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Abstract

Abstract

In a world struggling to face the disruptive consequences of global warming, developing new energy
conversion and storage solutions is of fundamental importance. This PhD thesis focuses on emerging
heterostructures based on Indium Tin Oxide nanocrystals (ITO NCs) and two-dimensional Transition
Metal Dichalcogenides (2D TMDs) for innovative light-driven optoelectronic nanodevices and energy
storage solutions, combining the harvesting, conversion and storage aspects into a unique hybrid
nanomaterial. Doped Metal Oxide (MO) NCs are attracting growing interest as nano-supercapacitors due
to their ability to store extra charges in their electronic structure with record-high values of capacitance.
Remarkably, these materials can be charged with light (i.e., photodoping), a process at the core of this
project and so far not understood electronically. Here, the fundamental features involved in the charge
accumulation process are investigated and the physics of photodoping explained. Complete control over
energetic band bending and depletion layer engineering is demonstrated, exposing the key role of
electronically depleted layers in core-shell NCs. Light-induced depletion layer modulation and band
bending is the main mechanism responsible for the storage of extra charges in doped MO supercapacitors.
Moreover, multi-electron transfer reversible reactions were observed in photodoped NCs when exposed
to a frequently used electron acceptor. The coupling between ITO NCs and 2D TMDs allowed the
implementation of a novel all-optical localized charge injection scheme for the manipulation of
unperturbed 2D materials. Hybrid 0D-2D heterostructures proved all-solid-state photodoping possible,
with promising charging dynamics and capacitance values. Theoretical modeling tools were developed,
leading to the optimization of the charge storage capacity of 0D NCs. This work is of particular interest
for the fabrication of the next-generation of nanostructured light-driven supercapacitors.
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. Emergent light-driven nanostructures

.1 Introduction

A fast-changing climate is one of the most critical challenges our societies have to face, with enormous
impact all over the globe in terms of human lives, economic damages, political stability, and with
threatening consequences on the safety of ecosystems and the availability of primary resources.>? The
transition towards clean and renewable energy sources is essential to mitigate the worst aspects of global
warming. While the production costs of green energy (for example, with solar cells or wind turbines)
have significantly dropped in the last decade, reaching grid parity in many parts of the planet and
systematically over-performing predictions year after year, there are still many non-trivial challenges on
the way.>® On one side, the electrification of the energy consumption, in sectors ranging from transport
to heating and manufacturing, would significantly increase the electricity needs of nowadays’ Nations
while the perspective of a growing and wealthier population will fuel the demand for electrically powered
devices in the incoming years, with the fundamental requirement of off-grid energy autonomy over
extended periods of time.® On the other side, current technologies are not fully capable of coping with
this growing demand. For the development of innovative and sustainable technologies, the realization of
microdevices with ever-smaller dimensions and the decrease of the cost and power consumption of
electronic components are critical criteria.” Renewable sources intrinsically have an intermittent nature
with significant fluctuations, both daily and seasonal, and they require a separate unit where the harvested
energy is stored, which increases complexity and introduces conversion losses.® 1% Moreover, the state-
of-the-art technologies for electronic devices and electric vehicles rely primarily on lithium-ion batteries,
with strong limitations due to the cycle life, safety hazards, temperature conditions, and they present slow
charge/discharge cycles and low power capacities.!*!2 In this context, it is clear the importance of
developing new energy conversion and storage solutions. Nanostructured supercapacitors have the
potential to change the world of energy storage, accelerating the transition towards renewable sources.
Supercapacitors (SC) present several advantages in terms of power, speed of charging and discharging,
and cycle lives with respect to rechargeable batteries. Furthermore, they can be integrated together with
traditional batteries. SCs are being exploited for the improvement of the grid quality, to overcome power
peaks, and are widely used for low-power electronics, such as smart portable devices and medical

devices, in the automotive and rail industry, for start/stop and energy recovery functions and to
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provide fast charge/discharge energy bursts.*'2 The need for solar cells or batteries as separated
units from the energy converter introduces several disadvantages in terms of size, energy losses,
energy level mismatch, higher materials and maintenance costs, etc. A material system that is
capable of both solar energy conversion and storage represents a unique opportunity for the

integration of both functionalities into a single device.

