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ABSTRACT

CHARGE CARRIER DYNAMICS OF 2-DIMENSIONAL PHOTOELECTRODES PROBED

VIA ULTRAFAST SPECTROELECTROCHEMISTRY

The integration of hot charge carrier-based energy conversion systems with two-
dimensional (2D) semiconductors holds immense promise for enhancing the efficiency of solar
energy technologies and enabling novel photochemical reactions. Current approaches, however,
often rely on costly multijunction architectures. In this dissertation, I present research that
combines spectroelectrochemical and in-operando transient absorption spectroscopy
measurements to unveil ultrafast (<50 fs) hot exciton and free charge carrier extraction in a proof-
of-concept photoelectrochemical solar cell constructed from earth-abundant monolayer (ML)
MoS,. Theoretical analyses of exciton states reveal enhanced electronic coupling between hot
exciton states and neighboring contacts, facilitating rapid charge transfer. Additionally, I discuss
insights into the physical interpretation of transient absorption (TA) spectroscopy data in 2D
semiconductors, comparing historical perspectives from physical chemistry and solid-state physics
literature. My perspective encompasses various physical explanations for spectral features and
experimental trends, particularly focusing on the contribution of trions to TA spectra. Furthermore,
I examine how different physical interpretations and data analysis procedures can yield distinct
timescales and mechanisms from the same experimental results, providing a comprehensive
framework for understanding charge carrier dynamics in 2D semiconductor-based optoelectronic

devices.
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Chapter 1 : INTRODUCTION

1.1 Motivation for hot carrier solar energy devices

As efforts to combat climate change and shift towards sustainable energy systems intensify,
research and development of renewable energy technology has never been more crucial. Within
clean energy sources, solar energy conversion emerges as a particularly promising technology.
Solar energy was first commercialized in the 1980s, but after 40 years of development and $382
billion of investment in 2022 alone (/), solar energy currently only comprises 4.5% of total global
electricity generation (2). The problem that currently limits widespread use of solar energy
conversion devices is efficiency (3).

One method to improve the efficiency of solar energy conversion devices that use
semiconductors is to utilize the energy above the band gap, which is traditionally lost as heat (4—
6). In semiconductors, electronic energy states form bands; the band containing the highest
occupied states is denoted the valence band, and the band containing the lowest unoccupied states
is termed the conduction band. The band gap is the difference in energy between the top of the
valence band and bottom of the conduction band. Illuminating a semiconductor with light of
energy above the semiconductor bandgap generates free charge carriers into higher-energy
conduction band states that are above the conduction band minimum energy (Figure 1-1). These
highly excited free charge carriers are termed “hot carriers” in accordance with their excess energy.
After excitation, hot carriers will rapidly cool to the bandgap edges (conduction band minimum
and valence band maximum) by transferring their excess energy to the crystal lattice via phonons
(lattice vibrations). This thermalization loss of the energy above the bandgap accounts for a 33%

energy loss of incident sunlight and is the largest limiting factor to solar energy conversion (7).



Notably, nanostructures such as quantum wells, quantum dots, perovskites, and 2-dimensional
materials have demonstrated slower carrier cooling rates as compared to bulk materials. As a result,
they hold significant potential for hot carrier devices ((8). Hot carrier extraction could improve the
efficiency of commercialized solar photovoltaics as well as solar-fuel-producing
photoelectrochemical cells, potentially doubling the maximum theoretical efficiency from of 33%

(9) to 66% (10).

“Hot” carrier
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Figure 1-1. Simplified diagram of hot carrier cooling in a semiconductor. Light with energy greater
than the bandgap of the semiconductor (Egc) excites electrons from the valence band into the
conduction band. The highly excited hot carriers cool (lose energy through heat) to the band edge
before they are extracted for use in the device.

Notably, hot carrier extraction enhances efficiency in different ways for photovoltaic
devices and photoelectrochemical cells. Photovoltaic devices convert sunlight directly into
electricity. Photoelectrochemical cells convert sunlight to storable chemical fuels by using solar
energy to do reactions. In a photovoltaic device architecture, hot carrier extraction can improve
power output through increasing the voltage of the solar cell (/7). In solar photoelectrochemical

cells, hot carrier extraction can improve efficiency by driving high-energy, photo-induced charge



transfer reactions that are not possible under ordinary conditions (/2). An additional benefit of
photoelectrochemical cells is that the storable fuels they generate eliminate the need for battery
storage. Photoelectrochemical cells also offer an ideal device design for the study of hot carriers
due to the perpendicular geometry of carrier extraction.

1.2 Hot carrier photoelectrochemical cells

The basic geometry of a photoelectrochemical cell is provided in Figure 1-2. This design
facilitates hot carrier extraction because generated carriers need only to travel the thickness of the
material to reach extraction sites (electrolyte interface and electrical contact) and do not need to
diffuse laterally for extraction. Additionally, charge carrier extraction can be tuned in
photoelectrochemical cells through the applied voltage and redox potential of the electrolyte,

which can be altered to maximize the amount and energy of extracted charge carriers.
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Figure 1-2. Basic geometry of a photoelectrochemical device. The semiconductor on an electrical
contact forms the photoelectrode. Light hits the semiconductor photoelectrode to generate
electrons and holes (shown as black and white circles, respectively), which then react with redox
species or transfer to the electrical contact for extraction.

The main methods of charge carrier extraction in solar energy conversion cells are reactions

with redox molecules at the semiconductor-electrolyte interface or extraction at an electrical



contact. Previous work has shown that hot carriers can be extracted via redox reactions in GaP and
InP (13, 14) and extracted at electrical contacts in halide perovskites (/5), quantum dots (/6), and
two-dimensional transition metal dichalcogenides (2D TMDs) (/7). However, a main issue with
hot carrier extraction is that cooling happens as carriers travel through the material, so a material
and device design that minimizes charge carrier travel is required to make hot carrier extraction
possible. One material and device combo that fulfills this requirement is 2-dimensional transition
metal dichalcogenides (2D TMDs) in photoelectrochemical cells.

1.3 2D TMDs for hot carrier extraction

2D TMDs are a class of low-cost (/8), atomically thin semiconductors of the form MX,
(M =Mo or W, X =8, Se, Te). The 2D TMDs are composed of a layer of transition metal atoms
sandwiched between two layers of chalcogen atoms as shown in Figure 1-3. Bulk crystals of these
materials are formed with many layers bound together by weak van der Waals interactions. The
layers of these materials can be easily thinned down to a single layer, or “monolayer,” that is only
three atoms thick, as shown in Figure 1-3. The most well-studied 2D TMD to date is molybdenum
disulfide (MoS2). Monolayer MoS; is an ideal candidate for hot carrier extraction applications
because it has a direct bandgap of 1.88 eV that is suitable for solar energy absorption (/9) and can
absorb 10% of incident visible light, even with a material thickness of < 1 nm (20). It also has
optimal material geometry for hot carrier extraction. The three-atom thickness of monolayer MoS»
reduces the distance that hot charge carriers need to travel for extraction at electrolyte or electrical
contacts in a photoelectrochemical cell design, as shown in Figure 1-3. In multilayer bulk samples,
generated charge carriers must travel through the crystal lattice to reach extraction sites. This

extended travel results in hot carriers cooling before extraction. The thinness of monolayer MoS»



significantly reduces this distance, optimizing the hot carrier extraction efficiency and extracted

hot carrier energy.
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Figure 1-3. Schematic comparing the extraction of charge carriers at electrical contact and
electrolyte for a bulk sample (left) and monolayer sample (right). Electrons are depicted as black
circles, while holes are depicted as white circles.

The ways in which hot carriers cool and decay in monolayer MoS» have been studied in
air, but not within photoelectrochemical devices. The dynamics of hot carriers under device
operating conditions are not well understood and the energy and yield of hot carrier extraction has
not yet been quantified. This complexity arises from the multitude of complex physical and
chemical mechanisms behind charge carrier generation and cooling in monolayer MoS»> (more
detail of these mechanisms can be found in Chapter 2).

1.4 Spectroscopy as a tool to probe electron dynamics

Our aim is to investigate the behavior of charge carriers and their dynamics within 2D
TMDs while they function inside of a device. How can we measure this information without
disassembling the device? Utilizing light that can pass through the device enables non-invasive,
non-destructive measurements of the 2D material during device operation. We leverage the way
light interacts with matter to learn information we cannot directly see, such as chemical and
molecular structure and dynamics. Spectroscopy (spectre, “ghost” and scopy,“to examine”) is, by

definition, the study of the interaction of light and matter. The essence of my research centers on



this fundamental interplay between light and matter at both linear and nonlinear levels of
interaction.

Linear spectroscopy encompasses a suite of powerful techniques used to investigate the
interactions between light and matter in a linear manner. At its core, linear spectroscopy is the
absorption, emission, or scattering of light by a sample across a range of wavelengths or energies.
By measuring the intensity and wavelength dependence of these interactions, linear spectroscopy
enables researchers to identify molecular constituents, determine electronic and vibrational energy
levels, and elucidate structural characteristics with remarkable precision (2/). Common examples
of linear spectroscopic techniques include UV-Visible spectroscopy, infrared spectroscopy, and
Raman spectroscopy, each offering unique capabilities for probing different aspects of molecular
and electronic structure. In each of these techniques, light from a light source is sent to the system
of interest and the light that comes out is measured — a photon in, and a photon out. The incident
light is weak and therefore a small perturbation to the system. A weak interaction of light and
matter is a linear interaction.

Nonlinear spectroscopy explores optical processes that arise from the nonlinear interaction
of materials to intense light fields (27, 22). The sample can interact with light multiple times, and
these multiple interactions of light can exchange energy, interfere, and couple with each other
within the chemical system. Nonlinear spectroscopy techniques utilize high-intensity, pulsed laser
sources to leverage the nonlinear interactions between photons and matter. The goal is to unveil
rich structural and dynamic information that is often inaccessible through linear methods. Using
extremely short pulses of laser light can measure how the chemical system responds to a light
source and how the excited sample evolves over time (excited state dynamics). This is the basis

for the nonlinear spectroscopy technique of pump-probe spectroscopy. As discussed in more detail



in Chapter 2, pump-probe spectroscopy uses two laser pulses (one as a “pump” and one as “probe™)
to probe ultrafast processes and unravel dynamic behaviors in chemical systems.

1.5 Outline of Dissertation

In this dissertation, I use 2D TMD photoelectrochemical cells as a model system for the
study of hot carrier extraction. I unite the techniques of linear and nonlinear visible light
spectroscopy with electrochemistry to probe the steady-state and excited-state electronic and
charge extraction dynamics of 2D TMD photoelectrodes. I begin with background information on
the mechanism of charge carrier generation in 2D TMD semiconductors, the techniques of
spectroelectrochemistry and transient absorption, and motivation for the design of our experiments
in Chapter 2. Chapter 3 details the experimental methods used to collect and analyze all data for
this study. Chapter 4 is our published study of hot carrier extraction from 2D TMD
photoelectrodes. Finally, Chapter 5 is an invited perspective that discusses the unique photophysics
of multi-charge species in 2D TMDs and their implications for charge carrier dynamics

interpretations.
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Chapter 2 : BACKGROUND & MOTIVATION

This chapter provides a comprehensive overview of key concepts essential for
understanding the subsequent research. This chapter explains the use of spectroelectrochemistry
as a method to study the behavior of charge carriers within devices using light to probe electronic
systems. Finally, this chapter discusses the utility of transient absorption spectroscopy as a tool for
probing ultrafast charge carrier dynamics on femtosecond timescales.

2.1 Mechanisms of carrier generation in 2D TMD semiconductors

As briefly mentioned in Chapter 1, electronic energy states in semiconductors form bands;
the band containing the highest occupied states is the named the valence band (the energy levels
the valence electrons occupy) and the band containing the lowest unoccupied states is called the
conduction band (the energy levels at which electrons are delocalized and able to contribute to
electrical conductivity). The band gap is the difference in energy between the top of the valence
band and bottom of the conduction band. Electrons in the valence band can absorb light equal to
or greater than the energy of the bandgap to be excited into the conduction band, thereby allowing
the flow of charge through the semiconductor. Left in the valence band is a “hole,” or localized
region of positively-charged electron absence that also acts as a charge carrier in the
semiconductor.

