si from the Varshni equation is shown
for reference (black filled circles). Trer = 50 °C. The inset shows an example differential

spectrum where the maximum amplitude was measured.

The maximum differential intensity is calculated to graph the relationship between the
temperature-dependent band gap shift for the core-loss experiment and theory (Figure 3.3).
To convert the differential intensity into the energy of the edge’s redshift, a rigid shift of the
spectrum at Trer is performed (5 meV shift steps up to 150 meV), and linear regression is
used to convert the differential intensity into the meV of the redshift. Both the measured and
calculated core-loss spectra are found to follow the Varshni equation. A Varshni equation is
an empirical formula that predicts a semiconductor’s band gap (Eg) as a function of
temperature (T).2*>> A Varshni equation typically has the form E; = Eg — (a x T?) / (T +b)
where a and b are derived constants and Eo is the band gap at 0 K. Whether experimentally
measured or computationally derived, an accurate Varshni equation will take into
consideration both the thermal lattice expansion and lattice vibrations from electron-phonon
renormalization. For covalently bonded materials like Si, the electron-phonon vibrational

term dominates because the lattice only minimally expands.
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Figure 3.3 verifies that the core-loss redshift magnitude can be used to determine the Si

lattice temperature according to the Varshni equation. Similarly, core-loss thermometry
could enable a new approach to directly determine the constants in the Varshni equation for
semiconductors with sub-nm resolution. By determining the constants for bulk specimens
using simpler methods (e.g., quantifying the bandgap with UV-Vis spectroscopy), core-loss
thermometry could then be used to derive the Varshni equation’s empirical constants in

compositionally complex materials without relying on DFT/BSE calculations.

The novelty of performing thermometry in the STEM is the ability to measure temperature
with nanoscale precision, and thus, the accuracy of core-loss thermometry imaging must be
tested. Figure 3.4 compares the difference images for AT =400 °C. Our PEET imaging result
(Figure 3.4a) indicates that the average temperature is measurable at 400 + 68 °C, 17% error.
This error is the standard deviation across the difference image, and it indicates that
dualEELS is also necessary to improve the signal-to-noise ratio of plasmon spectra for
accurate PEET. Notably, this error could be minimized by increasing the magnification and
acquisition time, but the larger relative sample drift and beam-induced heating should still
be considered. Minimal error resulted from the two different specimen thicknesses at this
level of accuracy, which has been tested in the literature.!® Each pixel was analyzed using
Lorentzian fits of the Si plasmons, where the main plasmon’s Lorentzian fit center at each
temperature is a proxy for lattice temperature (Figure 3.4b). The PEET image is generated
by calculating the difference in the plasmon energy between Trerand T =450 °C at each pixel
(AT =400 °C), and the plasmon energy difference is converted to temperature using linear

regression from Figure 3.1a, inset.

Core-loss thermometry imaging was similarly performed for each pixel but instead analyzed
using the Si L3 edge differential intensity as in Figure 3.2a and linear regression from
Figure 3.3. Each spectrum in the image is smoothed using a Savitsky-Golay third-order
smoothing function over S51-spectral pixels (Figure 3.4c¢). The core-loss thermometry
image’s average temperature with spectral smoothing considered is 411 + 106 °C (26%

error). This relatively high standard deviation is a result of the poor signal-to-noise ratio at
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each pixel. Therefore, by applying a standard denoising function, trained by 10% of the

STEM-EELS core-loss spectra, we further optimize the differential signal while minimizing
the background noise (Figure 3.4d). The denoised core-loss spectral image obtains a
measured temperature of 403 + 44 °C (11% error). This 58% reduction in absolute
uncertainty from the non-denoised core-loss thermal image can be further optimized for

samples of uniform thickness or more robust denoising algorithms.
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Figure 3.4. Comparing the accuracy of plasmon energy expansion and core-loss
thermometry imaging. (a) A plasmon energy expansion thermometry (PEET) image of the
Si lamella for AT =400 °C. (b) Each pixel’s spectrum was smoothed and aligned using a
center-of-mass (COM) fit of the zero-loss peak (ZLP). The Si plasmon energy was calculated
in the 450 °C and Trr images, and each pixel’s plasmon energy difference between 450 “C
and Trr was converted to a measured temperature using linear regression from Figure
3.1a(inset). (c) A core-loss thermometry image of the Si lamella for AT = 400 °C. Each
pixel’s core-loss spectrum was again aligned using the ZLP COM, and a differential
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spectrum was calculated and smoothed for each pixel. The amplitude of the differential peak

resulting from bandgap reduction was converted to temperature using linear regression from
Figure 3.3. (d) A core-loss thermometry image denoised using a 3-layer bottleneck
autoencoder from scikit-learn’s MLPRegressor. (e) The denoiser uses self-supervised
learning by leveraging the smoothed spectral output trained on 10% of the data. All scale

bars below the STEM-EELS images are 250 nm.

Table 3.1. Thermal lattice expansion calculation methods in this work. All
measurements were performed on crystalline Si with native oxide. The reported
temperature-dependent thermal expansion coefficient (TEC) of Si was used for all inputs
[ref. 27], and its fit error represents the nonlinearity in this temperature range of 50 — 450

°C.

Measurement Method Required Inputs TEC Fit Errorx100
[10° K] | (and R?)

Reported TEC | - - 4.09 0.37 (0.996)

[ref. 27]

Plasmon Low-loss EELS | Free electron model | 5.06 0.32 (0.998)

thermometry (Eco, Mefr)

Plasmon TDDFT Free electron model | 3.51 0.41 (0.994)

thermometry (€, Mefr ), TEC

Core-loss Core-loss Varshni  equation?, | 3.89 0.52 (0.993)

thermometry EELS TEC

Core-loss DFT/BSE Varshni  equation?, | 3.98 0.59 (0.989)

thermometry TEC

“The Varshni equation’s constants can be taken from literature or derived using the core-loss

spectral shift



65
3.3 Discussion

Figure 3.5 and Table 3.1 compare the thermal expansion coefficients derived using PEET
and core-loss thermometry to literature-reported values of crystalline Si. In PEET, the
plasmon energy shift is converted to lattice expansion using the free-electron model
(Equation 3.1) as: a(T) / a(Trer) = (Ep(T) / Ep(Trer))??, where a is the lattice parameter. This
approach assumes isotropic expansion. To derive the lattice parameter change from core-loss
thermometry, we convert the as-measured Si L, 3 and bandgap redshift with temperature by

using the reported Varshni equation for Si.?*
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Figure 3.5. Thermal lattice expansion quantified using low- and core-loss EELS. Four
methods are compared against the reported thermal expansion of crystalline Si [ref. 27].
Core-loss thermometry (magenta) quantifies lattice expansion via shifts in the Si L3 edge
arising from the temperature-dependent band gap, while plasmon thermometry (yellow)
tracks the plasmon energy shift according to the free-electron model. DFT/BSE (core-loss)
and TDDFT (plasmon) simulations were performed by isotropically expanding the Si unit
cell; DFT/BSE spectra were corrected for the intrinsic bandgap. The slope of each fit
corresponds to the thermal expansion coefficient (see Table 3.1), with y-intercepts fixed at

0%. Error bars are determined from reduced ¥? analysis of the linear fits.
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PEET overestimates the thermal expansion coefficient by 1.03 x 10% K-!, approximately

25% higher than the literature-reported value. This discrepancy may arise from temperature-
dependence of the dielectric constant, valence band effective mass, sub-pixel specimen drift,
or lamella strain. While the effective mass is known to increase by ~5-10% over this
temperature range, a substantial shift in the dielectric constant would also be required to fully
explain the observed error.>*3! In contrast, core-loss thermometry provides a more accurate
measure of the thermal expansion coefficient at 3.89 x 10¢ K-!, with reduced uncertainty in
the image-averaged dataset even without spectral denoising. TDDFT and DFT/BSE
simulations, based on isotropic lattice expansion, show relatively good agreement with both

respective thermometry methods.