Within this doctoral thesis, | investigate the potential of a specific materials system to fulfill this
purpose, namely doped metal oxide nanocrystals (MO NCs). Pioneering studies reported values
of areal and volumetric capacitance higher than those of commercially available solutions by using
highly-doped metal oxide nanocrystals as soluble supercapacitors.'* Remarkably, those colloidal doped
MO NCs (such as iron-doped FeO NCs or tin-doped In2O3 NCs) can be charged in a contactless way,
directly converting the light energy into extra photocharges.!**® The main mechanism is the so-called
photodoping process, i.e., the possibility to add quasi-permanently or permanently extra charges into the
electronic structure of metal oxide NCs in a contactless way, by using light beyond the band-gap energy.
Light absorption promotes electrons from the valence band (VB) to the conduction band (CB) and
generates electron-hole pairs inside the nanoparticle. In the presence of a hole-scavenger, the holes are
rapidly quenched at the surface of the semiconductor, leading to the photodoping of the material. Multiple
electrons (up to hundreds of electrons in NCs of 5 nm of radius) can be thus stored inside the nanocrystal,
which behaves as a light-driven supercapacitor.'® Initial works, to which I contributed, demonstrated also
photodoping in all-solid-state architectures, thanks to the coupling between MO NCs and monolayers of
transition metal dichalcogenides (2D TMDs), a class of bidimensional semiconducting materials.!” In the
hybrid, MO NCs act as active elements in which light absorption and carriers separation occur, while the
TMD single layer collects photo-generated carriers and facilitates the charge extraction process. The
heterostructure can be photodoped (photocharged) to extents comparable to electrostatic gating and in a
permanent and contactless way, indicating that the 0D-2D hybrid SC geometry displays promising
volumetric and areal capacitances around F/cm?® and pF/cm?.1"*8 The photodoping process of optimized
indium tin oxide (ITO) NCs, coupled with other nanostructured materials, could allow radical advances
in the development of innovative light-driven, contactless applications. Multifunctional devices and
light-powered energy storage solutions represent a fast-developing field with promising outcomes.®
However, for the proper use of this process for solar energy storage, first, fundamental understanding of
the photophysical mechanisms of photodoping is needed. Recent works have reported the formation of

superficial depletion layers, which have a profound impact on the optoelectronic properties of MO NCs
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and hence on the performance of MO-based devices.?>?? Nonetheless, their role in the photodoping
process has not yet been considered.™ These aspects are investigated in detail in this doctoral work,
unveiling the key importance of depletion layers modulation in the photodoping process of doped MO

NC supercapacitors (Figure 1a).

Most of this doctoral project focused on the development of an innovative nanostructured material to

accumulate, store and release solar energy. The work of these three years of Ph.D. analyzed the
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Figure 1 — Emerging light-driven nanostructures based on doped metal oxide nanocrystals (MO NCs).

a) lllustration of the photodoping process and storage of multiple electrons in a core-shell ITO-1n,03
nanocrystal. The left side of the sphere represents the physical structure of the NC; the right side depicts
a simplified picture of the NC'’s electronic structure. Photons with energy (hw) above the bandgap (Eg)
generate electron-hole pairs in the MO NC. The photogenerated holes are quenched at the surface of the
NC, while the photoelectrons are stored within the NC volume. The tuning of superficial depletion regions
plays a key role in the accumulation of extra charges. This process can be facilitated with suitable hole-
acceptors (panel b) or reversed with electron-acceptors that discharge the photoexcited NCs (panel c).
b) Photocharging of a 0D-2D ITO-MoS; hybrid structure. The photogenerated holes are collected from
the bidimensional material, that positively charges, while the electrons negatively charge the NCs. c)

Transfer of multiple electrons between a photocharged MO NC and electron-acceptor molecules.
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fundamental features and limiting factors involved in the accumulation photodoping process, explaining
the physical mechanism and electronic dynamics at its core.’™>? It allowed the optimization of the 0D
nanocapacitors in terms of optical responses and charge storage capabilities, as well as the tuning of
biplasmonic optical features.?®?* The manipulation of 0D-2D heterostructures via photodoping was
investigated, proving the long-range diffusion of the photoinjected carriers in the 2D layers (Figure
1b).1"1® Moreover, reversible multiple charge transfer reactions were observed and implemented as
quantitative tool to perform electron counting of the stored photocharges (Figure 1c).?> This work
conveyed both theoretical modeling tools and experimental techniques of particular interest for the
fabrication of nanostructured light-driven supercapacitors. Thanks to the progress achieved by our team
we established milestones in the field of photodoping of MO nanocrystals and we are currently working
on the development of the first fully-operating light-driven supercapacitor.