In bulk semiconductors at room temperature, photoexcited electrons and holes exist as
“free carriers” that can travel independently through the material. Electrons and holes that are
bound together via coulombic interaction are called excitons, and these bound electron-hole pairs
act as a quasiparticle that travels with a constant radius through the crystal lattice. In bulk
semiconductors, excitons are weakly bound and will freely dissociate at room temperature. Unlike

bulk semiconductors, excitons in 2-dimensional semiconductors such as 2D transition metal

11



dichalcogenides (TMDs) are quantum confined and are strongly bound even at room temperature
due to reduced dielectric screening (/). Excitons can also bind to an excess electron or hole to
create three-particle “trions” that can exist at room temperature in 2D TMDs at sufficiently high
carrier densities (2).

The 2D TMD studied in this body of work is molybdenum disulfide (MoS>). Monolayer
MoS; has three types of excitons (3) as shown in the band energy diagram in Figure 2-1. The band-
edge A- and B-excitons have energies of 1.88 eV and 2.01 eV respectively and are split due to
spin-orbit coupling in the valence band (4). The higher energy C-exciton is a unique exciton with
energy of 2.98 eV that arises due to band nesting of the valence and conduction bands (5). Notably,
band nesting results in a strongly enhanced optical response, resulting in the C-exciton dominating
the UV-Vis absorbance spectrum of MoS: (6).

The electronic properties of semiconducting TMDs are determined by the bonding
behavior between the metal and chalcogen atoms, which have been studied extensively since the
1950’s and can be simplified with a ligand field model (7). MoS, has trigonal prismatic
coordination (D3h symmetry), resulting in splitting of the Mo d-orbitals into d.°, d, and d\’-,°
states. The valence band maximum and conduction band minimum at the K-point are nearly
exclusively d, and di’-,7 states for Mo. This makes the excitation of A-excitons and B-excitons
d-d transitions, which are known to be weakly absorbing in accordance with the Laporte selection
rule. Conversely, the uppermost states at the I'-point of the valence band originate mainly from d.’
orbitals on Mo atoms and the conduction band states are comprised of p orbitals on S atoms. Thus,
the excitation of C-excitons is a metal to ligand charge transfer, a transition that results in intense

light absorption.

12
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Figure 2-1. Band energy diagram of monolayer MoS». Adapted from (7).

Figure 2-1 compares the electronic bandgap energy (Eap) to the exciton transitions and binding
energy. The A- and B-exciton transition resonances are smaller than the electronic bandgap due to
the large binding energy of the excitons (Ebinding) (1, 8, 9) and it is Eexciton that is observed as visible
light absorption peaks in UV-Vis spectroscopy (see Chapter 3 for absorption data and analysis).

We detail here the generation and decay mechanisms of charge carriers and excitons in 2D
TMDs. Upon photoexcitation with light above the bandgap energy, hot carriers and high-energy
hot C-excitons are formed (process 1 in Figure 2-2). Hot carriers cool to the band edge via carrier-
phonon scattering (typically in < 1ps), where they can become bound into A-excitons (/0) (process
2). A- and B-excitons can diffuse through the material and may encounter trap states from defect

sites in the crystal lattice that assist in electron-hole recombination (/7) (process 3). Further exciton

13



decay pathways are radiative recombination (process 4), where an exciton decays by emitting a
photon, and non-radiative recombination (process 5), where an exciton decays through emission
of a phonon. The timescales over which these first-order decay mechanisms occur in 2D TMDs
range from tens of femtoseconds to nanoseconds (3). After excitation, cooling processes (2 & 3)
typically occur over a few picoseconds while recombination processes (4-5) occur over hundreds
of picoseconds to nanoseconds. The dominant exciton decay pathway in as-synthesized monolayer
MoS; is non-radiative recombination as evidenced by the low photoluminescence quantum yield
(1/2). When the TMD is in contact with a substrate/superstrate, an additional pathway of charge

transfer is possible, labelled as extraction (process 6) in Figure 2-2.
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Figure 2-2. The pathways of charge carrier generation and decay. The A- and B-exciton states are
represented as a singular band-edge state for simplicity. The C-exciton is represented as a shaded
distribution of energy states that overlaps with free carrier energy states in the conduction band.
Holes are omitted from the diagram for clarity.
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2.2 Tuning charge extraction via applied potential

Charge extraction in electrochemical flow cells occurs via redox reactions with electrolyte
species. In the studied MoS: cells with iodide as the redox species, the major reaction to generate
photocurrent is oxidation of iodide to iodine via holes (/3).

217+ 2h* > 1, (6)
The photogenerated holes react with iodide at the electrode/electrolyte interface while the
corresponding electrons travel through the conductive substrate at the working electrode and
contribute to measured current. The potential applied to the sample via the potentiostat changes
the number of electrons/holes extracted via redox reactions by causing a difference in
electrochemical potential between the sample (the working electrode) and the counter electrode.
Anodic potential applies a higher electrostatic potential at the MoS> and a lower electrostatic
potential at the counter electrode. This potential difference causes electrons to flow out of the MoS:
into the conductive substrate and causes holes to react with the iodide at the electrolyte interface.
The reverse occurs at cathodic potential, where a lower electrostatic potential is applied to the
working electrode and electrons flow into the MoS., thus resulting in a small amount of the reverse
reaction (iodine reduction). The flow of charges due to the applied potential changes the charge
carrier density within the MoS; (Figure 2-3). The influence of the potential-induced charge carrier

density on the exciton energies and optical spectra of MoS; are discussed in detail in Chapter 5.
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Figure 2-3. The effect of applied potential on electron density at the band edge of monolayer
MoS:.

2.3 The driving force for charge transfer

As mentioned in Chapter 1, hot carrier extraction in photoelectrochemical devices involves
the injection of photoexcited charge carriers from the semiconductor electrode into a liquid
electrolyte to drive high energy chemical redox reactions before the photoexcited carriers relax
(i.e., thermalize) in the semiconductor.

A quantity necessary for understanding extraction of charge carriers in semiconductor
electrochemical cells is the thermodynamic driving force for charge transfer (AGO’). AGO’ is

calculated as

o' _ _ o’ i _
AG® =Ecp — qE” | Eq.2 -1

where Ecg is the energy of the conduction band, q is the charge of an electron (1.6022 x 10" C),
and EY(A/A") is the nonstandard redox potential of the redox couple (A/A") (14). The relationship
between 4G’ and conduction band energy is qualitatively shown in Figure 2-4. The quantity 4G’
dictates the spontaneity and energy of the charge transfer (/5—/7). Extraction of charge carriers
with excess energy above the conduction band edge therefore provides additional driving force to

do reactions with large redox potentials, such as CO; reduction (/8).
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Figure 2-4. Simplified qualitative relationship between AG”, electrolyte redox potential, and
conduction band energy (Ecs) of monolayer MoS, with flatband potentials. Charge transfer is
depicted with red arrows. The relative position of the A/B-exciton energy level (Eam ) is also
shown.

2.4 Spectroelectrochemistry as a technique to study charge carrier extraction in devices

Spectroelectrochemistry is the combination of spectroscopy and electrochemistry into a
single experiment (/9). This collection of in-operando simultaneous spectroscopic and
electrochemical information gives insight to electron transfer processes happening at electrodes;
electrochemistry measures charge extraction occurring at the electrode, while spectroscopy (in our
UV-Vis spectroscopy) informs on the electronic energy levels of the electrode. In this research,
we combine UV-Vis absorption spectroscopy with electrochemical techniques to study 1) the
dependence of charge extraction on photon energy, and 2) the effect of applied voltage on light
absorption. From these measurements (detailed in Chapters 3 and 4), we can learn which excitonic

transitions contribute to current flow in the ML-MoS: photoelectrode. We also combine
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electrochemistry with ultrafast transient absorption to probe the dynamics of excitons within the
ML-MoS; electrode and study the rate and energy of charge transfer at the electrode.

2.5 Transient Absorption as a technique for probing ultrafast charge carrier dynamics

Transient absorption (TA) is a pump-probe spectroscopic technique used to study excited
state dynamics of molecules and materials. Pump and probe beams within the UV/visible range
are typically used in TA experiments as light absorption in this energy range provides information
on electronic state dynamics (20). The femtosecond pump and probe pulses allow the measurement
of excited state dynamics that occur on the order of femtoseconds to nanoseconds. A schematic of

the typical transmission TA experiment is shown in Figure 2-5.

Free carrier
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Figure 2-5. Scheme of the transient absorption technique. The pump laser pulse is shown exciting
a sample of monolayer MoS: on a transparent substrate. The pump laser excites electrons from the
valence band of the MoS; into the conduction band, generating free electrons and holes and
subsequently excitons. The probe laser pulse is sent through the sample after a time delay t and
the probe laser pulse is measured by the spectrometer as a change in the absorbance versus probe
energy (wavelength). An example TA spectrum of monolayer MoS> on ITO is plotted in black.
The steady state absorbance of the same monolayer sample is given in grey for comparison of the
exciton peak energies.

The absorbance of the excited sample is measured by first pumping the sample with a
monochromatic laser pulse that is resonant with an electronic transition in the sample. This pump

pulse induces a transition to an excited electronic state. The broadband probe pulse will pass
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through the sample after the pump pulse with a specified time delay t. The absorbance of the

excited-state sample is calculated as

r'é, ﬂ) Eq.2 -2

Iy(2)

where I"(\,7) is the light transmitted through the excited sample at time 1. A change in absorbance

A*(A4, 1) =— log<

between the ground state and excited state is given as

AA(A,7) = A*(A,7) — A°(1) = log <I*I((j)r)> Eq.2 -3

The signals Io(A) and I"(A,7) are typically spectrally resolved and recorded as a difference spectrum
(AA(A,7)) for each time delay. This change in absorbance as a function of wavelength and time is
denoted as the transient absorption signal, and it reports on the excited state of the sample and how
that excited state evolves over time. There are two major electronic contributions to the transient
absorption signal of MoS,: ground-state bleach and excited-state absorption. Ground-state bleach
is a negative AA signal that occurs when the absorbance of the ground state is higher than the
absorbance of the excited state for a particular wavelength. This is because electrons have been
promoted to a higher energy level and are no longer available to absorb probe photons. Excited
state absorption is a positive AA signal because the absorbance of the excited sample is higher than
the absorbance of the ground-state sample. This process occurs when excited electrons absorb
more light for promotion into even higher electronic states, which can occur only when the sample
has been pumped to the excited state. It is important to note that stimulated emission can contribute
to transient absorption signal as negative AA signal (20), however it has not been reported in TA
experiments of 2D TMDs. This may be due to the low photoluminescence (PL) signal of

monolayer TMDs. In our samples, we measure low PL signal of monolayer MoS» on glass and

19



this signal is further quenched within our photoelectrochemical cell devices. Thus, we do not
consider its contribution to the TA signal recorded in our experiments.

The time-dependence of TA signal informs on charge carrier and exciton generation,
cooling, and decay in MoS,. Photoexcitation of monolayer MoS» with the pump pulse will excite
excitons and free charge carriers. The presence of excitons is measured as a photobleach (shown
in Figure 2-5) while free carriers can contribute to excited state absorption signal (217, 22). The
exciton photobleach signal reports on the population and energies of excitons in the material. A
higher population of excitons corresponds to a larger photobleach signal, while a smaller
population of excitons produces a smaller photobleach signal. The exciton signal as a function of
time reports on the dynamics of the mechanisms dominating exciton formation, cooling, and
decay. Time constants for these decay processes are determined by fitting the TA signal decay as
a function of time. Multiple methods can be used to fit the TA spectra and the signal decay. The
different methods to analyze the TA signal as a function of both probe energy and time are
discussed in depth in Chapter 5.