One primary drawback of core-loss thermometry is that its temperature-dependence arises
from more complex physical phenomena than the direct lattice expansion captured by PEET.
For example, the thermal core-loss change would likely be more subtle for metals without a
band gap. PEET is best suited for measuring thermal expansion of pure, uniform metals with
a single, well-defined plasmon peak. As such, the two methods are highly complementary.
This study introduces core-loss thermometry as a new approach for semiconductors and still
requires validation for other materials with complex temperature-dependent changes in the

electronic structure.

Other practical factors of this experiment must be considered. While the intrinsic defects or
native SiO: layer could potentially introduce local variations in the thermal expansion, their
concentrations were negligible (4.4 x 10" / 5 x 10°%; 4 nm / 90 nm = 4% SiO»
concentration).?%32 Potential phase transitions and contamination were avoided by specimen
annealing, and the immeasurable oxygen K-edge further confirms the insignificant SiO:
concentration. Future studies could quantify temperature-dependent strain, tilt, and
momentum effects on the accuracy of PEET and core-loss thermometry.>* To investigate any
microscope- and sample-induced STEM-EELS artifacts, we tested correlations between the
dark-field, PEET, plasmon energy, core-loss thermometry, and thickness images across the

40x%40 pixel scan area. The results show a strong statistically significant correlation between
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thickness and plasmon energy (0.733, p-value = ~0; apparent in Figure 3.1¢) and a weak yet

significant correlation between the denoised core-loss temperature map and thickness (0.226,
p-value = ~0; apparent in Figure 3.4d). See Supplementary Information for all correlations.
PEET datasets show no correlations. Balancing the beam current, length scale, and pixel
view time will be important to approach sub-nm spatial resolutions without inducing beam
damage and heating (see Supplementary Information). High-stability MEMS in situ heating
holders will allow enhanced stability needed for atomic-scale STEM-EELS thermometry.

To improve pixel-level precision in core-loss thermometry, we implemented an open-source,
self-supervised autoencoder to denoise the differential core-loss spectra. Denoising is an
emerging approach to electron microscopy, enabling faster acquisition times of features even
beyond existing resolution limits.’*37 Our autoencoder was trained on 10% of the data to
reconstruct spectra by distinguishing intrinsic signals from noise. This approach reduced
uncorrelated pixel-level noise by 58% while preserving the shape and position of spectral
features, far more accurate than smoothing alone. However, the specimen’s thickness
variability posed challenges for model training. Models trained on mismatched thicknesses
introduced noticeable artifacts due to differences in the plasmons’ multiple scattering
background. This artifact is apparent in the denoised core-loss thermometry image in Figure
3.4d, where thicker regions appear as brighter contrast (hotter temperatures) due to the rising
background. Therefore, optimal denoising occurs when the training set’s background
matches that of the test set. Additionally, smoothing spectra prior to denoising improved
model performance by supressing the high-requency noise poorly modeled by this network.
Despite these considerations, our denoising strategy is a promising step toward reliable, high-
resolution core-loss thermometry. Continued optimization of data acquisition and denoising

model robustness will be essential for advancing core-loss thermometry’s accuracy.

Through a combination of in situ STEM-EELS and first-principles simulations, we
demonstrate core-loss thermometry for imaging element-specific lattice temperatures in
semiconductors with nanometer-scale precision. By directly probing temperature-dependent

changes in electronic structure, core-loss thermometry is used to capture the redshift of the
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Si L23 edge — an effect that tracks the bandgap’s redshift as driven by thermal lattice

expansion and electron-phonon renormalization. As a result, this technique not only enables
temperature mapping but also extracts Varshni equation constants with sub-nanometer
precision. Despite the inherent complexity of core-loss EELS, our findings show that core-
loss thermometry yields an interpretable signal that does not rely on ab initio calculations,
making the approach broadly accessible to the X-ray spectroscopy and electron microscopy
communities. Compared to PEET, core-loss thermometry offers improved accuracy for
semiconductors with low thermal expansion coefficients or non-uniform composition and
strain. With continued development in spectral alignment, denoising, and acquisition, core-
loss thermometry will map temperatures at sub-nanometer spatial resolutions during
operando or ultrafast experiments. We envision future investigations of thermal strain and
heat transfer in multi-element junctions and at nanoscale interfaces relevant to

microelectronics, photonics, and photocatalysts.

3.4 Methods

Temperature-dependent STEM-EELS

All TEM measurements were performed on a JEOL NeoARM microscope with a cold field-
emission gun (zero-loss peak FWHM = 0.6 eV). STEM-EELS data was acquired at 200 kV
in 40kx STEM magnification mode using a 3 cm camera length. The sample was measured
at ~0° tilt, approximately on the [100] zone axis. The tilt angle was not controlled during the
thermal sweep. The beam current was approximately 100 pA or 55,800 pA/um? in STEM.
The Gatan Continuum Imaging Filter was aligned using a 2.5 mm entrance aperture with 30
meV/ch dispersion and a K3 detector. The Gatan sub-scan feature (32x32/pixel) was enabled
to diffuse the beam over the scanning region on the sample and minimize beam-induced
heating. The acquisition time was fixed at a 0.25 s view time in dualEELS (1% live time low-
loss with 0 eV shift, 100% live time high-loss with 20 eV shift). Specimen drift was corrected
every 40 pixels and managed using Gatan drift-correction software over three image-
averaged passes. The specimen drift was 10 — 20 % of the 42.33 nm pixel size between each

drift correction step.
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The Si lamella was prepared from a 200 nm Ta-capped, 100-oriented intrinsic Si wafer

substrate (>10 kQ + cm), University Wafer. The autoTEM lift-out feature on a ThermoFisher
Helios Ga FIB was utilized to lift-out the specimen with a W capping layer deposited on the
sample via ion-beam induced deposition (IBID) at 30 kV prior to lift-out. The lamella was
mounted on a Cu lift-out grid. It was thinned into the staircase shape using 30 kV ions.
Accelerating voltages of 5 kV and 2 kV were subsequently used for final thinning and
polishing. A Gatan 652-TA model heating holder was used for all temperature-dependent
STEM-EELS measurements. The specimen was first loaded into a vacuum pumping station
and heated to 450 °C for 30 min to anneal and minimize surface carbon contamination, and
it was again heated to 450 °C for 30 min inside the microscope column to minimize transfer-
induced contamination. During STEM-EELS measurements, the holder temperature was
first set to 450 °C and the temperature was ramped down in 100 °C steps to 50 °C and then
ramped up to check for heating hysteresis. Between each temperature set point, 5 min was

allotted for thermal equilibration. Gatan reports a +5 °C accuracy for the heating controller.

All STEM-EELS data was analyzed using the HyperSpy python loader.*® A 19 pixel-wide
median filter was applied to all data to remove hot pixels. Center-of-mass fitting was used
for ZLP peak fitting, and three Lorentzian functions were used to fit the three Si plasmons.
Additional fitting and spectral denoising parameters are detailed in the Supplementary

Information. All analysis scripts can be provided upon request.

Ab Initio Theory

Density Functional Theory (DFT) Parameters. A 200 Ry cutoff energy was used for all DFT
calculations based on convergence tests with a 10.33 Bohr lattice parameter (see test results
in Supplementary Information). All DFT self-consistent field calculations utilize a 1x10-1°
Ry convergence threshold, 16x16x16 k-point mesh, 6 electronic states (bands), and standard
atomic positions for crystalline Si in the diamond cubic crystal structure (fcc lattice with a
two-atom basis). The silicon pseudopotential file for all calculations was produced using the
ONCVPSP code.** This norm-conserving pseudo was calculated using a PBE functional and

nonlinear core correction.
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Low-Loss EELS Theory. turboEELS was used to simulate the Si volume plasmon, a program

integrated within the Quantum ESPRESSO package.*>*! turboEELS calculates the low-loss
volume plasmon spectra using a Liouville-Lanczos approach to linearized time-dependent
DFT (TDDEFT). By calculating the charge-density susceptibility with the quantum Liouville
equation, the inverse of the imaginary/longitudinal component of the dielectric function (the

EEL spectrum) is simulated. EEL spectra were calculated using DFT and BSE theory.