. 2 Thesis outline

The structure of this Ph.D. dissertation is the following.

In Chapter II, the main concepts and materials of interest are introduced. A brief overview of the state
of the art and the photodoping process is provided, as well as the main structural and optoelectronic
properties of metal oxide nanocrystals and 2D transition metal dichalcogenides. Fundamental aspects

such as the optical response of plasmonic NCs and depletion layer formation are discussed.

In Chapter III, the experimental techniques employed for the nanofabrication, the characterization,
and for the dynamical modulation of the nanosystems analyzed are reported. Methods regarding
spectral analysis of optical absorbance and photoluminescence, as well as simulations details, are

described.

The following chapters (IV-VI1) contain experimental results based on the research work conducted

during the three years of Ph.D. (the related scientific publications can be found at page 5).

In Chapter IV, the photodoping process of ITO NCs is discussed. Experimental results on the
photodoping of homogeneous particles and core-shell particles are presented, focusing on the

modulation of their plasmonic response. Biplasmonic features are observed in core-shell NCs.
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Chapter V investigates the electronic structure of MO NCs and the band bending induced by Fermi
level pinning, both in the static case and under dynamic modulation after light excitation. The key
role of depletion layers in photodoped MO NCs is analyzed and a new explanation for the

photodoping process is proposed.

Chapter VI reports multi-charge transfer reactions from photodoped ITO NCs to widely-used organic
electron acceptor molecules. The predicted charge storage enhancement of core-shell NCs is tested

via oxidative titration.

Chapter VII reports the solid-state photodoping of the heterostructure based on 2D TMDs and core-
shell ITO NCs. The capacitive behavior of the hybrid, with the permanent separation of charges in
the structure, is confirmed. Spatial analysis of the emission spectrum of the 2D layer reveals the

propagation of the photoinjected carriers and the driving force of the process is investigated.

Chapter VIII delineates perspectives for future liquid-phase and solid-state applications based on the
photodoping of MO NCs, towards innovative implementations and light-driven energy storage

solutions. Open questions and indications for future work are discussed.

Finally, Chapter IX summarizes the main finding of this work in a conclusive discussion.

15
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1. Metal oxide nanocrystals and 2D transition metal

dichalcogenides

During the last decades, nanoscience and nanotechnologies attracted the growing interest of the scientific
community and became one of the most active fields of modern times, holding exceptional opportunities
for the investigation of fundamental phenomena and promising perspectives for technological
applications. At the nanoscale, quantum confinement effects become predominant and materials exhibit
exotic states, as well as unique physical and chemical properties that are often superior to their bulk
counterparts.?5-28 Currently, nanotechnologies have been exploited in almost every field from micro- and
nano-electronics, to optoelectronics devices and photonics.?®?"? Their high surface-to-volume ratio is
beneficial for catalysis and manufacturing, while quantum communication and quantum computing
heavily rely on nanofabrication techniques.®3 The field of nanomedicine is emerging, with
functionalized nanomaterials being studied for biomedical applications such as drug delivery, vaccines,
diagnostic and therapeutic tools.>*3® Nanomaterials have the potential to revolutionize present energy
harvesting (e.g., third-generation solar cells) and energy storage technologies, going beyond what is
possible to achieve with traditional systems.®1>40-43 These features are a direct consequence of the
reduced dimensionality in at least one spatial axis. Nanomaterials can be categorized in zero-dimensional
(OD) (nanoparticles), 1D (nanotubes), and 2D (bidimensional materials), depending on the number of
unconfined dimensions of the system. In this dissertation, | will explore the light-matter interaction in
doped metal oxide nanocrystals (MO NCs) and layered transition metal dichalcogenides (2D TMDs).
The coupling between these two semiconducting nanomaterials is investigated in a hybrid heterostructure
for the future development of an innovative material system able to accumulate, store and release solar

energy.