Transient absorption is an advantageous technique for studying charge carrier and exciton
dynamics in MoS». The spectroscopic resolution of TA allows for the measurement of all three
types of excitons present in monolayer MoS». Thus, the formation and decay of A-, B-, and C-
excitons can be observed independently. Changes in the energy of excitons can be observed via
shifting of the photobleach Amax. The dynamics of all excitons can also be measured on ultrafast
timescales that are simply not achievable with electrical measurements such as electrochemical
impedance spectroscopy or intensity-modulated photocurrent spectroscopy. Additionally, the use

of an electromagnetic probe allows for measurement of dynamics in-operando so that carrier and
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exciton dynamics can be studied under the presence of electrolyte and applied potential to evaluate
actual device operation conditions.

2.6 Project Goals

This dissertation focuses on proof-of-concept monolayer MoS» photoelectrodes for solar
energy conversion applications. The research goals of this body of work are:

Research Goal #1: to determine how applied potential affects hot carrier cooling and extraction in

a proof-of-concept monolayer MoS: photoelectrochemical cell via Transient Absorption
spectroscopy.

Research Goal #2: to illuminate the underlying mechanism causing broadening and shifting of

steady-state and transient optical spectra of 2D TMDs.

Understanding the dynamics of free charge carrier and exciton generation, cooling, and
decay in MoS; flow cells will provide fundamental insight into how charge carrier cooling and
extraction can be tuned. This knowledge can be used to further the design of hot carrier devices
with higher efficiencies than are possible with current technology. Understanding the cause of
observed shifting of the steady-state and transient absorption spectra of 2D TMDs within our
photoelectrochemical devices will provide foundational understanding of the many-body physics
affecting the complex doping-, fluence-, and time-dependent shifts observed in optical spectra of
2D TMDs.

The details of the design of the proof-of-concept monolayer MoS, photoelectrochemical
cell, electrochemical characterization of the MoS; cell with photocurrent spectroscopy, potential-
dependent UV-Vis absorbance, and transient absorption measurements of the electrochemical cell
under a range of applied potentials are given in Chapter 3. Discussion of these results are given in

Chapters 4 and 5.
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Chapter 3 : EXPERIMENTAL DESIGN!

3.1 Synopsis

This chapter details material characterization, device construction, and data collection
methods. The objective of this chapter is to offer a concise guide through each essential step
required to replicate these measurements. Included in this chapter is characterization methods for
the 2D TMD thin films, construction of 2D TMD photoelectrochemical cells, electrochemical and
photo-electrochemical measurements, potential-dependent absorbance measurements, lock-in
detected photocurrent spectroscopy, and transient absorption spectroscopy. Included at the end of
this chapter is a discussion of ongoing modifications to the transient absorption spectrometer for
future experiments related to this work. Rachelle Austin assembled and characterized
photoelectrochemical cells, as well as performed electrochemical and photo-electrochemical
measurements and data analysis. Rachelle Austin and Yusef Farah performed transient absorption
spectroscopy measurements and TA data analysis.

3.2 Characterization of 2D TMD Samples

Photoluminescence and Raman Spectroscopy

Monolayer MoS> films (I cm x 1 cm, 6Carbon Technology, Shenzhen, China) were
synthesized via chemical vapor deposition (CVD) on sapphire substrates and mechanically
transferred to ITO-coated glass slides using a polymethyl methacrylate stamp and stored in a

nitrogen-purged glovebox until use. Raman and photoluminescence (PL) micro-spectroscopy

! This chapter contains adaptations from the methods and supplementary information published in Austin, R. Farah,
Y. R. Sayer, T. Hot carrier extraction from 2D semiconductor photoelectrodes. PNAS, 120 (15) 2023.

25



experiments were done to quantify the quality and layer-thickness of the commercial samples

(Figure 3-1).
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Figure 3-1. (a) Photoluminescence spectra of monolayer MoS» on glass (black data) and ITO (grey
data) in air. The red lines represent a 5-point smooth trend line. (b) Raman spectra of monolayer
MoS:; on glass (black data) and ITO (grey data).

The PL and Raman spectra were measured on an inverted Olympus IX73 optical
microscope by directing an Ondax 532 nm laser excitation source through a 100x NAO0.95 air
objective (Olympus PlanFL N100X) onto the sample. Both signals were collected in a backscatter
geometry, filtered by the Ondax 532 nm THz Raman system to remove the fundamental excitation
light, passed through a Horiba iHR 550 spectrometer, and then detected by a Synapse charge-
coupled device detector. The PL peak at 660 nm (1.88 eV) is consistent with ML-MoS2 (/). The
PL intensity is quenched on the conducting ITO substrate, likely due to additional recombination
pathways or charge transfer on ITO (2). The Raman peaks at 380 cm™! and 400 cm™' are the Ea,'
and A1, modes of ML-MoS,, respectively, and the 20 cm™! Raman peak-splitting is consistent with
ML-MoS; (/). PL and Raman spectra were measured both before and after transient absorption
measurements

Spatially-resolved UV-Vis Absorbance Spectroscopy
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Visible light absorption of ML-MoS, samples were collected on a microscope to test for
spatial variation of optical density. Samples were excited via monochromatic light from a Horiba
OBB Tunable PowerArc Illuminator. A 20% microscope objective collected the light transmitted
through the sample and a Photometrics Prime 95B back illuminated complementary metal-oxide—
semiconductor (CMOS) camera acquired widefield images of the sample at different

monochromatic excitation wavelengths. A representative widefield image is shown in Figure 3-

2a.

b oo
}i G “Hot” exciton
: 0.08}
@ o
: —_—
i’:, 0.06| 1cm
[0)
5]
S Band ed
o and edge
o 0.04 excitons
- & B
‘ “{}7‘; < A
0.021
/I
0.8 3.0 2.5 2.0
Energy (eV)

Figure 3-2. a) Optical microscope image of ML-MoS> on ITO. b) Measured absorbance spectrum
of ML-MoS; on ITO.

Absorbance spectra were calculated from the hyperspectral imaging data by spatially
selecting the light transmitted through the sample (/) and the ITO substrate (/o), where A(L) =
—logio(Z(A)/Io(A)). Figure 3-2a shows representative pixels used as / (blue squares) and /o (red

squares) for absorbance spectra calculations. The images and absorbance data were acquired at the

film edge to obtain /o measurements. All other spectroscopic data were acquired in the film interior,
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where the sample morphology is >90% pure ML-MoS». An image of the entire 1 cm x 1 cm ML-
MoS; film is shown in the inset of Figure 3-2b.

The measured absorbance spectrum of ML-MoS; from our hyperspectral imaging process
is plotted in Figure 3-2b. There are three notable features in this spectrum, labelled as A-, B-, and
C-exciton “peaks.” These features are excitonic transitions that arise from electrons in the valence
band of ML-MoS; absorbing photons to transition to higher energy states in the conduction band.
The positive hole in the valence band is coulombically bound to the electron in the conduction
band to form an exciton. It has been well-reported that excitons in 2D TMDs are strongly bound
and dominate the optical spectrum at room temperature (3, 4). The band-edge A- and B-excitons
have energies of 1.88 eV (655 nm) and 2.01 eV (620 nm) respectively and are split due to spin-
orbit coupling in the valence band (5). The high energy C-exciton has energy of 2.98 eV (435 nm)
and arises due to band nesting of the valence and conduction bands (6). The C-exciton has
significantly larger absorbance than the band-edge excitons, contributing to the three-atom thin
monolayer absorbing nearly 10% of visible light (7), making the 1 cm x 1 cm films used in our
experiments visible to naked eye, as shown in the Figure 3- inset.

3.3 Construction of optically transparent photoelectrochemical cells

The 1 cm x 1 cm MoS» films on ITO were constructed into optically transparent three-
electrode microfluidic flow cells as described in our previous publications (§—70). The design of
the cell is shown in Figure 3-3. Inlet and outlet ports for electrolyte flow through the cell were
achieved by drilling holes in the ITO substrate and inserting Teflon tubing into the holes. Two
pieces of approximately 50 um-thick polytetrafluorethylene (PTFE) spacers were placed between
the ITO substrate and a glass coverslip (Thermo Scientific) to form a microfluidic channel. An

electrode chamber containing an Ag/Agl reference electrode and Pt counter electrode was attached
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to the outlet port. All components were attached and sealed with Loctite epoxy. Aqueous
electrolyte solution (1M Nal, Fisher Scientific) was flowed through the cell at a constant rate of
0.5 mL/hr using a Kent Scientific syringe pump. After experiments, the flow cells were prepared
for storage by flowing approximately 20 mL of 18.2 MQ ultrapure water through the flow cell at

a rate of 5 mL/hour to remove iodine residue, then drying in air.
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Figure 3-3. Scheme of the photoelectrochemical cell construction.

3.4 Photoelectrochemical characterization

All electrochemical measurements were made using an Ivium Compactstat Potentiostat in
a 3-electrode configuration. The open circuit potential of the MoS>|1M I~ cell was measured as

0.27 V vs. Ag/Agl.
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Figure 3-4. a) Cyclic voltammogram of ML-MoS: photoelectrochemical cell with no illumination
(black trace) and under white light illumination (blue trace). Increased anodic current is seen under
illumination at potentials > 0.4 V vs. Ag/Agl. The corresponding reduction of I in the CV is shown
on the return scan. b) Control current response of a bare ITO electrode in 1 M Nal electrolyte under

C-exciton peak wavelength illumination (430 nm, 20 pW), 400 nm illumination, and dark
conditions.

Cyclic voltammograms (CVs) were taken to determine onset potentials of
photoelectrochemical reactions. Representative CVs of the ML-MoS: photoelectrochemical cell
under no light (dark) and white light illumination conditions are shown in Figure 3-4a. We assigned
anodic (positive) current to iodide oxidation at the working electrode (the MoS»-1TO electrode) in
accordance with previous work (8). We assigned reductive (negative) current to iodine reduction.
Figure 3-4b shows a control experiment of a bare ITO electrode in 1M Nal under multiple
illumination conditions. No photo-induced current of bare ITO is observed. Notably, the
magnitude of dark current from the bare ITO is an order of magnitude less than the current of the

MoS,-ITO electrode in Figure 3-4a.
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Figure 3-5. Photocurrent onset with 400 nm (3.1 eV) light excitation. Observation of a potential-
dependent photocurrent generated by the transient absorption pump laser (3.1 eV) in the monolayer
MoS; photoelectrochemical cell.

We performed chopped-light experiments to observe the magnitude of photo-induced
current (photocurrent) at different applied voltages. A constant potential was applied to the ML-
MoS; working electrode while a 400 nm light source was focused onto the ML-MoS; and chopped
in 10 second on/20 second off increments. The current response was recorded. At low applied
potentials, no photocurrent was observed (grey data in Figure 3-5). At sufficiently high applied
potentials, current induced by the light source was measured (black data in Figure 3-5), indicating
the dependence of the anodic iodide oxidation on photogenerated charge carriers from the
illuminated ML-MoS,.

3.5 Potential-dependent optical absorbance measurements

Potential-dependent absorbance measurements were performed by collecting spatially-
resolved UV-Vis absorbance spectra of the ML-MoS; within the photoelectrochemical cell. The
working electrode was held at a fixed potential versus the Ag/Agl reference electrode during the

entirety of the absorbance measurement. The applied potential, images, and monochromator output
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were synced in time using a data acquisition card (DATAQ Instruments). The in-situ absorbance
was taken at applied potentials ranging from 0.00 V to 0.55 V vs. Ag/Agl in steps of 0.025 V. The
Matlab code used to process potential-dependent absorbance data and produce Figure 3-6 is given
in Appendix II. Multiple spectra at each applied potential were taken across multiple days and
samples to test for sample stability and degradation. No changes in the absorbance spectrum were

observed after multiple days of experiments.
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Figure 3-6. Potential-dependent absorbance spectra of the ML-MoS photoelectrochemical cell in
0.025 V increments from 0.00 V to 0.55 V.