Core-Loss EELS Theory. To simulate the Si L,3 edge core-loss spectrum, we leverage the
Obtaining Core Excitations from the Ab initio electronic structure and the NIST BSE solver
(OCEAN) package.*> The OCEAN workflow uses Quantum ESPRESSO to perform DFT
calculations of silicon’s electronic structure and subsequently calculates the core-hole
exciton effects and core-level spectrum through BSE calculations. OCEAN 3.0.1 and
Quantum ESPRESSO 7.0 were used for all calculations. Due to DFT’s well-known
inaccuracy in calculating the band gap of materials, a scissor shift corresponding to the
temperature-dependent band gap is incorporated for each lattice parameter simulated. The
BSE and non-self-consistent field and screening calculations simulate 100 electronic states

(bands). The relative permittivity is fixed to ¢ = 11.4.%

3.5 Supporting Information
The supporting information, containing figures and data labelled S[X], is available free of

charge at: https://doi.org/10.22002/wheak-c7d39
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CHAPTER 4

IMAGING NANOSCALE PHOTOCARRIER TRAPS IN SOLAR
WATER-SPLITTING CATALYSTS
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Imaging nanoscale photocarrier traps in solar water splitting catalysts. Ver. 1. arXiv, Dec 31,
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4.1 Introduction

Efficient solar water splitting requires long photocarrier lifetimes to ensure that carriers can
sufficiently transport to catalytic sites.! Nanoparticle photocatalysts are often engineered to
suppress carrier recombination and to spatially separate electron—hole pairs. Common
strategies to increase photocarrier lifetimes are cocatalysts that separate charge carriers,
doping strategies that suppress trap sites, and flux treatments that increase crystallinity,
enabling nearly 100% internal quantum efficiency for one select catalyst composition.>
However, most photocatalysts remain plagued by photocarrier traps and recombination

sites.*?

Although these trap and recombination sites drive carrier recombination and impede carrier
transport, they have not been directly imaged under steady-state illumination conditions
relevant to solar water splitting. Steady-state illumination results in photothermal and
photocarrier effects that must be separately resolved. Stroboscopic scattering microscopy
accurately images photocarriers and temperature down to the micrometer-scale optical
diffraction limit.® Ultrafast scanning probe microscopy images photocarrier dynamics with
1-100 nm resolution, but its contrast mechanism provides only indirect information about
bulk carrier dynamics and is insensitive to heat.”® Electron energy-loss spectroscopy (EELS)
thermometry in the scanning transmission electron microscope (STEM) directly images
angstrom-scale temperatures from femtoseconds to seconds.”'> STEM-EELS has yet to

resolve excited-state photocarriers on the same length scale.

We develop photomodulated STEM-EELS in an optically coupled STEM to directly image
steady-state photocarriers in 1 wt% rhodium-doped strontium titanate (SrTiOs:Rh)
nanoparticles with angstrom-scale resolution. We first use core-loss STEM-EELS and
atomic-resolution STEM imaging to identify carrier trap sites, including surface oxygen
vacancies and copper cocatalysts. We then image photoexcited carriers in these traps with
photomodulated STEM-EELS of low-loss bulk plasmons. The loss function measured by
EELS is traditionally elusive, especially for metal oxide semiconductors that do not follow

the free electron model, resulting in overlapping bulk plasmon and interband transition peaks.
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We perform time-dependent density functional theory (TDDFT) calculations to determine

which valence band electrons contribute to each peak of the loss function. As a result, we
distinguish how heat and photocarriers separately influence select plasmon modes, supported
by experimental heating control experiments. We image trapped photocarriers at the
SrTiO3:Rh nanoparticle’s surface at a concentration roughly 70% higher than the
nanoparticle’s bulk. Overall, we use photomodulated STEM-EELS imaging to visualize
nanoscale carrier trapping in nanoparticle photocatalysts—directly imaging carrier trapping
phenomena previously inferred by ensemble-averaged measurements. We demonstrate how
photomodulated STEM-EELS imaging can be used to resolve carriers and heat in

nanostructured photocatalysts, optoelectronics, and quantum photonics.

4.2 Platform for Imaging Photocarrier Trap States

We perform photomodulated STEM-EELS in an optically coupled STEM equipped with a
continuous-wave laser (Fig. 4.1A). The 3.1 eV laser induces photocarriers by photoexciting
SrTiOs3:Rh nanoparticles above their 2.8 eV absorption onset.!® A resistive heater is used for
temperature-dependent control measurements. Simultaneous EEL spectral acquisition is
performed with angstrom-scale precision. EELS acquisition is achieved using a prism and a
direct electron detector. This combined platform enables photomodulated STEM-EELS
imaging, thereby resolving photocarrier trapping at angstrom-to-micrometer structural
features that govern solar water splitting efficiencies (Fig. 4.1B). Photographs of the

experimental setup are shown in Fig. S1.

Prior studies report that SrTiO3:Rh nanoparticles’ photocarriers are (1) spatially separated by
cocatalysts, (2) trapped at oxygen vacancy sites, and (3) localized to rhodium dopants (Fig.
4.1B).>!*~15 SrTiO3 must be doped to enable visible light absorption. However, these dopants
often create defect states that restrict photocarrier mobilities and lifetimes. For example,
rhodium dopants introduce occupied and unoccupied Rh 4d states above the O 2p valence
band maximum of undoped SrTiOs (Fig. 4.1C). Visible light photoexcitation of SrTiO3:Rh
promotes electrons from Rh 4d states in the valence band (VB) to Ti 3d states in the
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conduction band (CB). These rhodium-localized midgap states, as well as oxygen vacancies,

create recombination and trap sites, posing an engineering challenge.

Photomodulated STEM-EELS resolves excited-state photocarrier localization both spatially
(Fig. 4.1B) and energetically (Fig. 4.1C). For photomodulated STEM-EELS, both low-loss
and core-loss spectra are measurable, each with distinct advantages. While element-specific
core-level excitations are proven to distinguish carrier and heat signatures,'®"'® bulk
plasmons in low-loss EELS yield orders of magnitude more signal and directly measure free
carrier density. However, unlike core-loss spectroscopy, photothermal and photoexcited
carrier effects have not been separated for low-loss EELS. We therefore employ TDDFT
calculations to project select low-loss bulk plasmon modes onto the SrTiO; band structure.
This spectrally resolved approach allows us to interpret the origin of the electronic structure
of each plasmon mode and elucidate how each mode is influenced by either photothermal

heating or photoexcited carriers.
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Figure 4.1. Photomodulated STEM-EELS images excited-state photocarrier
localization. (A) Schematic of the photomodulated STEM-EELS platform, in which
continuous-wave laser illumination is coupled into the electron microscope. A resistive
heater enables control experiment to differentiate photothermal and photocarrier effects. (B)

Photocarrier trapping mechanisms in a SrTiO3:Rh nanoparticle. Photogenerated electrons (e~
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) and holes (h") may (1) transfer to cocatalysts, (2) trap at oxygen vacancies, or (3) localize

at thodium dopants. (C) An energetic landscape of photocarrier relaxation pathways in
SrTiO3:Rh. The SrTiO; unit cell is inset. Trapping at midgap Rh 4d and oxygen-vacancy
states (shaded), along with transfer to the Cu cocatalyst, constitute primary decay channels
for photoexcited electrons. Photomodulated STEM-EELS images these localization

processes with angstrom-scale spatial and sub-eV spectral sensitivities.