1.1 Doped metal oxide nanocrystals

Metal oxides (MOs) are inorganic semiconducting materials composed of a metal cation and an oxide
anion. MOs present an ideal combination of multiple properties and desirable features, including
environmental stability, chemical tunability**, optical transparency, and good carrier mobility,*> making

them very attractive materials for optoelectronics and energy-related technologies.'>* Currently, doped
17
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Figure 2 — Plasmonic resonances in metal and metal oxide nanocrystals. Doped metal oxide NCs
exhibit tuneable surface localized plasmon resonances that cover the near-infrared and infrared regions
of the electromagnetic spectrum. Reproduced from Ref.®® with permission from American Chemical
Society.

MO are widely used in research and industry as transparent conductive oxides (TCO), being
simultaneously transparent in the VIS region (with greater than 80% transmittance of incident light) and
electrically conductive (with conductivity values higher than 102 S/cm).*”~*° TCOs, of which Indium Tin
Oxide (ITO) is a standard, are a fundamental component of many modern optoelectronic applications,
such as inorganic and organic flat-panel displays, touch screens, organic light-emitting devices (OLED),
and thin fin photovoltaics, including dye-sensitized solar cells.*’#3°9-53 Metal oxides can be synthesized
in the form of nanocrystals (NCs), reaching sizes as small as a few nanometers.>*> Nanocrystals are
nanoparticles with a regular crystalline structure and size comparable to the exciton radius, whose
behavior is strongly influenced by quantum confinement effects. Doped metal oxide NCs are plasmonic
materials characterized by strong and tunable localized surface plasmon resonances (LSPRs).%%8 LSPRs
in bulk metals like gold or silver, with carrier densities in the range of 102 cm™, fall in the UV-visible
range. On the contrary, doped metal oxides are transparent in the visible range due to the significantly
lower carrier concentration level (two orders of magnitude lower), and their LSPRs cover the NIR-IR
region of the electromagnetic spectrum. By carefully designing the structure, elemental composition, and
placement of dopants within the NC volume, it is possible to control the shape and width of the resonance
and tune its position over a large window of energies, as illustrated in Figure 2. Due to the presence of
LSPRs, a large number of plasmonic applications have been developed or proposed in recent times.>®

Nanostructures with localized surface plasmon resonances have been investigated for sensing of single
18
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molecules, signal enhancement, surface-enhanced infrared spectroscopy, optical coatings, smart window
technologies, and biomedical applications such as plasmon photothermal therapy (PPTT), among many
others.>’*%% The modulation of their charge carrier density can be efficiently achieved through
aliovalent substitutional doping and post-synthesis techniques, further boosting the implementation of
doped MO NCs of targeted features.'>>7648 |n particular, doped MO NCs incorporate the ability to store
hundreds of capacitive charges in nanometric volumes and the possibility to efficiently harvest NIR

sunlight radiation through size- and doping- dependent LSPRs,>1718:50

1. 1.1 Synthesis of highly-doped MO NCs

Figure 3 — Electron microscopy images of ITO-1n203 core-shell NCs. HRTEM image (on the left) and
TEM image (center) of ITO NCs employed in this work. On the right, SEM image of a thin film of spin-

coated ITO NCs. Scale bar is 5 nm for panel a, 15 nm for panel b and 50 nm for panel c.