3.6 Photocurrent spectroscopy

A lock-in amplifier was used to detect small photocurrents from the ML-MoS,, which were
typically on the order of nanoamps at low voltages. A chopper was placed between the light source
and the sample and chopped the light at 10 Hz. The current output from the potentiostat was
connected to the input channel of a Stanford Research Systems SR830 lock-in amplifier. The light

source was scanned from 750 nm to 375 nm in 1 nm steps. The detected lock-in current and
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monochromator output were synced in time using a data acquisition card (DATAQ Instruments).

A schematic of the lock-in photocurrent spectroscopy setup is given in Figure 3-7.

Potentiostat Lock-in Amplifier

Light Source x J
‘ i | p—
Sample y

Data Acquisition
Card

Chopper Control

Figure 3-7. Diagram of light source, chopper, sample, lock-in amplifier, and DAQ card setup for
photocurrent lock-in detection (not to scale).

The lock-in signal was converted from arbitrary units to units of amperes through
calculation of the lock-in proportionality constant. The lock-in amplifier signal is proportional to
the photocurrent magnitude. The lock-in proportionality constant is calculated by measuring the
photocurrent response of the sample under identical conditions with and without the lock-in

amplifier.
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Figure 3-8. Comparison of steady-state current (grey, left-axis) with lock-in current (black, right
axis) for determination of lock-in proportionality constant. Both signals are measured with the
same photoelectrochemical cell with the same applied bias and identical illumination.

First, the steady state photocurrent was measured by recording the current response at 0.5
V vs. Ag/Agl using the potentiostat and illuminating the sample with white light (grey trace in
Figure 3-8). The sample was then hooked up to the lock-in amplifier and the photocurrent response
of the sample at the sample applied voltage with chopped illumination was recorded (black trace
in Figure 3-8). The peak in the steady state current signal (in A) divided by the lock-in signal
magnitude (in V) gives the proportionality constant in A/V.

The wavelength-dependent photocurrent response (photocurrent spectra) of the monolayer
MoS: photoelectrochemical cells were acquired by applying a fixed potential to the MoS»-ITO
working electrode and measuring the resulting current as a function of monochromatic
illumination wavelength. The light source used was a Horiba OBB Tunable PowerArc Illuminator.
The light source was set up to illuminate the entire sample area in order to maximize the
photocurrent signal. Monochromatic current-voltage curves were measured from 0.00 V to 0.55

V vs. Ag/Agl while monochromatic light resonant with the A-, B-, or C-excitons (1.87 eV, 2.11
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eV, and 2.98 eV, respectively) illuminated the sample. The Matlab code used to process
photocurrent data and produce the following figures is given in Appendix II.
Photocurrent spectra (Figure 3-9a) and monochromatic current vs. potential curves (Figure

3-9b) were converted to external quantum efficiency (EQE). EQE is calculated from the equation

i
EQE(A) = o Eq.3-1

o

where i is the photocurrent in units of C/s (Amperes), g is the elementary charge in units of C, and

Iy is the incident laser power measured at the cover glass in units of (photons s !).
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Figure 3-9. (a) EQE spectra vs. applied potential from 0.35 V to 0.55 V in 0.025 V increments. (b)
Monochromatic i-E (current-voltage) measurements for resonant A-, B-, and C-exciton excitation
(i.e., 650 nm, 605 nm, and 432 nm, respectively).

The photocurrent response of the MoS> photoelectrochemical cell as a function of
wavelength was used to observe at which potentials the different excitons dissociate and contribute

to current flow in the cell. It is important to note that the measured current response is a direct
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measurement of the number of free electrons/holes and not bound excitons, so this technique
reports only on free charge carrier dynamics and not on exciton dynamics. The photocurrent
spectra shown in Figure 3-9a closely resemble the absorbance spectrum in Figure 3-2b, indicating
that the applied potential generates a robust interfacial electric field, leading to the effective
dissociation of all three excitonic species. Increasing the applied potential results in a higher yield
of dissociated charge carriers and consequently a higher current. Notably, when light resonant to
the C-exciton (425 nm) is used for excitation, the maximum current response is recorded, thereby
indicating the maximum extraction of free charge carriers. Differences in the photocurrent onset
potential for the A-, B-, and C-excitons are shown in monochromatic current-voltage curve
measurements (Figure 3-9b). Notably, photocurrent generation onsets at less positive potentials
for the C-exciton, and the slope of its current-voltage curve is notably steeper than that of the A-
/B-excitons. Importantly, photocurrent is not observed when directly exciting the A/B-excitons at
the same applied potential as that of the C-exciton (specifically E = 0.35 V in Figure 3-9b). Further
discussion of this data is provided in Chapter 4.

3.7 Ultrafast transient absorption spectroscopy

Transient absorption measurements were performed with a home-built, femtosecond,
pump-probe spectrometer (shown in Figure 3-10). Compressed light from a Ti:sapphire
regenerative amplifier (Wyvern 1000, KM Laboratories) produced sub-50 fs pulses centered at
790 nm carrying 3.3 mJ of energy per pulse at a repetition rate of 1kHz. Front reflections off a
beam splitter and wedged CaF; plate were used to lower the light intensity before splitting the light
with a half-wave plate (A/2) and polarizer. A fraction of the light was sent through a delay stage
controlled by a Newport motion controller driver (XPS model) to control timing and then directed

onto a | mm beta barium borate (BBO) crystal to frequency double the light by second harmonic
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generation to 395 nm. The 395 nm light served as the pump pulse in TA measurements. A tunable
neutral density (ND) filter was used to adjust the pump fluence.

The probe pulse was created by taking the remaining portion of the split light and focusing
it down in a 2 mm quartz cuvette filled with 18.2 MQ ultrapure water, creating a white-light
continuum spanning 400 nm to 800 nm. The pump and probe pulses were focused down to a spot
size of approximately 30 um full-width half-max (FWHM) and overlapped at the sample in a non-
collinear beam geometry. A Mightex CMOS camera was used to overlap the pump and probe
bemas at the sample position. The temporal overlap of the pump and probe beams was collected
by scattering the 800 nm fundamental light of the pump and probe beams off of a glass microscope
slide and measuring the resulting interferogram of the two beams. The probe light transmitted
through the sample was collected, collimated, and focused into a spectrometer (iHR550, Horiba)
with a 200 mm slit opening, equipped with a 100 line/mm grating (450 blaze), and detected by a
single line 2048 element array detector (OctoPlus, Teledyne e2V) with an exposure time of 1.3 ps.
The spectrometer was calibrated with a neon spectral calibration lamp (Oriel Instruments). The
spectral and temporal resolution of the setup was 0.6 nm and ~50 fs, respectively. The pump pulse
was modulated by an optical chopper (Thorlabs) triggered by the pump laser and set to operate at
half the repetition rate of the laser (500 Hz). The spectrally resolved “pumped” (I*(A, 7)) and

“unpumped” (Io(4)) signals are acquired and used to calculate the AA spectrum.
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Figure 3-10. Transient absorption spectrometer optical table layout.

Pump fluence measurements

The transient absorption signal of monolayer MoS; on ITO was measured as a function of
pump fluence (calculated using the half-width half-maximum as the radius of the beam) to
determine the optimal fluence for our experiments. The time delay between pump and probe was
kept fixed while the power of the pump beam was modulated with a variable ND filter. The pump

fluence was calculated with the equation

Energy per pulse

Eq.3-2
7 * (beam radius)? 1

pump fluence =

for the Gaussian beam profile. The power was measured with a laser power meter (Thorlabs) and

the beam radius was measured from the spatial profile of the beam at the sample position with a

CMOS camera (Mightex).
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Figure 3-11. Wavelength-resolved transient absorption signal of monolayer MoS» on ITO at 0.6
ps time delay at different fluences (listed fluences have units of pJ cm™).

Figure 3-11 shows the transient absorption spectra for the five pump fluences at the peak
signal intensity time delay (0.6 ps). The photobleach signal of the A, B, and C excitons increases
with pump fluence. When first-order recombination mechanisms dominate, the photobleach signal
increases linearly with pump fluence (/7). At high pump fluence, many-body recombination
mechanisms like Auger recombination and exciton-exciton annihilation become major decay

pathways and the photobleach signal deviates from linearity with the pump fluence (72).
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Figure 3-12. Pump fluence dependence of integrated excitonic bleach peak intensity (at a probe
delay of 1 ps) for the (a) A-exciton, (b) B-exciton, and (c) C-exciton. The black arrow highlights
the pump fluence of 75 pJ/cm? that was chosen for all in situ TA data.

To determine the range of pump fluences over which the induced change in the TA signal
scales linearly, we integrated the area under each exciton photobleach under different pump
fluence conditions. Figure 3-12 shows that the integrated photobleach signal of all excitons is
linear below 118 uJ cm™ thus, all potential-dependent transient absorption experiments were
carried out at 75 puJ cm, within the regime of linear pump fluence dependence. The TA bleach
intensities are non-linear with pump fluences when the pump fluence exceeds 100 uJ/cm?, in
agreement with literature (/3). We also note that the data point at 20 pJ/cm? is at the detection
limit for our system, so we do not include it in the linear-dependence evaluation. The probe fluence
was set to the lowest fluence with a reasonable signal-to-noise response on our detector (115 pJ
cm?).

Ex-situ control measurements of ML-MoS>

The transient absorption of monolayer MoS2 on bare ITO was measured as a function of

time delay from -0.2 picoseconds (ps) to 200 ps to determine exciton energies and decay constants

in the absence of electrolyte and applied potential.
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Figure 3-13. Control measurement of wavelength-resolved transient absorption signal of
monolayer MoS; on ITO at various time delays.

Figure 3-13 shows three negative AA peaks which correspond to photobleaching (PB) of
the A, B, and C excitons based on the steady-state absorption shown in Figure 3-2b. These PB
peaks are consistent with previous transient absorption experiments on monolayer MoS» (11, 14,

15).
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Figure 3-14. Control measurement of transient absorption signal of a bare ITO electrode in 1M
Nal under 3.1 eV pump illumination.

Figure 3-14 shows the transient absorption signal taken of a blank photoelectrochemical
cell (i.e. all components of the cell minus the ML-MoS; sample). No transient absorption signal
from the bare ITO or electrolyte was measured.

In-operando TA measurements of ML-MoS>

We used in-operando TA spectroscopy on ML-MoS; photoelectrochemical cells to collect
TA spectra as a function of both time delay (to observe exciton dynamics) and as a function of
applied voltage (to compare dynamics under a range of charge extraction conditions). The TA
spectra as a function of applied potential is shown in Figure 3-15. The spectra shown were all

collected at a time delay of 1 ps.
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Figure 3-15. Potential-dependent TA spectra at t=1 ps.

3.8 TA Temporal Decay Analysis

Analysis of the transient absorption data for the publication “Hot Carrier Extraction from
2D Semiconductor Photoelectrodes” is provided here. A more detailed analysis of the A-exciton
peak, its spectral fitting, and its decay analysis are given in Chapter 5.

Following literature (//, 16), the A-exciton and B-exciton bleach intensity versus time data

were fit using a tri-exponential function convoluted with a rising exponential of the form

AA(At) = Ay + (i A;(A) - exp (— ;)) . (A4 —exp (— T_t4)> Eq.3-3

The fast, medium, and slow components of the triexponential decay have been assigned to defect
and carrier-carrier scattering, carrier-phonon scattering, and electron-hole recombination

processes (4). The rising exponential function captures the exciton formation process.
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The C-exciton TA data could be fit with a biexponential function convoluted with the

instrument response function of the TA spectrometer:

: A; (D) 1 o? t—o?
AA(A,t) = Ay + ;T - exp <<_T_l) <t —2—T1>) . (1 —erf (\/Earl))' Eq.3—4

The fast and slow components of the C-exciton decay dynamics have been assigned to

carrier-phonon scattering and intervalley relaxation processes. For all fits, a static offset (Ao) is
used in the functional form to capture long-lived signal that extends beyond the temporal window
of our experiment, in agreement with literature (/7). Additional fitting methods for this data are

described in Chapter 5. Fit constants for the A-, B-, and C-excitons are given in Table 1.