4.3 Ground-State STEM Characterization

We characterize the ground-state properties of potential electron traps in a SrTiOs;:Rh
nanoparticle (Fig. 4.2A). Fig. S2 shows an annular dark-field (ADF) images of the
nanoparticle without false coloration. Our prior work investigated the location of rhodium
dopants at atomic resolution, demonstrating that rhodium can substitute for both strontium
and titanium atoms in the SrTiO; lattice, with a preference for titanium substitution and a
uniform dopant distribution across the nanoparticle.!” Meanwhile, oxygen vacancies in

SrTiOs3 nanoparticles are localized at the surface.?2?

Oxygen vacancies are
thermodynamically favored defects in SrTiOs. These well-studied vacancies form readily
under high-temperature synthesis conditions and are further promoted by aliovalent Rh

dopants and excess Sr used in our synthetic approach. 32324

We characterize the SrTiO3:Rh surface oxygen vacancies using core-loss STEM-EELS (Fig.
4.2B). Oxygen vacancies act as n-type dopants in SrTiO3 while increasing polaron formation,
introducing trap states, and ultimately limiting carrier mobility.!#?*2> Core-loss EELS probes
core electrons transitioning into the SrTiO3:Rh CBs, relaying the nanoparticle’s electronic
structure and composition with elemental specificity.?¢ We measure the Ti L2 3 and O K edges
of SrTiO3:Rh with 2 nm resolution (Fig. 4.2B). Comparing spectra averaged at the
nanoparticle’s surface and bulk indicates that oxygen vacancies broaden the Ti L3 edge and
decrease the O K edge signal.?’-?® We employ DFT and the Bethe—Salpeter equation (BSE)
(DFT+BSE) to model core-loss spectra of bulk SrTiOs, shown as the overlaid solid lines in
Fig. 4.2B. The calculated spectra of undoped SrTiO; calculations are consistent with the

measured spectra of SrTiO3:Rh at this 1 wt% rhodium dopant concentration.
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Figure 4.2. Ground-state imaging of photocarrier trap sites in SrTiOs:Rh. (A) False-
colored ADF image of a SrTiO3:Rh/Cu nanoparticle on sintered SrTiO3:Rh. The STEM-
EELS acquisition regions are outlined; SrTiOs3:Rh is shown in blue and Cu in orange. (B)
Spatially resolved STEM-EELS map and corresponding Ti L 3- and O K-edge spectra from
the SrTiO;:Rh nanoparticle. DFT+BSE-calculated spectra of both edges for crystalline
SrTiO; are overlaid. (C) STEM-EELS map of the Cu L3 edge, indicating a Cu (80%) and
Cu20 (20%) blend via DFT+BSE calculations. (D) Atomic-resolution iDPC-STEM image
of an undoped SrTiO3 nanoparticle, highlighting the oxygen-deficient SrTiOs3 x surface. Sr
and Ti atomic column positions are fitted to quantify deviations in lattice spacing as a
function of depth. (E) Extracted Ti—Ti/Sr—Sr and Sr—Ti interatomic distances indicate tensile
strain at the nanoparticle surface, consistent with strain induced by oxygen vacancies.
Shading denotes the standard deviation of the extracted interatomic distance. All

nanoparticles are imaged along the [110] zone axis.
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Cocatalysts on doped SrTiOs spatially isolate photoexcited electrons and holes, increasing

the photocarriers’ excited-state lifetimes by minimizing electron-hole recombination.?%-3
For a Cu-SrTiO3:Rh junction, photoexcited electrons are expected to transfer into copper
due to the heterojunction’s Fermi level alignment.’! We use core-loss STEM-EELS to
characterize a copper nanoparticle on the SrTiOs3:Rh surface (Fig. 4.2C). We measure the
nanoparticle as 80% Cu and 20% Cu,0, determined using a non-negative least squares linear
combination fit of Cu(0) metal and Cu,O oxide DFT+BSE-calculated spectra.>>* Spatially-
averaged STEM-EEL spectra further indicate 100% metallic Cu at the Cu—SrTiO3:Rh
interface, likely due to preferential oxidation along the nanoparticle’s facets or interfacial
electron accumulation suppressing oxidation.***> Nanoprobe diffraction measurements show
that both the Cu and SrTiO; nanoparticles are [l110]-oriented. Spectral DFT+BSE

calculations and fitting, as well as diffraction data, are presented in the Supplementary Text

and Figs. S3 and S4.

We perform atomic-resolution integrated differential phase contrast (iDPC) STEM imaging
of the SrTiOs:Rh surface atoms (Fig. 4.2D). iDPC simultaneously resolves the atomic
positions of both strontium and titanium atomic columns, oxygen columns yield weaker
contrast and are not resolved. We map the Sr and Ti atomic columns by identifying circular
atomic features via template matching and fit their position with a 2D Gaussian profile. We
analyze these fit positions to calculate the interatomic distances between Sr—Ti and Ti—Ti /
Sr—Sr (Fig. 4.2E). The interatomic distances both increase by >0.5 A at the nanoparticle’s
surface and indicate a ~1-2 nm oxygen-vacancy layer. Our iDPC image analysis is consistent
with prior findings that increasing tensile strain in SrTiOs correlates with oxygen vacancy
concentration, as evidenced by larger lattice parameters in oxygen-depleted SrTiO3-.’® We
attribute the bright contrast of the surface layer to the high oxygen vacancy concentration
and the misorientation of atoms off zone axis. Atomic-resolution image fitting and analysis

are shown in Figs. S5 and S6.
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4.4 Low-Loss EELS Modeling

Photomodulated STEM-EELS readily resolves a material’s loss function with low-loss
EELS, as the signal-to-noise ratio is much higher than core-loss excitations. However, the
loss function is complicated by overlapping interband transitions and bulk plasmon
oscillations, and it remains poorly understood for semiconductors. Although the free electron
model readily predicts metals’ bulk plasmon energies, multi-element semiconductors like
SrTiO;3 host complex plasmon modes confined to the valence band.>” The bulk plasmons in
SrTiO3 are quantized oscillations of valence band electrons. Prior work utilized vacuum
ultraviolet reflectivity to characterize the low-loss modes in SrTiO3.%® Attempting to interpret
plasmon energy shifts in situ, following heating or photoexcitation, introduces further
complexity. The spectral effects induced by locally trapped photocarriers as opposed to
photothermal heating must be differentiated. We implement band-structure-projected DFT
and TDDFT calculations to interpret the origin of SrTiOs’s loss function in both the ground

and excited electronic states (Fig. 4.3).
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Figure 4.3. Identifying the origin of SrTiO; low-loss EELS peaks. (A) Orbitally resolved
band structure of SrTiO; calculated by DFT. Sr, Ti, and O orbitals are mapped onto the
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SrTiO; band structure with the band energy calibrated to the Fermi level (Er). (B) Measured

low-loss EELS from a SrTiO3 nanoparticle with the TDDFT-calculated spectrum overlaid as
the solid black line. Spectra are aligned using the zero-loss peak (ZLP). One surface plasmon
(SP) and two bulk plasmon resonance peaks are identified for subsequent analysis. (C)
Spectrally resolved band structure projections for the two bulk plasmon peaks in (B) are
calculated using TDDFT. Peak 1 predominantly couples to O 2p electrons near the valence
band maximum, whereas peak 2 is produced from plasmon oscillations of valence electrons

in all orbitals.