The optical and electrical properties of doped MO NCs are dictated by the concentration levels of free
carriers and their spatial profile in the NC volume. Degenerately-doped MO NCs are capable of
withstanding extraordinarily high levels of doping without deteriorating their internal morphological
structure.®” Typical electron densities are in the range of 102 cm™ and are determined mostly by the
doping levels imposed at the synthesis stage. Degenerately-doped MO NCs present metallic-like
character and, in most cases, the behavior of the population of free electrons interacting with incoming
radiation can be successfully described as free electron gasses coherently oscillating. The doping level
determines the free carrier concentration, allowing the continuous tuning of the optical properties of MO
NCs over a wide range of wavelengths. Doping can be achieved both during the synthesis stage, by
exploiting different chemical approaches (such as intrinsic doping, aliovalent substitutional doping,
extrinsic interstitial doping 54-°7%¢), and post-synthetically, by applying an electrochemical potential or
by absorbing beyond-bandgap light.1#6"-¢° A broad variety of synthesis methods can be employed for the
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growth of MO NCs, spanning from solution-based approaches, including solvothermal, sol-gel,
microemulsion, microwave-assisted, and solvothermal methods, to vapored state based and biological
synthesis methods.?>"® Advances in non-aqueous sol-gel methods achieved through the use of inert
organic solvents allowed to avoid several disadvantages of aqueous systems.’>’? In recent years,
numerous doped MO NCs (such as ITO NCs) have been synthesized employing the so-called living
nanocrystal growth methods.> This continuous growth approach involves the slow injection of
precursors in the reaction flask, allowing precise control over the main parameters of the synthesis. >>73
Several chemical strategies can be employed for the doping of MO NCs at the synthesis stage, ranging
from intrinsic doping due to lattice point vacancies (e.g., oxygen vacancies contributing with two
additional electrons) to extrinsic interstitial doping (e.g., Cs doping in WOz NCs), or aliovalent
substitutional doping with donor impurities (e.g., Fe doped ZnO NCs, Sn doped In20s
NCs).565745Fyrther information on the synthesis technique employed for the nanofabrication of doped
metal NCs and core-shell NCs investigated in this work can be found in Chapter III. Doped MO
nanocrystals manifest an extreme tunability of their optoelectronic properties. Their optical response
change as a function of size, shape, doping levels, and the radial distribution of dopants (together with
damping and dopants activation).>>’® As discussed in Chapter IV, these nanoparticles can be synthesized
in a core-shell configuration, with the core of the nanocrystal made of ITO and the shell of In,Os or vice
versa. With this design, the fine-tuning of the shell thicknesses allows controlling the resonance
frequency of the surface plasmons.®® Furthermore, it is known that charge carriers levels in ITO
nanocrystals are sensitive to vacancies generation, aliovalent doping, electrochemical doping and, most
importantly for the purpose of this project, to photodoping.*>® High-resolution transmission electron
microscope (HR-TEM) and X-Ray Diffraction (XRD) studies confirm the crystalline structure of these
NCs. Soluble doped MO NCs can be employed for the fabrication of thin films, with thickness ranging
from a single layer of nanoparticles to several hundreds of microns, with spray deposition processes or
simple spin-coating techniques. Thin films of MO NCs have been recently investigated both in solid-
state structures and in solution environments for electrochromics and the above-mentioned
applications.®®’” Figure 3 shows electron microscopy images of the ITO NCs employed in this
dissertation. Moreover, doped metal oxide NCs can be dispersed in polar and non-polar solves, and the
functionalization of the NC surface can be achieved with ligand stripping and ligand exchange

procedures.”’
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1. 1.2 Fermi level pinning and depletion layer formation

Undoped metal oxides are intrinsic semiconductors and the Fermi level lies at the center of the bandgap.
Through doping, the energy of the Fermi level rises above the conduction band minimum and,
consequently, the transport and optoelectronic properties of metal oxides dramatically change. This
simple description well depicts the behavior of bulk materials. This effect becomes more important on

the nanoscale due to the high surface-to-volume ratios.
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Figure 4 — Depletion layer formation due to Fermi level pinning in MO NCs. a) Simulated intra-NC
radial potential profiles for the conduction-band minimum (CBM) (solid lines) and the Fermi level (Er)
(dashed lines) for a 20.6 nm diameter ITO NC containing 3 atom % Sn when the surface potential dictates
flatband conditions (blue) and depletion conditions (red). b) n, profiles under flat-band (blue) and
depletion (red) conditions. The dashed gray line denotes the Mott criterion for metallic conductivity in
ITO. c) Two-dimensional cross sections of the n, profiles in (b) under (top) flat-band and (bottom)

depletion conditions. Adapted from Ref. 2" and Ref.28 with permission from American Chemical Society.

The energetic structure of metal oxide NCs is significantly altered by space charge effects, owing to the
abrupt interruption in lattice periodicity and the formation of electronic states at the NC surface. These
surface states originate from the presence of superficial trap states, vacancies, and defects. Their energies
are affected by the interplay between the uncoordinated surface atoms and surrounding bound molecules,
such as ligands. Space charge layers cause local variations in the electronic structure of the nanocrystal
and, as predicted by Poisson's equation, ultimately result in the Fermi level pinning of the bands. The
conduction band of the semiconductor pins to the surface potential and curved either up or down,
depending on the surface state energies. In doped metal oxides, surface states' energies naturally lie below
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the Fermi level energy (for ITO NCs, surface hydroxyls have been suggested as surface states)®°, causing
an upward bending of the conduction band at the NC surface with significant deviations from the flat-
band case. The radial dependence of the conduction band translates into a gradient in the carrier density
(n.), with the consequent formation of electronically depleted layers.?%’®7® The suppression of carrier
density in the superficial region of the NC can reach such an extent that the metallic character is
completely suppressed.?>?? Apart from native surface states, similar band bendings can be achieved under
the effect of an oxidizing potential (upward bending) or reducing potential (downward bending), with
the application of an external bias, resulting in the formation of depletion or accumulation layers of width
W % Figure 4 reports typical conduction band bending of ITO NCs.