Table 1. Fitting parameters for exciton decay curves. Extracted time constants from A-, B-, and
C-exciton temporal decay fits.

Potential (V

vs. Ag/Agl) 0.0 0.1 0.2 0.3 0.4 0.5

Exciton

A-exciton T (ps) 0.31+0.05 0.24+0.01 0.31+0.004 0.22+0.03 0.18+0.009 0.21 £ 0.004

T, (ps) 35+1 3.7+0.1 11+£0.07 44+2 10£0.7 9.5+0.7
T (ps) 22+2 45+38 130 +30 82+10 260 + 150 220 £ 40
T4 (ps) 1.1+0.3 0.82+02 0.49+0.04 0.64+0.06 036+0.02 0.54=0.05

B-exciton t1 (ps) 0.24+0.04 035+0.02 030+£0.03 0.22+0.02 0.20+0.002 0.23+0.01

72 (ps) 40=+1 7.2+£0.02 8.1+2 9.6+2 9.0+1 6.5+1

13 (ps) 6116 65+24 45+4 70 £27 250+ 170 67+8
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4 (ps) 17402  1.5+02  047+0.1 0.37+0.05 0.44+0.002 0.66+ 0.005

C-exciton t1 (ps) 13+£5 17+2 21+2 167 20+4 21+£5

2 (ps) 82+40 150430 150420  120+20 380+110 150 +40

3.9 Development Of Pump-Selective Transient Absorption for Heterogeneous 2D-Electrode
Photocurrent Mechanism Studies

Modified spectrometer design

In the TA experiments discussed in Chapters 4 and 5, the pump energy used to excite all
TMD samples was 3.1 eV (395 nm). However, photocurrent measurements presented earlier in
this chapter and in Chapter 4 show that monolayer MoS: exhibits different quantum efficiencies
when excited with different wavelengths of light. To determine the mechanism of charge
extraction when exciting resonant to the A-exciton versus exciting resonant to the C-exciton, we
have modified the spectrometer with the goal of having a tunable pump wavelength to do pump-

selective measurements.

45



—ZL Polarizer

BBO
() I N
Delay Stage
Sprout Laser Lee Laser
l II Chopper
4 < M) 500 Hz

Ti:Sapp Regen Amplifier . -
Oscillator == 2.5 mJ, 1 kHz, —) Spectiometer X

790 nm 50 fs _D | %

Translational
stage

Band-
pass %
filter

S

Figure 3-16. Schematic of the new transient absorption spectrometer layout.

The altered spectrometer layout includes three significant alterations shown in Figure 3-
16. The first is the frequency-doubling of the fundamental 790 nm beam. This will be done by
sending the full power of the beam collimated through a large area BBO (Eskma Optics) to achieve
a moderate fluence. The 395 nm doubled light is then split into pump and probe lines with a half-
waveplate and thin-film polarizer. The second alteration is the generation of white light on both
the pump and probe lines. White light is still generated on the probe line for broadband probing.
On the pump line, a white light pump is generated for the purpose of selecting out specific pump
wavelengths using narrowband (10 nm bandwidth) bandpass filters (Andover Corporation). The
filter allows for pump-selective measurements (as shown in Figure 3-17) on the ML-MoS:

photoelectrochemical cell devices as well as other samples.
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Figure 3-17. Demonstration of pump-wavelength selectivity. A 430 nm bandpass filter in the pump
line selects out a narrow range of wavelengths centered at 430 nm (black spectrum). This pump
will excite resonant to the C-exciton in ML-MoS; (shown in the OD spectrum plotted in blue).

The third alteration made to the spectrometer is the medium used for white light generation.
In our previous experiments, we used a quartz cuvette filled with ultrapure water for white light
generation. It has been shown that solid media typically produces more stable white light output
than fluids (/8), consistent with instability of our white light generated in water. We then searched
for an alternative solid material that could produce white light ranging from 400-700 nm.
White light generation and stability testing

Efforts to generate broadband white light continuum that is stable and efficient down to
400 nm is a longstanding challenge in the field of ultrafast spectroscopy (79, 20). Recently, LiSAF
was found to be an efficient nonlinear material for white light generation down to UV wavelengths
(21). We tested the stability of this material with our 800 nm, 1 kHz laser system to determine the
bandwidth of white light generation and stability on the order of both shot-to-shot and on the order

of experiment length.
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Figure 3-18. Comparison of white light generated by LiSAF (black), water (blue), and YAG (red)
on our spectrometer.

The comparison of white light generated by LiSAF on our spectrometer to the other media
we have used for white light generation (water and YAG) is shown in Figure 3-18. We found that
Smm-thick LiSAF (Optogama) does generate bluer (400 — 450 nm) light than both water and YAG.
We then tested the stability of the generated LiSAF spectrum to quantify signal-to-noise and

experimental viability, as TA data collection typically occurs over multiple hours on our system.
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Figure 3-19. Left. The spectrum of white light generated in LiSAF at multiple durations of
operation. Right. The percent fluctuation across the LiSAF spectrum for 15,000 consecutive shots.
Inset: the intensity of a single pixel on the detector tracked over 15,000 shots.

We observed that the spectrum of the LiSAF output changed over time, as evidenced in
Figure 3-19. The spectrum remained stable over the first couple of minutes but increased in
fluctuations over longer timescales of 10 minutes to an hour. We observed that the white light
would grow more intense and more unstable after multiple minutes of operation, as shown in
Figure 3-20 left. Reducing the beam power into the LiSAF appeared to return stability temporarily.
Additionally, we found that the fluctuations of the spectrum are wavelength-dependent, meaning
that different wavelengths fluctuated in different amounts, as shown in the right panel of Figure 3-
20. The next step of this project is to pump LiSAF with the frequency-doubled 400 nm light instead
of 790 nm light, as it has been reported that LiSAF produces a more stable supercontinuum output
with 400 nm pumping (2/)
In-operando imaging of heterogeneous samples

Our previous experiments used costly large-area CVD-grown 2D TMDs (22). A popular

lower-cost method to make 2D TMDs is to exfoliate them from bulk samples, or to wet-transfer
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them from MOCVD films. However, exfoliation and transfer methods typically produce spatially
heterogeneous samples that can have folds, tears, and holes. To be able to perform future
measurements of these samples with our TA spectrometer, we must precisely image the pump and
probe sample areas to determine if we are on monolayer area, multilayer area, folded area, or any
other morphological area of interest. We therefore designed an in-operando imaging technique for

the TA spectrometer. The technique images the sample and pump-probe overlap, as shown in

Figure 3-20.
g CMOS 20018
camera ;
Bi-convex
lens

multilayer folds

><)<)<)<; Sample

h QJVWV\ Light Source

Parabolic mirror

Figure 3-20. a) The imaging setup on the spectrometer. b) A microscope image of a transferred
ML-MoS; sample grown by MOCVD. ¢) An image of the transferred ML-MoS> sample taken on
the TA spectrometer imaging setup. An image of the pump beam at the sample was taken and
overlaid in blue. The pump beam is on the substrate (ITO) for this image.
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The imaging technique requires only a light source, a bi-convex lens with 50 mm focal
length (Thorlabs), and a CMOS 1280 x 1024 pixel camera (Mightex Systems), assembled as shown
in Figure 3-20a. The image technique produces images at 1x magnification and allows for precise
alignment of the pump and probe beam onto the sample. As shown in Figure 3-20c, the multilayer
folds of the transferred sample can be seen as darker than the monolayer areas. With this technique,
transient absorption measurements can be taken at specific morphological areas to determine layer-

thickness dependence and edge-vs-interior dependence of exciton dynamics.
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Chapter 4 : HOT CARRIER EXTRACTION FROM 2D SEMICONDUCTOR
PHOTOELECTRODES
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4.1 Synopsis
Hot carrier-based energy conversion systems could double the efficiency of conventional solar
energy technology or drive photochemical reactions that would not be possible using fully
thermalized, “cool” carriers, but current strategies require expensive multi-junction architectures.
Using an unprecedented combination of photoelectrochemical and in situ transient absorption
spectroscopy measurements, we demonstrate ultrafast (<50 fs) hot exciton and free carrier
extraction under applied bias in a proof-of-concept photoelectrochemical solar cell made from
earth-abundant and potentially inexpensive monolayer (ML) MoS,. Our approach facilitates
ultrathin 7 A charge transport distances over 1 cm? areas by intimately coupling ML-MoS; to an
electron-selective solid contact and a hole-selective electrolyte contact. Our theoretical

investigations of the spatial distribution of exciton states suggest greater electronic coupling
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between hot exciton states located on peripheral S atoms and neighboring contacts likely facilitates
ultrafast charge transfer. Our work delineates future 2D semiconductor design strategies for
practical implementation in ultrathin photovoltaic and solar fuels applications.

4.2 Introduction

All semiconductors absorb photon energies greater than their bandgap, temporarily
creating hot carriers with excess energy. In a conventional solar cell material like Si, 40% of the
absorbed solar energy is lost as heat because hot carriers rapidly cool in <100 fs (1). This ultrafast
hot-carrier cooling process prevents current solar cell technology from reaching theoretical
efficiency limits (2).

A longstanding challenge in the field is to develop materials and selective charge-
extraction contacts that efficiently collect hot carriers before they cool (3). The first experimental
demonstration of hot-carrier extraction involved the transfer of photogenerated hot carriers from a
bulk InP crystal to p-nitrobenzonitrile molecules in an electrochemical cell (4). Unfortunately, a
significant fraction of hot-electrons thermalized in the InP bulk. Recent efforts in solid-state
photovoltaics have focused on enhancing hot carrier populations in the semiconductor absorber
and using charge energy-selective contacts to preferentially extract hot electron and hole
populations (e.g., Ino.78Gao.22As0.81Po.19 quantum well surrounded by thick IngsGao2As 0.435P0.565
barriers contacted by n- and p-doped InP contact layers (5)). Unfortunately, such multi-layer
structures require expensive materials and growth methods, especially for the critical charge-
selective contacts.

Nanostructured materials possess unique photophysical and structural properties that could
make hot-carrier-based energy conversion systems both efficient and inexpensive, but this remains

a formidable challenge (6). For example, while hot carrier extraction in graphene optoelectronics
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is possible (7), graphene-based photovoltaics exhibit low quantum efficiency and small
photovoltages (8, 9). Plasmonic metal nanostructure solar energy conversion systems suffer from
low power conversion efficiency due to fast hot carrier cooling (10). While hot carrier extraction
at model interfaces made of solution-processed organic—inorganic lead halide perovskite (11) and
lead chalcogenide nanocrystals (12) has been demonstrated, electrical measurements of hot-carrier
effects in a working solar energy conversion system are scant. Indeed, recent ultrafast X-ray
measurements of lead halide perovskites highlight the need for concurrent electrical measurements
because interpretation and quantification of hot electron and hole temperatures can be difficult
using optical measurements alone (13).