We first use DFT to orbitally resolve the band structure of SrTiO; (Fig. 4.3A). We project
the atomic orbitals of SrTiOs into energy and momentum space. The calculation indicates
that the CB and VB are composed of Ti 3d and O 2p orbitals, respectively. Photoexcited
electron and hole distributions in the steady state predominantly thermalize to the CB
minimum and VB maximum, respectively. Otherwise, the photocarriers become trapped in
midgap states. The lower energy Sr 4p, O 2s, and Ti 3p core-level orbitals will not host
photocarrier dynamics. While our pseudopotentials underestimate the SrTiOs bandgap due
to the commonly reported self-interaction error and derivative discontinuity, our band
structure and TDDFT EELS calculations nevertheless align with the experiment.***° Figure

S7 shows the calculated band structure without orbitals projected.

We use TDDFT to accurately interpret the low-loss spectrum of undoped SrTiOs (Fig. 4.3B).
Low-loss EEL spectra are aligned by setting the zero-loss peak (ZLP) to 0 eV. The ZLP
consists of elastically scattered electrons, defining the measurement’s 0.45 eV spectral
resolution. For SrTiOs3, numerous plasmon modes and interband transitions are resolved.
This includes the first plasmon mode at 5 eV, which corresponds to surface plasmon (SP)
modes of electrons at the VB maximum (Fig. S8). Two intense bulk plasmon modes labeled
“peak 1”7 and “peak 2” are highlighted. Both peaks exhibit multiple shoulder peaks. A
TDDFT-calculated spectrum is overlaid on the experimental measurement in Fig. 4.3B. The
TDDFT spectrum is calculated using the open-source Liouville-Lanczos solver in the

turboEELS package (see Materials and Methods).*!
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We next determine which electrons in SrTiOs correspond to each plasmon peak (Fig. 4.3C).

We modify the turboEELS solver to project select peaks in the loss function onto the band
structure, thereby identifying the valence electrons that produce each peak. The developed
spectral projection method follows our previously reported work and that of others.*>#* As
shown in Fig. 4.3C, peak 1 corresponds to higher-lying VB states, while additional core
states contribute to peak 2. As a result, peak 1 is highly sensitive to photoexcited carriers in
the VBs. Peak 2, by contrast, is delocalized across multiple atoms and core states, making it
more sensitive to lattice expansion following photothermal heating and less sensitive to
localized photocarriers. The SP and a 40 eV bulk plasmon are projected and spectrally

resolved in Fig. S9, and Movie S1 depicts an iterative spectral projection from 250 eV.

4.5 Photomodulated STEM-EELS Imaging

Photomodulated STEM-EELS enables direct imaging of trapped photocarriers in SrTiO3:Rh
by spectrally resolving peak 1 (primarily sensitive to photocarriers) and 2 (probing
photothermal heating as a control) as a function of laser illumination power. While all modes
in the spectrum are sensitive to both photocarriers and heating, our spectral assignment
differentiates  photothermal temperature from photocarriers. Continuous-wave
photoexcitation of the SrTiO;:Rh nanoparticle induces subtle shifts in its average EEL
spectrum acquired across a STEM-EELS image (Fig. 4.4A). Temperature-dependent
measurements using a resistive heating holder are used as a control for photothermal heating
effects. We perform and average two cycles of power- and temperature-dependent STEM-
EELS to control current and hysteresis effects, reported in Figs. S10 and S11 and Table S1
and S2.

We first analyze our photomodulated low-loss measurements by calculating image-averaged
differential spectra, which facilitiates interpretation of the subtle spectral changes (Fig.
4.4B). The pronounced amplitude modulation over 2-8 eV likely reflects a near-surface
electromagnetic (EM) response associated with surface polaritonic excitations, rather than
only a static field or plasma. Denoted as “EM field,” this signal may arise from surface

phonon polaritons or surface plasmon-phonon polaritons (SPPs) commonly reported in
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SrTi03.% Its intensity depends on both the electron-beam current and the laser irradiance,

consistent with beam coupling to photoinduced near-surface modes. These excitations
extended 1-3 px beyond the dark-field image intensity and the spatially-resolved carrier and
heating signatures. Prior Lorentz imaging measurements on SrTiOs:Rh mapped phase shifts
associated with photoinduced fields with high precision,*® whereas the present STEM-EELS
measurements additionally probe electron energy loss into these excitations and therefore
provide more direct information about the character of the states contributing to the near-

surface response.
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Figure 4.4. Photomodulated STEM-EELS imaging. (A) Laser power- and temperature-
dependent STEM-EEL spectra averaged across a spectral image of the SrTiOs:Rh/Cu

nanoparticle in Fig. 4.2. The color bars indicate the irradiance and temperature set throughout
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two hysteresis cycles, and the inset highlights the redshift of bulk plasmon peak 2. (B)

Corresponding differential spectra averaged over both cycles. Differential spectra were
calculated using reference “ground state” spectra at 0 W - m™2 irradiance and 50 °C
temperature, respectively. Spectral regions used to map local EM fields and photothermal
heating are highlighted. (C) Photomodulated EEL spectra for 5.3x107 W+m~2 laser irradiance
with EM field and photothermal heat backgrounds subtracted. The spectral region used to
map photoexcited electrons is highlighted. (D) Differential photomodulated spectra at select
regions of the photomodulated, background-subtracted STEM-EELS image. Arrows indicate
the region on the nanoparticle where spectra were acquired. (E) Photomodulated STEM-
EELS maps for 5.3x107 W-m laser irradiance. Angstrom-scale EM fields, photoexcited
electrons, and photothermal heat are mapped using the differential spectral amplitude over

spectral regions highlighted in (B) and (C).

Temperature-dependent effects manifest in both the photomodulated and heated STEM-
EELS differential spectra (Fig. 4.4B). The differential peaks from the heating control can be
directly mapped onto the photomodulated spectrum, and nearly all the differential amplitude
corresponds to thermal effects. These thermal spectral shifts are a result of the SrTiO3 thermal
lattice expansion, used as a contrast mechanism in prior EELS thermometry studies.””!! We
employ temperature-dependent TDDFT calculations to investigate the spectral shifts induced
by thermal lattice expansion (Fig. S12). The multi-mode SrTiOs; peak shifts are more
complex than that of single-element metals and semiconductors reported in prior plasmon

thermometry studies.”!°

The effects of photocarriers become more apparent after subtracting the EM-field and
photothermal-heating backgrounds (Fig. 4.4C). The primary feature in the differential
spectrum is a positive signal at bulk plasmon peak 1 induced by photocarriers. The
differential signal induced by the EM field (<8 eV) and the photocarriers (12—16 eV) matches
well with our ab initio TDDFT calculations of photocarriers in SrTiO; (Fig. S13). We model
the influence of photoexcited electrons and holes using two chemical potentials, one for

electrons and one for holes in respective CBs and VBs, by using constrained density
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functional perturbation theory (cDFPT) as an input for our TDDFT calculations (see

Materials and Methods).*!*** EM-field and photothermal-heating background fits are shown
in Fig S14.

The angstrom-scale STEM-EEL spectra vary across the nanoparticle due to heterogeneity of
Cu cocatalysts, surface oxygen vacancies, and vacuum background (Figs. S15-S17). To
isolate photoexcited carriers from these spatially varying spectral backgrounds, we
implement a rigid-shift analysis at every pixel in the photomodulated STEM-EELS image.
For each pixel, we begin with the background-subtracted photomodulated differential
spectrum, calculated as the natural logarithm acquired with the laser on divided by laser off,
where the laser power is set to 5.3x10” W-m2. We then rigidly shift the underlying ground-
state spectrum to best match the differential spectrum’s spectral intensity. The best match is
then directly subtracted from the photomodulated differential spectrum. As a result, we
remove pixel-dependent heating effects resulting from the photothermal heating spectral
redshift. Averaging spectra in the thermal and background-corrected photomodulated image
shows that the photocarrier differential signal increases at the nanoparticle’s surface, and the
nanoparticle’s bulk signal amplitude is comparable to the vacuum without photocarriers (Fig.