In this work, we investigate the intriguing possibility of using inexpensive, earth-abundant,
and potentially scalable (14) transition metal dichalcogenides (TMDs) such as monolayer (ML)
MoS; for hot carrier extraction using a proof-of-concept photoelectrochemical solar cell. The bulk
MoS:|I',I5°|Pt photoelectrochemical cell is a stable >14%-efficient solar cell (15) that is limited by
a small 0.6 V photovoltage, which hot carrier collection could potentially circumvent. ML TMDs
are exciting absorber materials because high energy photons generate hot excitons that are 0.98
eV above the optical band gap, often called C-excitons, with >100 ps lifetimes (16). These long
and tunable (17) lifetimes exceed ultrafast photocurrent response in optoelectronic devices (18),
which suggests hot carriers could be contributing to current in the device. Optical signatures of hot
carrier transfer from MoS; to graphene (16) and gold (19) also suggest hot carrier transfer could
outpace cooling, but electrical signatures of hot carrier transfer have remained elusive. Electrical
measurements of solid-state ML TMD devices typically require edge-on contacts for charge
extraction, meaning charge carriers travel micron-long distances to the charge-collecting

interfaces. The long transport distances promote cooling and recombination, which likely explains
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why hot carrier-induced currents have not been reported in any 2D TMD-based solar energy
conversion device. The advantage of employing TMD absorbers in a photoelectrochemical cell is
that photogenerated charge carriers need only travel across three atoms (0.7 nm) to reach the
electron-selective indium tin oxide (ITO) substrate and hole-collecting redox electrolyte (Fig. 1a).
The long lifetime of C-excitons combined with short charge-transfer distances and intimate charge
carrier-selective contacts thus raises the exciting possibility of extracting hot carriers in the model
ML-MoS,|I',I57|Pt solar cell.

Using an unprecedented combination of photoelectrochemical and in situ time-resolved
spectroscopic techniques, here we show hot carrier extraction outcompetes exciton formation and
relaxation in a working photoelectrochemical cell. We demonstrate that hot carriers can be
extracted to generate photocurrent before cooling to the band-edge and develop a picture of the
photocurrent generation mechanism in ML-MoS» photoelectrodes.

4.3 Results and Discussion
Optical and Photoelectrochemical Characterization of the ML-MoS> photoelectrode.

Here we test our hypothesis that one should be able to preferentially extract hot carriers
from the C-exciton manifold in ML-MoS> using the electron- and hole-selective contacts in a
photoelectrochemical cell because the three atom-thick transport distance minimizes the electron
and hole transport times relative to the cooling times. Photoluminescence and Raman spectroscopy
confirmed the chemical vapor deposition (CVD) growth method produced ML-MoS: (see Chapter
3). To probe the hot-carrier generation, recombination, and extraction processes, we constructed a
transparent photoelectrochemical cell that enables in situ ultrafast spectroscopy measurements to
measure relative exciton populations after photo-excitation (Fig. 4-1a). The ML-MoS»-coated ITO

electrode serves as the working electrode in a three-electrode microfluidic electrochemical cell
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containing 1 M Nal electrolyte. Fig. 4-1a schematically shows that under illumination and applied
positive potentials, photogenerated holes move to the
semiconductor/liquid interface and oxidize I" to I» while photogenerated electrons transfer to the

ITO substrate, generating net anodic current flow through the cell.
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Figure 4-1. Optoelectronic properties of the monolayer MoS» photoelectrochemical cell. (a)
Cartoon illustration of the three-electrode photoelectrochemical cell. The solid blue and rainbow
arrows indicate pump and probe pulses for TA measurements. Pt counter and Ag/Agl reference
electrodes are omitted for clarity. (b) Absorbance spectra in 0.025 V increments from 0.0 V to 0.55
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V. (c) EQE spectra versus applied potential from 0.35 V to 0.55 V. EQE(4)=qi/lo(4), where q is
the electronic charge (in units of C), i is the photocurrent (in units of A), and Io is the
monochromatic light power (in units of s!). (d) Monochromatic i-E measurements for resonant
A-, B-, and C-exciton excitation (i.e., 650 nm, 605 nm, and 405 nm, respectively).

To assess which excitonic transitions contribute to current flow in the ML-MoS:
photoelectrode, we simultaneously measured optical absorbance and photocurrent signals under
working photoelectrochemical conditions. Fig. 4-1b shows absorbance spectra of ML-MoS: as a
function of the applied potential, referenced to the Ag/Agl electrode. All spectra feature three
peaks corresponding to the band-edge A (1.99 eV) and B (2.01 eV) excitons, and the higher energy
C-exciton (2.98 eV). The A and B-exciton peak intensities increase and blue shift with increasing
positive potential, in agreement with literature, while the high energy C-exciton increases slightly
with positive bias and does not shift with potential. The origin of this potential-dependent
absorption behavior can be explained as follows. Two distinct optical transitions contribute to the
absorption feature in the A-exciton region. The neutral A-exciton absorbance dominates at positive
potentials. At more negative potentials, the negatively charged trion absorbs strongly, resulting in
a shoulder feature at 670 nm. The A-exciton absorption feature increases in intensity and narrows
in width as the potential moves from negative to positive values because oscillator strength
transfers from the trion to the neutral exciton (20). The shifting and intensity change of the A-
exciton is discussed in more detail in Chapter 5. The observed potential-dependent absorbance
changes (Fig. 4-1b) have important consequences for interpreting the relative populations of
excitons gleaned from ultrafast TA measurements, as will be discussed below.

Photocurrent measurements performed concurrently with the absorbance measurements
revealed at which potentials the different excitons dissociate and contribute to current flow in the
cell. Figure 1¢ shows potential dependent external quantum efficiency (EQE) spectra, where EQE

= i/qlo and i is the photocurrent, g is the elementary charge, and /o is the light power. At positive
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bias (e.g., £> 0.5 V), the EQE spectrum mimics the absorbance spectrum (solid purple line in Fig.
4-1c¢), indicating the applied potential generates a sufficiently strong interfacial electric field to
effectively dissociate all three excitonic species. Close examination of the potential-dependent
spectra reveals subtle differences between the photocurrent onset potential (Eon) for the A, B, and
C-excitons that are further distinguished in monochromatic current-voltage curve measurements
(Fig. 4-1d). Interestingly, photocurrent generation onsets first (i.e., less positive potentials) for the
C-exciton and the slope of the C-exciton current-voltage curve is significantly steeper than that of
the A/B-excitons. The photovoltage, defined as Eon - E°(I,I2), where E°(I",I2) is the formal
potential of the iodide/iodine couple (0.63 V vs Ag/Agl), is largest for C-exciton illumination. The
lower Eon value means that, under conditions of equivalent interfacial electric field strength, photo-
excited C-excitons require less driving force to dissociate and contribute to current flow in the cell
compared to the lower energy A/B-excitons (23). Since we did not observe photocurrent upon
directly exciting the A/B-excitons at the same applied potential as that of the C-exciton
(specifically £ =0.35 V in Fig. 4-1d), our monochromatic current-voltage data strongly suggests
that C-excitons are extracted before they cool to the band edge and form low energy A/B-excitons.
Nature of excitonic states and their implication for charge transfer

Why is C-exciton extraction more efficient than low energy A/B-exciton extraction in a
ML-MoS; photoelectrode? To shed light on this critical question, we turned to a theoretical
treatment of the spatial distribution of the A/B- versus C-excitons in ML-MoS,. The goal of this
theoretical investigation is to qualitatively compare the magnitude of electronic coupling between

the different exciton states in the charge donor (MoS;) and the electron/hole acceptors (ITO
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substrate/iodide anions), which ultimately allows us to rationalize why charge transfer from the C-
exciton is more efficient than A/B-excitons.

We first analyzed the excitonic wavefunctions obtained by solving the Bethe-Salpeter
equation (BSE) for unsupported ML-MoS> in vacuum (see Methods). This approach accounts for
excitonic effects by explicitly treating electron-hole correlation. Figure 4-2-center shows the
resulting eigen spectrum of pristine ML-MoS», where the bound eigenstates arising from a BSE
calculation are linear combinations of independent-particle states at different points in quasi-
momentum (k-) space. The purple lines are the lowest energy excitonic states around the K point.
The lowest energy transition is the A-exciton (EZ,) and optical bandgap of MoS, while the higher
energy states are the A-exciton ‘hydrogenic series, consistent with literature (24, 25). The green

lines represent the levels in the band nesting region between K and I', where the lowest energy
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transition is the C-exciton E&,. The B-exciton states do not appear in Fig. 2-center because our

calculations do not include spin-orbit coupling effects.
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Figure 4-2. Center: Eigen spectrum of unsupported ML-MoS; in vacuum calculated from BSE.
The purple and green lines represent the A-exciton “hydrogenic series’ around the K point and the
C-exciton states in the band nesting region between K and I, respectively. The transparency of
each energy level is set to the oscillator strength of the transition, normalized by the A-1s transition
(labeled Ecx™), which is the strongest. EeC is the energy of the first C-exciton state. The dotted
blue line represents the fundamental electronic band gap at 2.9 eV, which is at the K point. C-
excitons and free-carriers at this energy (co)exist in different regions of k-space. Top: The hole-
averaged isosurface plots for the electron density in the aforementioned A-exciton (below, purple
box) and C-exciton (above, green box) states. Right: The absorption spectra as calculated for the
BSE states pictured (orange) and the underlying single particle states (blue). The energy difference
between peaks represents the A- and C-exciton binding energies (Ef and Ef).
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We now consider the comparative ease of extracting electrons from the photo-excited C-
exciton in contrast to A/B-excitons from a classic Marcus-type charge transfer (26, 27) pathway
comparing the relative magnitude of the electronic coupling associated with electron (hole)
transfer from the C- vs A/B-excitons in MoS; to ITO (iodide). Marcus-type arguments have been
previously employed to analyze charge transfer characteristics between TMDs and quantum dots
or molecular species (28). When the rate of electron (hole) transfer to the ITO substrate (iodide) is
in the small electronic coupling regime, then the rate of charge transfer is proportional to |V]?, the
absolute value of the electronic coupling that connects the donor and acceptor states. The A- and
C-excitons, formed from states in different regions of the band structure, have different spatial
distributions within the MoS, layer. Figure 4-2-top illustrates that A-excitons are localized on
interior Mo atoms whereas C-excitons have significant electron density on the peripheral S atoms,
consistent with the atomic orbital composition of these k-space regions in previous DFT
calculations (29-31). Since V decays exponentially with the distance between the donor and
acceptor, one would expect that the C-excitons’ closer approach to the ITO/aqueous interfaces
results in a faster charge transfer rate. To make this a quantitative Marcus-type analysis, one would
additionally require the construction of charge localized states, the calculation of their energies
and couplings, the calculation of exciton/charge phonon coupling, and its modulation by the
disorder of the solution. Methods for these calculations are still under development (32-36).
Nevertheless, our results and calculations provide unique insight into the origin of distinct
photocurrent efficiencies for the A/B- and C-excitons in a ML-MoS» photoelectrode. Furthermore,

since the hole density of the C-exciton is localized on the interior Mo atoms and less electronically
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coupled to the iodide acceptors, one might hypothesize that the redox mechanism is a sequential
one of electron transfer to ITO preceding hole transfer to the iodide acceptor in solution.

We now turn to ultrafast optical measurements to probe the mechanism of photocurrent

generation in greater detail.
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Figure 4-3. Transient absorption of monolayer MoS: photoelectrochemical cell. (a) Potential-
dependent TA spectra at T = 1 ps. (b) Temporal trace of the A-exciton (purple) and C-exciton
(green) bleach intensity for 0.0 V (filled circles) and 0.5 V (filled diamonds). Solid and dashed
lines are fits to Eq. 3-3 and 3-4 in Chapter 3. The —AA values were determined using a Gaussian
peak fitting procedure to obtain the maximum bleach signal regardless of peak shifts induced by
unavoidable BGR effects. (c-d) Steady-state absorbance (squares) and TA bleach intensity at T =
1 ps (circles) for the (c) A- and (d) C-excitons.

Exciton Population Dynamics via Ultrafast Transient Absorption Spectroscopy
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We leveraged ultrafast pump-probe transient absorption (TA) spectroscopy to assess the
feasibility and elucidate the mechanism of hot carrier extraction in ML-MoS» photoelectrodes. In
situ TA spectroscopy allowed us to measure relative changes in exciton populations under working
photoelectrochemical conditions. In this experiment, we employ a <50 fs, 3.1 eV pump pulse
corresponding to the high energy side of the C-exciton to generate a distribution of excited states,
including hot free carriers in continuum states of ML-MoS,. Experiments were performed with a
pump fluence of 75 uJ/cm?, where the exciton bleach intensities are linear with pump fluence (see
Chapter 3), in agreement with literature (16). A white light continuum probe pulse spanning 3.1
eV - 1.65 eV was used to measure the absorbance changes of the sample as a function of pump-
probe delay time (1) (see Chapter 3). A potential-dependent anodic current flows through the cell
upon photoexcitation of the sample with the pump pulse (Chapter 3), further confirming that the
TA experiment reports on exciton populations under working photoelectrochemical conditions.
Figure 4-3a shows TA spectra at T =1 ps as a function of applied potential. The T =1 ps condition
yields spectra whose excitonic features are not dominated by the influence of hot electrons or free
carriers and, therefore, this delay time provides a clear picture of the relative changes in exciton
population versus applied potential (37). The TA signal is given by 4A(7) = Apump(T) —
Aunpumped » Where Apump () and Aynpumpea tepresent the absorbance values of the pumped and

unpumped samples, respectively. Figure 4-3a shows bleach features (negative AA(t)) at the
exciton peak energies due to exciton formation. The fact that we observe bleach signals from all
exciton states indicates that free electrons and holes in unbound states relax into A, B, and C-
exciton populations, in agreement with literature (38). However, C-excitons do not decay into A/B-

exciton states, as will be discussed in further detail below. Unlike bulk semiconductors, Aynpumped
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(the steady state absorbance) changes significantly with applied potential (Fig. 4-1b) for ML-MoS»
and must be considered when interpreting relative exciton populations from in situ TA data.
Before discussing changes in the relative exciton populations, we first examine the exciton
formation and depletion processes in the ML-MoS; photoelectrode. Figure 4-3b shows A and C-
exciton TA decay dynamics at 0.5 V and 0.0 V, corresponding to conditions of significant anodic
photocurrent and no photocurrent, respectively. The B-exciton behavior closely follows that of the
A-exciton (see Chapter 3) and is omitted from Fig. 4-3b for visual clarity. The temporal behavior
of the C-exciton and the band edge A/B-excitons display three key differences (see Fig. 4-3b).
First, the C-exciton bleach intensity reaches a maximum value almost instantaneously (i.e., T =0
ps), indicating C-excitons form on a faster timescale than our instrument response (<50 fs), which
aligns with previous work (38) and is expected since the pump pulse is tuned to the high energy
side of the C-exciton spectrum. The C-exciton bleach signal increases at —400 fs because in our
transient absorption experiments, the pump pulse and probe pulse overlap at the sample to produce
the third order signal. The instrument response function of this pump-probe overlap is
approximately 100 fs full-width-half-maximum (see Chapter 3). The pump energy is also nearly
resonant with the C-exciton, which is why the early rise time occurs for the C-excitons and not the
A-excitons. The A-exciton bleach reaches a maximum value at longer times (7 = 200 fs). During
this time, we observe no decay of the C-exciton bleach, indicating that C-excitons do not cool to
A-excitons on the 200 fs timescale; if C-excitons decayed to A-excitons over this timescale, we
would expect to observe a fast C-exciton decay component commensurate with the A-exciton rise
time, but no such decay is observed. We observed that the A/B-exciton bleach signals decay slower
under conditions of charge extraction (Chapter 3), suggesting that photo-excited C-excitons do not

cool to form band edge A/B-excitons that then dissociate and inject into the ITO electrode. Instead,
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after C-exciton formation, the fast component for C-exciton decay occurs within the first tens of
picoseconds, consistent with intervalley relaxation mechanisms (16, 17). Third, the C-exciton
bleach magnitude at T = 0 ps is greater (i.e., more negative) at 0.0 V than +0.5 V, but the opposite
trend occurs for the A-exciton. This third observation is critical for interpreting how the exciton
populations change as a function of applied potential and will be discussed below.

We now exploit steady-state absorbance and ultrafast TA measurements to disentangle the

relative exciton population changes. Recalling the TA signal, 44(7) = Apump(T) — Aunpumped >
and recognizing that steady-state absorbance measurements represent Aynpumped, W€ extract
relative changes in the exciton populations from Apympeq, Where a larger magnitude indicates

more exciton population. Figure 3c-d compares steady-state absorbance and TA bleach intensities
of the A- and C-excitons as a function of applied potential. For the A-exciton (Fig. 4-3c), the TA
and steady-state data closely follow one another, suggesting that the increase in 4A(t) can be

attributed to Aynpumpea instead of Apymped - In contrast to the A-exciton, Ayppumpea for the C-

exciton slightly increases with positive bias (Fig. 4-1b), but AA(7) significantly decreases for the
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C-exciton (Fig. 4-3d), suggesting that fewer C-excitons contribute to the TA signal under these

conditions.

Figure 4-4. Scheme of hot carrier extraction process in the ML-MoS: photoelectrochemical cell.

Two scenarios could explain why C-excitons contribute less to the TA signal with positive
bias. First, bound C-excitons may dissociate, producing photocurrent in the external circuit via the
Marcus-type scheme introduced above. This scenario requires that photocurrent generation occurs
faster than TA signal generation. The second possibility is that a portion of the hot, free electrons
(charge carriers that have not cooled to the band edge A/B-exciton states) created by the pump
pulse in the continuum levels of the conduction band do not cool to form C-excitons. Instead, the
hot electrons inject directly into the ITO electrode before C-exciton formation and generate
photocurrent. Figure 4-4 schematically shows the hot carrier process in the ML-MoS:
photoelectrochemical cell. Exciting ML-MoS; with 3.1 eV light generates hot free carriers in

continuum states. This photon energy also generates C-excitons. Under 0.00 V bias, photo-excited
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free carriers cool to A/B/C-excitons. No carrier extraction occurs. Under 0.35 V bias, ultrafast
carrier extraction occurs from only the high-energy free carriers/C-exciton populations. Under 0.50
V bias, ultrafast extraction from the high-energy free carriers/C-exciton population occurs in
addition to some extraction from the band-edge A/B-exciton states, likely at longer times. On the
ultrafast timescales of our transient absorption experiments, we observe extraction of free carriers
before C-exciton formation occurs and C-excitons do not cool to the band-edge states. These are
hot carrier extraction processes because the free carriers/C-excitons transfer to the ITO substrate
before they cool to the band-edge. This mechanism of hot electron injection offers exciting
opportunities to achieve solar energy conversion efficiencies beyond the detailed balance limit.
Theoretically, the latter mechanism of hot electron injection into the ITO is compatible
with a scenario where bound C-excitons and continuum unbound carriers interconvert through
isoenergetic scattering processes. Our calculations indicate that the binding energy of C-excitons
is on the order of that of the A-exciton, making them degenerate with unbound continuum states
elsewhere in the Brillouin zone, an observation consistent with previous calculations (40, 41).
Since these bound and unbound species are degenerate, one may imagine highly efficient intra-
and inter-band scattering, known to occur on timescales of tens to hundreds of femtoseconds (42),
that would establish a dynamic equilibrium between C-excitons and free carriers. These unbound
species could then be extracted as hot carriers by a moderate applied field or subsequently relax to
the band-edge, where they would only contribute to the current at sufficiently high applied fields.
In contrast, A-excitons (and their hydrogenic series) are necessarily mid-gap, and so cannot be
degenerate with unbound carriers. This means that to extract an electron or hole from these species,

one will always incur the additional cost of overcoming their binding energy, presumably
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explaining the additional driving force (more positive potential) required for A/B-exciton
photocurrent generation in Fig. 4-1d-inset.

While our theoretical treatment is presently useful in delineating the possibilities of how
hot carrier extraction can occur in ML-MoS», we emphasize that these calculations are only valid
for unsupported MoS» in vacuum. Indeed, it is challenging to treat the full system accurately within
the BSE, since one must include the role of the ITO substrate and electrolyte screening, the finite
carrier population (as a function of potential), phonon coupling, and excitonic band-dispersion (in
the nesting region in particular) into an already costly computation. The aforementioned factors
are in fact major areas of current research (20, 45, 46) and the results presented in this paper
strongly motivate their continued study. Beyond the fundamental challenge of an affordable,
unified electronic structure of this material, a full theoretical treatment will need to address the
statistical, electrochemical aspects of the device, meaning this is only the first step in the
construction of a predictive multiscale model of photoelectrochemical activity in ultrathin TMDs.
4.4 Conclusions

Steady state and ultrafast spectroelectrochemical experiments support an ultrafast, hot
carrier extraction mechanism in a ML-MoS; photoelectrochemical cell. We employed theoretical
treatments to construct a photophysical model of photocurrent generation and hot carrier
extraction. In our working model, the extraction of hot carriers following high energy photo-
excitation can be accomplished before the formation of excitonic species, leading to the high
photocurrent yields in our proof of concept photoelectrochemical solar cell architecture.
Calculation of excitonic states suggested two possible mechanisms: one arising from a classic
Marcus picture of charge transfer that implies that the delocalized orbital composition for high

energy C-excitons may facilitate efficient and ultrafast carrier extraction within the
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photoelectrochemical cell, and the other invoking a rapid equilibrium between bound C-excitons
and isoenergetic free carriers that can be extracted more easily than their bound counterparts.
Importantly, our experimental results present a grand challenge to existing theory and motivate the
continued improvement of many-body theories in 2D materials and their heterostructures.

The mechanisms we suggest delineate the development of 2D semiconductors for practical
implementation in ultrathin photovoltaic and solar fuels applications. A lightweight ML 2D
semiconductor photovoltaic device can achieve 70 kW/kg of specific power (47). Hot carrier
effects could improve the cell photovoltage if suitable energy-selective contacts could be
interfaced with the 2D semiconductor such that the hot electron and hole populations could be
maintained in the external circuit after the ultrafast charge extraction process (5,48). Our work also
highlights opportunities to develop large-area solid-state systems that intimately couple the
ultrathin semiconductor to energy-selective contacts without short-circuiting the device.
Engineering novel 2D semiconductor/substrate architectures could also maximize light absorption
in these thin semiconductors (49). For photocatalysis and solar fuels research, we envision Janus-
type 2D semiconductor absorbers where a reductive co-catalyst for H» production or CO> reduction
is attached to one layer of S atoms and an oxidative co-catalyst is positioned on the opposing S
layer; the redox potentials of the co-catalysts can be tuned relative to the excited state electron and
hole levels in the 2D semiconductor. There are rich opportunities to study how the energy level
alignment between redox species in the liquid electrolyte and hot electron/hole states of ML-MoS»

affect hot carrier extraction rates and yields.
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Chapter 5 : HIDING IN PLAIN SIGHT - THE PRESENCE OF ROOM-TEMPERATURE
TRIONS IN NONLINEAR OPTICAL EXPERIMENTS OF 2D MATERIALS?

The work presented in this chapter is an invited perspective article publication of the
American Institute of Physics in the Journal of Chemical Physics that will be submitted in May
2024. Authors of the paper are Rachelle Austin, Amber T. Krummel, Justin B. Sambur, and Yusef
R. Farah from the department of Chemistry, Colorado State University, Fort Collins, CO, as well
as Thomas Sayer and Andrés Montoya-Castillo from the Department of Chemistry, University of
Colorado Boulder, Boulder, CO. R.A., Y.R.F., T.S., AM.-C., A.T.K., and J.B.S. designed
research; R.A., Y.R.F., and T.S. performed research; R.A. analyzed data; R.A. and J.B.S. wrote
the paper; and R.A., Y.R.F., T.S., AM.-C., A.T.K.,, and J.B.S. edited the paper.