4.4D).

We spatially map the differential spectral amplitude at the highest 5.3x107 W + m2 laser
irradiance (Fig. 4.4E). The nanoparticle is imaged along the [110] zone axis with 14 A
STEM-EELS resolution. We resolve an EM field strength highest at the nanoparticle’s [001]
facet, like prior Lorentz imaging studies (Fig. 4.4E, left panel).*® Photoexcited electrons are
measured to be localized at the [001] facet where the SSPs EM field is highest (Fig. 4.4E,
middle panel). We quantify the photocarrier density by integrating the spectral intensity
predicted by ab initio TDDFT calculations, reporting a surface photocarrier density of
~1x10Y cm™ at this irradiance, ~70% greater than the bulk photocarrier density. Fig. S18
compares the relative intensity of the measured dark-field signal, differential EM fields,

temperature, and photocarrier density as quantified by the STEM-EELS mapping along the

[001] and [110] zone axes. The relative contribution from electrons and holes is difficult to
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quantify due to the inseparability of electrons and holes in our cDFPT model. However,

photoexcited electrons more dramatically influence the low-loss spectrum by introducing
new modes after filling previously unoccupied CB states. The nanoparticle’s uniform
photothermal heating serves as an experimental control, which we map using the raw
differential intensity of bulk plasmon peak 2 in Fig. 4.4B. Thermal dissipation reaches an
equilibrium at nanometer length scales in the steady state, so any signal fluctuations within
the nanoparticle result from signal-to-noise limits (Fig. 4.4E, right panel). Additional
experimental controls for the spatially resolved SP, image drift, nanoparticle thickness, and
the energetic shifts of bulk plasmon peak 2 are presented in Figs. S19-22. Supplementary
Movies S2—S6 highlight these irradiance-dependent differential shifts.

While photomodulated STEM-EELS provides critical insights, it is not without challenges.
First, access to an optically coupled STEM with high spatial and energy resolution remains
a significant barrier. Although recent advances in direct electron detectors and imaging filters
greatly improve signal-to-noise, long acquisition times are still required. These acquisitions
also entail precise specimen spatial drift control and minimal ZLP energy drift (see
Supplementary Text). Second, interpreting differential STEM-EEL spectra is analytically
challenging, aided here by TDDFT calculations. It is already difficult to distinguish bulk
plasmons from interband transitions in the loss function. Our TDDFT calculations of the
SrTiOs dielectric function emphasize the complex interplay between interband transitions
and bulk plasmons. The real component of the dielectric function does not cross zero at the
plasmon modes due to lossy modes and screening.>® Third, the specimen must remain stable
under electron irradiation, resistive heating, and photoexcitation. In this work, the beam
current and scan rate were optimized to minimize the formation of additional oxygen
vacancies during irradiance-dependent hysteresis cycles, and pretreatment conditions with
high power laser exposure and 450 °C heating were conducted in vacuum to further reduce

structural changes during STEM-EELS imaging.>!
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4.6 Conclusion

The development of photomodulated STEM-EELS introduces new spatial limits for imaging
photoexcited carrier and thermal distributions. The combined spectral and spatial resolutions
exceed those of existing imaging techniques, including scanning probe microscopy, optical
interferometric scattering, Lorentz microscopy, and EELS thermometry. In this work, we
quantitatively map the photoexcited electron density in SrTiO3:Rh/Cu. Directly imaging the
photocarrier-induced EM fields extending beyond the nanoparticle’s surface, as well as
photothermal heating uniform across the nanoparticle’s bulk, indicates the utility of the
photomodulated STEM-EELS approach. Our imaging results agree well with previous
synthetic methods used to design doped SrTiO; photocatalysts with near-unity photocatalytic
quantum efficiencies. Specifically, photocarriers selectively transport along the
nanoparticle’s [001] facet and transfer into surface cocatalysts. We also developed a TDDFT
method that projects the EEL spectrum onto the material's band structure, thereby indicating
the electronic origin of bulk plasmon modes. This new theoretical advance is critical for a
deeper interpretation of the convoluted features in low-loss spectra. The proposed technique
offers a general approach to spatially resolving carrier- and thermal-induced phenomena in

nanoscale structures, thereby broadening its appeal.

4.7 Supporting Information

The supporting information—containing figures and data labelled S[X], Materials and
Methods, Supplementary Text, Figs. S1 to S23, Tables S1 to S2, Movies S1 to S6—is
available free of charge at: https://doi.org/10.22002/wheak-c7d39
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CHAPTER 5

OPTICALLY COUPLED LIQUID-PHASE ELECTRON MICROSCOPY
AND THERMOMETRY OF LIGHT-DRIVEN WATER EVAPORATION

Adapted with permission from the following:

Palmer, L. D.%, Zheng, Y.7, Zhang, X., Alexander, K. H., Lee, W., Chen, J., Gage, T. E.,
Cushing, S. K. Optically Coupled Liquid-Phase Electron Microscopy and Thermometry of
Light-Driven Water Evaporation. 2026, In Preparation.

fCo-first author.
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5.1 Introduction

Photocatalytic water splitting efficiencies are now approaching unity.! Yet, the nanoscale
mechanisms governing photocarrier transport and hydrogen evolution under working
conditions remain unresolved. Although recent studies probe carrier dynamics and hydrogen
evolution under working conditions, they do not directly image these photoexcited processes
at the catalyst-water interface’s inherent nanometer length scale.*® Electron energy-loss
spectroscopy (EELS) performed with optically coupled liquid phase TEM (optically coupled
LPTEM) are a promising route to simultaneously probe photoinduced electronic dynamics
in liquids while imaging nanoscale structural evolution. Optically coupled LPTEM and
EELS would therefore link photocarrier transport, interfacial restructuring, and hydrogen
evolution at the single-particle level. However, further technique development is required to

achieve optically coupled EELS and imaging in the liquid phase.

Most LPTEM studies of nanoparticle photocatalysts utilize the electron beam, rather than
light, to induce dynamics in the confined aqueous environment. These studies have measured
nanoparticle etching, Brownian motion, and radiolysis-driven nanobubble formation.”!?
Pseudo-photocatalytic water splitting with controlled electron dose aims to mimic light-
driven dynamics.'* While in situ optically coupled LPTEM is rarely demonstrated (Scheme
5.1), several works have integrated optical illumination in the TEM to study nanoparticle
reactivity in the liquid phase.!#1¢ Yet, these prior studies do not often consider light-induced
effects on the support membrane and liquid—-membrane—gas interface, which can lead to
structural changes to the membrane and extreme photothermal temperatures that obscure the
nanoparticles’ native photocatalytic activity. Although carbon film liquid cells’ minimal
elastic scattering and thin water thicknesses enable adequate imaging and EELS resolutions,
amorphous carbon films (a-C) have low in-plane thermal conductivity and strongly absorb
the incident laser. The resulting photothermal heating and thermal dissipation remain poorly
understood and are rarely discussed. EELS plasmon thermometry offers one route to probe
liquid cell heating by tracking thermally induced plasmon energy shifts associated with

17,18

thermal expansion. However, plasmon thermometry is typically performed to measure
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solid-state materials in vacuum and has yet to quantify liquid-phase temperatures under light

illumination conditions.

A " Electron beam
Pole piece

’3

Specimen holder

Electron beam

nght injection

Scheme 5.1. Optically coupled liquid phase electron microscopy. (A) The pole piece gap
in the optically coupled TEM. Continuous-wave 375 nm light injection is performed using a
parabolic mirror. (B) A liquid H2O pocket that contains photocatalytic nanoparticles and is
encapsulated by ~25 nm carbon support films. Light injection heats the H>O pocket and

carbon film, and Au grid bars act as heat sinks.
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In this work, we utilize a 375 nm continuous-wave laser to perform optically coupled

LPTEM and EELS to quantify photothermal heating during light-driven water evaporation
(Scheme 5.1). The optically coupled electron microscope integrates a parabolic mirror for
light injection (Scheme 5.1A). The ~10 um laser diameter illuminates an area larger than
most relevant water pocket areas (Fig. S1). Laser illumination results in photothermal heating
of both the carbon support film and water pocket. Nearby Au grid bars act as the primary
heat sink (Scheme 5.1B). We disperse aluminum-doped strontium titanate (SrTiOs:Al)
nanoparticle photocatalysts in water. SrTiO3:Al nanoparticles exhibit highly efficient, light-
driven water splitting in pure H0.!*!” We quantify the liquid cell’s photothermal heating
and water evaporation rate, factors which largely inhibit our ability to image the SrTiO3:Al
nanoparticles perform water splitting. Our results offer a route toward operando LPTEM

with EELS 202!

5.2 Results and Discussion

We first measured laser irradiance-dependent low-loss EELS of the a-C films in the absence
of water to quantify photothermal heating and assess laser-induced phase changes in the
carbon. The low-loss EEL spectrum of the a-C film exhibits features associated with both c-
and n-bonded carbon (Fig. 5.1A). Valence electrons in © bonds manifest as a peak centered
at 5 eV, and the electrons in both 6 and 7 bonds create a peak centered at 25 eV.?? The
heterogeneous mixture of ¢ and © bonding in the a-C film indicates a disordered graphitic
structure. The non-hydrogenated a-C films utilized in this study were synthesized using
thermal evaporation, and they are known to have a disordered graphitic structure.?>** EEL
spectra acquired during 375 nm light injection have a gradually increasing © peak intensity,
indicating that the film becomes more graphitic with laser irradiance. A large redshift of the
n+o peak following the initial light-injection event (Fig. 5.1A, inset) is also consistent with
laser-induced modification of a-C, potentially indicating that the laser removes weakly bound
surface carbon species. This hypothesized laser-induced carbon removal is further supported
by a small decrease in apparent film thickness (~0.5 nm; Fig. S3). In addition, the n+c peak

redshifts systematically with increasing photothermal temperature.



101

>

Heating (1TT+0)

Graphitization
(1r bonds)

|

Norm. Intensity

Irradiance (MW/m?)
ONENNT (19
N B !

10 20 30 40
Energy Loss (eV)
x10?
B T - | - | 1
Amorphous \,\ea’“/“%O
I Carbon x

AT (K)

1

|

0 5 10 15
Differential Irradiance (MW/m?)

Figure 5.1. Irradiance-dependent plasmon thermometry of the a-C support film. (A)
Low-loss EELS of the a-C support film acquired during 375 nm light illumination. The black
spectrum of the film is measured at 0 MW/m? following a prior graphitization step induced
by 155 MW/m? irradiance (not shown). The inset highlights the n+c plasmon peak’s redshift
associated with film heating. (B) Plasmon thermometry of the support film compared with
modeled heating for a-C and graphitized carbon. The trend indicates progressive support film
graphitization and heating during illumination. Differential irradiance excludes the first data
point (0 MW/m?) because initial light exposure produced irreversible carbon removal. Labels
indicate irradiance ranges that induce (1) water evaporation and (2) cell implosion during

LPTEM, respectively.
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We performed thermal modeling and plasmon thermometry to interpret photothermal heating

in the a-C film (Fig. 5.1B). A Beer—Lambert-type expression was used to estimate heat
accumulation in the film for fixed thermal conductivities (see Supporting Information). We
model a wide range of plausible conductivity values because the thermal conductivity of a-
C can vary from <I W-m -K! for hydrogenated a-C:H to 10 W-m-K! for tetrahedral a-C
(Fig. 5.1B).>* This conductivity range predicts a photothermal temperature rise of
approximately 400 to 4,000 K at the modeled irradiance, highlighting the potentially large
variation in thermal response during optically coupled LPTEM. We then used plasmon
thermometry to quantify the film temperature as a function of laser irradiance by tracking the
nt+o peak’s redshift (Fig. 5.1A, inset).?> Plasmon energy expansion thermometry relies on
thermal expansion to quantify temperature induced by a resistive heater or in situ,!”-18.25.26
From plasmon thermometry, we find that the film reaches ~1000 + 200 K, where the
uncertainty arises primarily from the unknown extent of graphitization. The measured
irradiance-dependent temperature trend is nonlinear because of progressive a-C
graphitization at elevated temperature.?’”-?° Although graphitization could ultimately mitigate
heating because graphite has a much higher thermal conductivity, the heating and
restructuring processes nevertheless led first to water pocket evaporation in range (1) and

then to cell implosion in range (2) at the irradiances indicated in Fig. 5.1B.*°

It is important to note that illumination produces a strongly nonuniform temperature
distribution across larger a-C windows. The magnitude of this thermal gradient depends on
the distance from the illumination region at the image center to the nearest Au grid bar, which
acts as the primary heat sink. The thermal model in Fig. 5.1B treats the system as a 50 um
diameter, 50 nm thick circular a-C window bounded by a perfect heat sink. Although this
model simplifies the true LPTEM geometry, the associated uncertainty is smaller than the
order-of-magnitude variation in thermal behavior introduced by graphitization. Plasmon
thermometry spectra in Fig. 5.1 were acquired with the laser focused at the center of the
window, whereas optically coupled LPTEM experiments probed water pockets located at

variable distances from the Au grid bars. Consequently, the local temperature experienced



103
by an individual water pocket may differ significantly from the temperature of a-C measured

at the center of the window.

Photothermal heating induces water pocket evaporation and cell implosion during optically
coupled LPTEM (Fig. 5.2). To quantify the light-induced water evaporation rate, we track
the water pocket’s area during light illumination to relate irradiance to evaporation dynamics
(see Supporting Information). The ~10 um laser diameter at the specimen is notably larger
than the field-of-view used for time-resolved imaging in this work. Water appears as dark
contrast in bright-field images because it strongly scatters the electron beam (Fig. 5.2A). We
fit the water’s dark contrast in each frame of a time-resolved water evaporation movie under
5.5 MW/m? light irradiance until the cell implodes (Fig. 5.2B). By monitoring the liquid
pocket area over time, we quantify how light illumination induces water evaporation (Fig.
5.2C). The water pocket area is stable during imaging alone, and our area fits indicate a 3%
decrease of the water area in the first 16 s without light illumination. Once the water pocket
is illuminated, heating causes the water pocket to shrink as it evaporates over the next 15 s.

Movies of water evaporation and image analysis are in Supplementary Videos 1 and 2.

We similarly analyze the water evaporation dynamics of two water pockets, now with
variable light irradiance (Fig. 5.2D-F). These two pockets have different sizes—Pocket 1
has a larger water volume, nanoparticle aggregate clusters, and asymmetry as compared to
Pocket 2 (Fig. 5.2D). We acquired bright-field images while the laser irradiance was first
ramped from 0 — 5.5 MW/m?, then shut off, and again turned on at 5.5 MW/m? until cell
implosion. We again mask the image to track the boundaries of the water pockets as they
evaporate (Fig. 5.2E). Tracking the water pockets’ areas over time reveals distinct, pocket-
specific dynamics (Fig. 5.2F). For example, Pocket 1 is slower to heat and cool when light
illumination is turned on and off, respectively. Delayed heating and cooling could be caused
by the larger water bath’s higher thermal capacitance or its greater distance from the Au grid
bar heat sink. Pocket 1 also evaporates at a faster rate. Although the laser irradiance that

induced implosion was identical to that used to acquire Fig. 5.2A—C, the two-pocket
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evaporation rate is slower because the water pockets in this latter case are closer to the Au

grid bar and thus at a lower temperature.
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Figure 5.2. Time-resolved imaging of light-driven water evaporation. (A) A bright-field
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image of SrTiOs3:Al nanoparticles in a water pocket prior to illumination. (B) Evolution of
the water pocket boundary during 5.5 MW/m? light irradiance overlaid on an image of the
imploded cell. The color map corresponds to the fit water pocket area. (C) The water pocket
area over time quantifies the light-driven water evaporation. Cell implosion occurs at the
movie’s ~30 s time point. (D) SrTiOs3:Al nanoparticles encapsulated in two water pockets
prior to illumination. (E) The water pockets’ boundaries are tracked during variable light
illumination and overlaid on an image of the imploded cells. The color maps correspond to
the water pockets’ respective areas. (F) The water pocket areas over time quantify
differences in light-driven water evaporation due to variable cell volume and irradiance.