5.1 Synopsis

Transient absorption (TA) spectroscopy is one of the most popular experimental methods
to measure the excited state lifetimes and charge carrier recombination mechanisms in two
dimensional (2D) semiconductors. This fundamental information is essential for designing and
optimizing the next generation of ultrathin and lightweight 2D semiconductor-based
optoelectronic devices. However, the interpretation of TA spectroscopy data has varied from group
to group. The community lacks a unifying physical explanation for how and why experimental
variables such as incident light intensity, sample-substrate interactions, and/or applied bias affect
TA spectral data. This Perspective article (1) compares the physical chemistry-dominated TA

literature to solid state physics-dominated literature from a historical perspective, (2) reviews

2 This chapter contains work adapted from Sayer, T. Farah, Y. R. Austin, R. Trion formation resolves observed peak
shifts in the optical spectra of transition metal dichalcogenides. Nano Letters, 23 (13) 6035-6041, 2023 & Almaraz,
R. Sayer, T. Toole, J. Austin, R. Farah, Quantifying interfacial energetics of 2D semiconductor electrodes using in
situ spectroelectrochemistry and many-body theory. EES, 16 (10) 4522-4529, 2023.
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multiple physical explanations that the TA community developed to explain spectral features and
experimental trends; (3) provides a unifying explanation for how and why trions contribute to TA
spectra; and (4) quantifies the extent to which different physical interpretations and data analysis
procedures yield different timescales and mechanisms for the same set of experimental results. We
highlight the importance of considering trions in TA measurements and their implications for
advancing our understanding of 2D material properties.
5.2 Introduction

Atomically thin semiconductor transition metal dichalcogenides (2D TMDs) are potentially
transformative materials for lightweight and efficient opto-electronic devices (I, 2). The
fundamental physical processes for any light-driven applications such as photodetectors or
photovoltaics are charge carrier generation, separation, and transport. The charge carrier
generation step involves incident photon absorption by the 2D semiconductor, creating either free
carriers (electrons and holes) or Coulombically bound electron-hole pairs (excitons) depending on
the excitation energy. Excitons can also bind to or interact with an excess electron (or hole) to
create a stable trion due to the enhanced Coulombic interaction in 2D TMDs (3). Accurately
characterizing the exciton and trion lifetimes and factors that shorten or prolong those lifetimes
are critical for optoelectronic device design. In general, the probability of separating and
transporting free carriers, excitons, and/or trions to electrical contacts increases if the species
lifetime increases. Hence, quantifying carrier lifetimes and recombination pathways is extremely
valuable for designing and optimizing 2D optoelectronic devices.

One of the most widely used techniques to characterize exciton dynamics and lifetimes in 2D
materials is transient absorption (TA) spectroscopy. However, the 2D TMD TA literature data

varies vastly from group to group even though the experiments are performed with nominally
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identical materials and similar experimental setups. While there is general agreement on reported
exciton lifetimes (10-100s of ps), different physical explanations and mechanisms have been
proposed to explain how and why TA spectral peaks shift, broaden, and change in intensity. While
there have been numerous ultrafast TA spectroscopy studies and review articles (4—/8) focusing
on exciton formation and decay dynamics in 2D TMDs, we believe the dynamics of many-body
particles, particularly trions, remain largely underappreciated and misunderstood. Researchers
have yet to extensively investigate discrepancies observed between samples and how experimental
conditions influence many-body dynamics. The key point of this Perspective article is that trion
formation contributes to the observed optical spectrum of 2D TMDs and complicates the
interpretation of ultrafast TA spectroscopy data. The magnitude of the trion-induced effects on TA
data depends on both the carrier concentration (1), or doping, of the sample and the carrier
generation rate (i.e., pump fluence) employed in the spectroscopic experiment. In this Perspective,
we aim to provide a unifying physical explanation for TA experiments of 2D semiconductors and
point out how and why TA data varies from experiment to experiment.

This Perspective article begins with a brief overview of the optical properties of 2D
semiconductors. We discuss how TA data is collected and point out how spectral features vary
from group to group. We present a timeline of the seminal papers in the field and discuss the
evolution of TA data analysis and interpretation from 2013 to today. We then provide a new
perspective that bridges the gap between disparate research communities and emphasizes the
significance of trion formation in room temperature TA measurements.

5.3 Optical Properties and TA Spectroscopy Data of 2D TMDs

What spectral features appear in 2D TMD absorbance measurements and how do their
intensity fluctuations and energy shifts teach us about exciton and trion lifetimes? We discuss the

answers to these questions in the context of the most widely studied 2D TMD sample: monolayer
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(ML) MoS,. Note, trion formation is common to all 2D TMDs (/9). Figure 5-1a-b shows a simple
energy level scheme that depicts the electronic transitions responsible for the steady-state
absorbance spectrum of a ML-MoS» sample. Three prominent peaks appear in the absorbance
spectrum. The lower energy peaks at 1.87 eV and 2.11 eV are due to the A and B excitons,
respectively. The high energy C-exciton at 2.98 eV is shown in green shading in Figure 5-a (20).
The C-exciton comprises a broad distribution of states (represented by thick shaded region in
Figure 5-1a) and, therefore, has a much larger absorbance signal than the A and B excitons (21).
The steady state absorbance spectrum can vary from sample to sample. Figure 5-c shows
representative absorbance spectra of three different ML-MoS, samples. The exciton peak heights,
energies, and lineshapes exhibit subtle variations. Why do researchers observe different
absorbance spectra for nominally identically prepared samples? The short answer is the 2D
semiconductor’s electronic properties (i.e., ) matter. Later, we describe the fundamental many-
body physics that connects the sample's electronic properties (i.e., n) to the observed absorbance

peak heights, positions, and widths.
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Figure 5-1. a) Band energy scheme of monolayer MoS: adapted from Austin et al. (22). B) Steady-
state absorbance spectrum of multiple ML-MoS» samples reproduced from literature. Dotted
absorbance spectrum corresponds to image i, dashed absorbance spectrum corresponds to image
i1, and solid absorbance spectrum corresponds to image iii. Inset: 1) image of ML triangle MoS»
reprinted with permission from Aleithan et al (ref (23). Copyright 2016 by the American Physical
Society. ii) Image of liquid-phase exfoliation MoS; flakes reproduced from Morabito et al. (ref
(24)with permission from the Royal Society of Chemistry iii) CVD-grown large area ML-MoS»
from Austin et al (ref 22).
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Before we discuss the complicated nature of 2D TMD TA data, we briefly review how TA
experiments work and define the necessary terminology for researchers who do not work in the
TA community. In a typical TA experiment (Figure 5-2a), a femtosecond pump pulse creates an
excited state population of excitons and/or free carriers in the sample. For ML-MoS,, a pump pulse
whose energy is equal to or greater than the C-exciton energy in Figure 5-1a generates both free
carriers and C-excitons (22). On the other hand, a pump pulse whose energy equals the A and B
transitions in Figure 5-la generates only bound excitons. After a tunable delay time (7), a
broadband probe pulse measures the absorbance of the sample in the excited state. The absorbance
of the sample changes with time as the excited state populations decay between electronic states
and eventually to the electronic ground state. The TA signal is given by AA(T) = Apymyp(T) —
Avunpumped> Where Apymy, (T) and Ayppumpea represent the absorbance values of the pumped and
unpumped samples, respectively. One common feature in TA spectra is a so-called photobleach
signal (Figure 5-2b). A photobleach signal appears in a TA spectrum as a peak with a negative DA
value because a fraction of the electrons in the ground state have been promoted to the excited
state and, therefore, the ground-state absorption in the excited sample is less than that in the non-
excited sample (i.e., Aynpumpea > Apump(T)). A larger photobleach peak signal (i.e., more
negative AA) indicates a larger excited state population remains in the sample. Typically, a plot of
the photobleach signal versus delay time starts at a large negative value and decays to zero as the

excited state population decays back to the ground state.
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Figure 5-2. (a) Cartoon illustration of the pump-probe pulse sequence in a TA measurement. The
pump pulse excites a ML-MoS, sample on a transparent substrate. The pump pulse excites
electrons from the MoS» valence band to the conduction band, generating free electrons and holes.
Those free carriers cool to form excitons. The broadband probe laser pulse is sent through the
sample after a time delay t and the transmitted light intensity is measured by the spectrometer as
a change in the absorbance (AA) versus probe energy (wavelength). (b) Representative TA data
spectra of ML-MoS; at various time delays.

Having described the steady state absorbance spectrum and TA spectroscopy terminology,
we now discuss what TA spectral features appear in ML-MoS» samples and how those spectral
features vary from experiment to experiment. Consider the situation in Figure 5-2b, where a high
energy 3.1 eV pump pulse creates free carriers in the sample. Figure 5-2¢c shows representative TA
spectra at different time points following the pump pulse. A key observation in Figure 5-2c is that
the A-exciton bleach signal exhibits significant peak shifting and broadening as a function of 7.
The peak shift direction and magnitude differs from experiment to experiment for the same
material (11, 14, 25, 26), as shown in Figure 5-3. Figure 5-3a shows TA data of a Si-supported
ML-WS; sample over a range of pump intensities. At low pump fluence, a single sharp peak
appears at about 2.0 eV, which can be assigned to the A-exciton. As pump fluence increases, the
A-exciton broadens and shifts to lower energy (a “red-shift”). A clear shoulder appears at the

highest pump fluences (indicated by black arrow in Figure 5-3a). The shoulder feature is caused
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by trion formation. Figure 5-b shows ultrafast reflectance spectroscopy data of ML-WS» on fused
silica (25). The A-exciton “splits” into two peaks at high pump fluence; the black arrow in Figure
5-3b. This pump fluence-dependent A-exciton shift/broadening effect is not unique to WS»; all 2D
TMDs exhibit this behavior. Figure 5-c-d shows pump-fluence dependent TA and reflectance data
of ML-MoS;. At high pump fluence, a second peak at 1.87 eV appears next to the A-exciton peak
(see black arrow in Figure 5-3c) (/7). In Figure 5-3d, a shoulder feature appears on the low-energy
side of the A-exciton upon exciting a sapphire-supported ML-MoS> sample in a TA
experiment.(26) All the black arrows in Figure 5-3 highlight the same common spectral signature:
the trion. One interesting point about the “hiding place” of the trion in ML-MoS, absorbance
spectra is that the shoulder peak is very close in energy to the exciton peak because the trion and
exciton energy transitions differ by only 30 meV for this particular 2D semiconductor (3, 27). In
summary, the black arrows in Figure 5-3 indicate the trion “hiding in plain sight”, where the subtle
shoulder feature was either not assigned or the entire broad “superpeak” was collectively referred
to as the A-exciton. The next section presents a historical timeline of how the trion spectral feature

was discovered and discussed in two different research communities.
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Figure 5-3. Examples of the trion spectral feature hiding in plain sight (indicated by black arrows).
a) Pump fluence-dependent TA spectroscopy of Si-supported ML-WS, (/4). Adapted with
permission from Sie et at. Copyright 2017 American Chemical Society. b) Reflectance contrast
measurements of ML-WS» on fused silica substrate (25). Adapted with permission from Ruppert
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et al. Copyright 2017 American Chemical Society. ¢) Pump fluence-dependent reflectance contrast
measurements of ML-MoS2 on SiO»/Si substrate (/7). Adapted with permission from Trovatello
et al. d) Comparison of ground state absorbance (black) with excited-state absorbance (red) of
ML-MoS; on sapphire substrate (26). Reprinted with permission from Bera et al. Copyright 2021
by the American Physical Society.

5.4 Historical Timeline of the Hidden Trion
Here we provide our interpretation of how the 2D TMD TA spectroscopy literature evolved

over time and compare that body of literature to the solid-state physics research community. Figure
5-4 shows a historical timeline of selected literature results from two “Camps”. Camp 1 is largely
a physics community performing steady state spectroscopy measurements of 2D semiconductors
under electrical control in field effect transistor (FET) configurations. Camp 2 is largely a physical
chemistry community performing ultrafast laser spectroscopy experiments of 2D semiconductors
on various substrates. We mostly limited the literature references in Figure 5-4 to ML TMDs on
substrates. However, we included selected ultrafast laser spectroscopy results of few layer-thick
TMD dispersions (indicated by red boxes in Figure 5-4) because those papers specifically assign

the trion feature in their spectra.
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Camp 1: Solid-state Device Physics

(Mak et al.)
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Figure 5-4. Historical timeline of selected 2D TMD TA spectroscopy literature alongside solid state physics-

dominated trion literature.
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Camp 1: The solid state device physics literature

In 20