Movies of evaporation are in Supplementary Videos 1-3.
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Water evaporation occurs at high temperatures produced during optically coupled LPTEM.

These high temperatures result from absorption of ~60% of the 375 nm light by the 50 nm
a-C support films. The membrane’s temperature at the center of the window exceeds 1000
K because the a-C films implemented in this work are poor thermal conductors and tens of
micrometers from a heat sink. This result underscores the critical need for liquid cell designs
with proper thermal management for optically coupled and ultrafast LPTEM measurements.
Key considerations for thermal management include the support film’s composition,
thickness, in-plane thermal conductivity, and wavelength-dependent absorptivity, along with
the proximity of the region of interest to a heat sink. Few-layer graphene liquid cells are an
optimal choice for optically coupled LPTEM due to their low light absorption and high in-
plane thermal conductivity, but the graphene’s stability under intense light illumination
should be further characterized. SiNx support films could be implemented but would require

a heat sink within several micrometers of the specimen region of interest.

Although water strongly scatters the electron beam, in situ EELS during optically coupled
LPTEM is able to image photocatalysts’ nanoscale electronic properties in situ.!* Low-loss
EELS of catalysts in a liquid cell can access excitations below the 7 eV onset of the water
plasmon, enabling measurement of inter- and intra-band transitions as well as plasmon
resonances.>!>* Core-loss edges of catalysts are also accessible, provided they do not overlap
the oxygen K-edge. We implement low- and core-loss EELS of water during its evaporation

to investigate methods to optimize future in situ EELS studies (Fig. 5.3).

As water in the cell evaporates with increasing laser irradiance, the water plasmon peak
intensity counterintuitively increases (Fig. 5.3A). This increase arises because fewer zero-
loss electrons undergo multiple inelastic scattering through water plasmon modes, thereby
amplifying the relative intensity of both the ZLP and the singly scattered plasmon signal (see
Figs. S7-9). At the ~300-600 nm water thickness, the spectral window below 7 eV remains
accessible. The thickness of the a-C support film must also be considered in future

experiments, since carbon low-loss peaks may obscure specimen dynamics of interest.
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Thinner water pockets are therefore advantageous because they improve spectral resolution,

increase the fraction of signal from the specimen, and enhance dose efficiency.
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Figure 5.3. Plasmon thermometry and core-loss EELS during light-induced water
evaporation. (A) Low-loss EELS of a water pocket while increasing the laser irradiance.
Implosion occurs at 6.2 MW/m?. (B) Plasmon thermometry of the 22 eV water plasmon at
the first four irradiance values. (C) Time-resolved core-loss EELS of water’s oxygen K edge
during water evaporation resulting from fixed 5.1 MW/m? irradiance. The 1 s spectral
acquisitions are averaged over 200 s increments and are smoothed for clarity. The theory
spectrum is calculated with density functional theory, Bethe—Salpeter equation, and a GW
many-pole self-energy correction, reproduced from ref.*> Copyright 2012 American Physical

Society.

We next performed plasmon thermometry on the liquid cell by fitting the irradiance-
dependent water plasmon peak to quantify water temperature in situ (Fig. 5.3B). Plasmon
thermometry under optical excitation has been performed on solids in vacuum, but it has not
yet been expanded to LPTEM.!33 We measure an average water temperature increase of
20-30 K upon laser illumination. Although plasmon thermometry indicates only a 20-30 K
increase in the average water temperature, this measurement does not capture the likely
higher local temperature at the water—carbon interface, where heating is expected to be most
intense. These water pockets are also only ~10 pm from the Au grid bars heat sink, mitigating

water heating and evaporation. Only the first four spectra of water are analyzed because the
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carbon peaks begin to influence the accuracy of thermometry as the water evaporates (Figs.

sS4, S9).

We also measure the water’s oxygen K-edge during evaporation (Fig. 5.3C). Similar to our
low-loss measurements, the core-loss signal increases with decreasing water volume. The
core-loss spectral resolution also visibly increases as the water evaporates, approaching the
theoretically calculated oxygen K-edge of water without multiple inelastic electron
scattering.®® These results further demonstrate the signal and resolution benefits of using thin
liquid layers for optically coupled EELS in LPTEM. In addition, liquid thickness is tunable
through laser-induced evaporation, which otherwise typically requires precise pressure

controllers on SiNx membrane cells .3’

We further consider the mechanisms that may lead to liquid cell implosion. Implosion may
occur through four pathways: (1), increasing strain on the evacuating cavity, (2) pocket-size-
dependent internal pressure buildup, (3) implosion or fracture propagating from nearby
pockets, and (4) graphitization and crack formation in the support film. As water evaporates
and escapes, the evacuated cavity places increasing mechanical strain on the thin support
membrane and can eventually initiate catastrophic failure. At the same time, the liquid cavity
pressure increases nonlinearly as the water volume decreases.*®3° During our evaporation
and implosion measurements in Fig. 5.2D-F shown by Supplementary Video 3, neighboring
water pockets collapsed before Pocket 1, suggesting that strain generated by nearby pockets
may initiate another implosion event. Our a-C films also graphitize during light irradiance,
observed both in the thermometry trend during our initial EELS measurements and during
time-resolved imaging of water evaporation. After imaging the cell implosion, cracks and

graphitic defects become apparent in the a-C films (Figs. 5.2B,E).

We lastly note that the unavoidable effects of electron beam radiolysis, damage, and heating
were minimized by operating at low beam dose and current. We measure the water pockets
using bright-field imaging mode with a parallel beam spot size larger than the water pocket
diameter. During time-resolved imaging, the water pocket area did not decrease below the

noise-level fluctuations when light illumination was off. Beam-induced heating during
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plasmon thermometry was similarly minimized by acquiring spectra with a parallel beam at

low magnification and a 1 pm probe size.

In conclusion, this work highlights the promise of optically coupled LPTEM for operando
measurements during light-driven and photocatalytic processes. We measured light-induced
thermal water evaporation and liquid pocket implosion for carbon film liquid cells. We
implemented plasmon thermometry and photothermal modeling to quantify the potential
temperature rise and graphitization of the illuminated a-C support films. We image liquid
cells” water evaporation dynamics and expand plasmon thermometry to the liquid phase to
quantify acqueous temperatures in situ. Our results underscore critical considerations for
designing support films with adequate thermal dissipation for optically coupled LPTEM.
Due to the high UV absorption coefficient of carbon, few-layer graphene membranes are
effectively required for quantitative operando LPTEM with light illumination. Future studies
will perform operando low-loss and core-loss EELS of photocatalytic nanomaterials, and
these studies will benefit from tunable liquid thickness that are controlled by light-driven

water evaporation.

5.3 Supporting Information

The supporting information—containing figures and data labelled S[X], methods and
instrumentation details, laser alignment procedures, EELS thickness and thermometry
calculations, photothermal temperature modeling, water pocket area fitting, EELS data,
movies of water evaporation, descriptions of Supplementary Videos 1-3— is available free

of charge at: https://doi.org/10.22002/wheak-c7d39
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