The effects of surface perturbations extend into the system over several nanometers. These deviations
cover a substantial fraction of the NC volume (the typical diameter of an ITO NC is ~10 nm) and exert
a significant influence on the optoelectronic features of nanostructured doped metal oxides.?*227° Models
based on a flat-band assumption neglect Fermi level pinning effects and, hence, are not precise
descriptors of the free carriers’ behavior in MO NCs. The formation of native depletion layers in MO
NCs was firstly proposed in 2018 by Zandi and Agrawal et al. to explain the optical absorption of ITO
NCs.2° Since then, their presence has been confirmed by several works and their impact on transport and
plasmonic properties have been experimentally investigated.?-6°883 Tq precisely calculate the space-
dependent energy band profile of semiconducting NCs, Poisson's equation has to be solved in spherical
coordinates.s+ Recently, Staller et al. numerically calculated the Poisson's solutions for ITO NCs,
delineating the radial profile of conduction bands and carrier densities (Figure 4).22 The formation of
depletion layers directly affects the electric field enhancement of metal oxide NCs (which decay
exponentially with the width W), the plasmonic resonance and its sensitivity to the surroundings.?*-22
Fermi level pinning reduces the conductivity of thin films, constituting a potential barrier at the surface
of the NC that isolates the free carriers within each particle and hinders the hopping mechanism. The net
results of depleted layers is a detrimental effect on the performances of TCOs based on MO NCs.
Furthermore, Fermi level pinning considerably modifies the dielectric function of the nanoparticle and

its spatial dependency, with the electronically depleted region acting as a dielectric layer.?°
11.1.3 Plasmon resonances in MO NCs

In a conductive medium, the interaction between electromagnetic waves and a population of free

electrons results in the formation of plasma oscillations (i.e., Langmuir waves). In a classical picture, the
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E-field
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Figure 5 - Schematic of plasmon oscillation for a spherical metallic nanoparticle, showing the
displacement of the conduction electron charge cloud relative to the core in an oscillating electric field.

Reproduced from Ref. °7 with permission from Elsevier.

electric field drives the displacement of the free electrons, which are pushed to follow the incoming
radiation frequency while the positive ions of the crystal lattice act as restoring forces (Figure 5). The
oscillation of the carrier density can be described with a model harmonic oscillator subject to energy loss.
From the quantization of these plasma oscillations, it arises the plasmon, the fundamental unit of the
coherent collective excitation. Other quasiparticles can emerge depending on the interaction with
additional quasiparticles (e.g., a polariton from the coupling of a plasmon and a photon). For metals and
systems with metallic character, the Drude-Lorentz model of electron gasses is widely used. The Drude
complex dielectric permittivity is given by:

2

e(w) = gg — —-L 1)

w?+iwl

where w,, is the bulk plasma frequency:

wy = \/Nee?/egm* 2

with n, being the free carrier density, m* the effective electron mass, e the unit of elementary charge,
and I' the damping parameter. In this picture, plasma resonances originate as instabilities of the complex
dielectric function. Plasma oscillations can be localized at the surface of bulk materials, leading to the
formation of surface plasmons. In nanoparticles, the oscillation of the free carriers is confined at the
nanoscale level, generating the so-called localized surface plasmon resonances (LSPRs). The
nanostructure's morphological shape strongly affects the field's distribution, leading to the formation of
various localized resonances and significant field enhancement in the correspondence of tips and sharp

curvatures.
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In order to characterize the plasmonic behavior of MO NCs, optical models established for conventional
plasmonic materials have been adapted.>”°2% The propagation of light in a solution of nanoparticles can
be described with the Lambert-Beer equation:

=1, e (@exdPL (3)

where [ is the transmitted light intensity, I, is the intensity of the incident light, o.,; is the far-field
extinction cross-section, p is the volumetric density of particles, L is the light pathlength. With the
assumption that the only possible interactions between the photon and the NCs are absorption and
scattering, it is possible to write the extinction cross-section as g, = Gups + Tscar- A COMmonly used
description relies on the Mie solution of Maxwell’s equations, valid for the scattering of radiation by
spherical particles,® and the quasi-static (dipole) approximation.®® This approximation holds when the
particle size is small compared to the electromagnetic wavelength, so that the electric field interacts
almost instantaneously with the entire volume of the NC. Given the nanometric size of MO NCs, only
dipolar excitations are considered, neglecting higher-order oscillations.®” Therefore, the absorption and
scattering cross-section can be written as:

Gaps(@) = 4k R3Im {S25 ) @)
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Here, R is the radius of NC, ky, = w+/eg/c is the wavevector for the host medium (of dielectric
permittivity £5), and e(w) the NC Drude-like dielectric permittivity. By applying the so-called Fréhlich
condition, Re(s(w)) = —2¢&y,toequation (4) and (5), it is possible to write the LSPR frequency (w;spr)

as:

Wyspr = |—2—— T2 (6)
LSPR et 2

The LSPR is influenced by the surrounding medium in which the NCs are immersed. As a consequence
of equation (6), a high (low) dielectric of the host medium results in a decrease (increase) of the plasmon
resonance.®’ The oscillating carriers of the LSPR amplify the impinging electromagnetic wave generating
a field several orders of magnitude stronger. This phenomenon is called near-field enhancement (NFE).
The plasmonic field expands outside the NC volume following an exponential decay law and is the origin

of the extreme sensitivity of the LSPR to its surrounding (justifying applications for sensing). The
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damping coefficient T' accounts for the energy losses of the collective oscillations of carriers due to
electron scattering with electrons, phonons, lattice defects, and impurities.88° Ultimately, the energy of
the LSPR gets released as heat, heating the medium and the NC surrounding (hence, the plasmon
photothermal effect). I' can be written as the sum of independent contributionsT' = T._, + Te_pponon +
Te—dgefect + Te—surface @nd is indirectly linked to the width and lineshape of the localized surface

plasmon resonance.>” In the case of ITO NCs, an empirical frequency-dependent damping function can

be employed to describe the damping parameter as a function of w:
()= - 22 tant (&) +7] W)

Here, I} and I, are the damping constants for the low- and high-frequency regimes, Iy is the crossover
frequency describing the mixed regime, and I, is the crossover region width. The asymmetry empirically
observed in the LSPR of ITO NCs can be correctly modeled with this frequency-dependent damping
function.”®! Finally, the extinction, EXT = log(l,/I), is the physical observable that is experimentally
accessible. For ITO NCs analyzed in this Thesis, the contribution of the scattering cross section is

negligible and extinction and absorption can be used interchangeably:8®

__ Oext PL _ 0gps pL
EXT = In(10) ~ In(10) (8)

As explicated by eq. (2), carrier density levels determine the frequency of the plasmon resonance and,
hence, by observing the absorption spectrum of plasmonic materials is possible to extract useful insights
on their electronic structure. This aspect is particularly important for doped semiconductors, where small

variations in the number of free carriers can be easily detected due to the relatively low carrier densities.

1.2 Dynamic modulation of MO NCs

The plasmonic response of MO NCs can be modified by post-synthetic modulations of the carrier density
level. Dynamic control over the optoelectronic properties of doped metal oxides can be achieved by
applying an external bias (i.e., electrochemical tuning) or via the optical absorption of light beyond
bandgap (i.e., photodoping). Owing to the extreme sensitivity of the plasmonic resonances to the carrier
concentration (as well as to size, shape, and dielectric surrounding), the spectroscopic analysis of LSPR

modulations is a valuable source of information for the doping processes occurring in MO NCs,57:62:92-95
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Here, I introduce the dynamic modulations of the optoelectronic properties of MO NCs, together with an
overview of LSPR modulations in colloidal NCs. In particular, | summarize the recent developments of
the light-driven charging process of photodoped MO NCs for multi-charge accumulation. Theoretical
background on the photodoping process of doped metal oxide NCs is provided and the main concepts,
unresolved open questions, spectroscopic and theoretical tools to characterize the light-driven charging

process are discussed.

1. 2.1 Post-synthetic electro-modulation of LSPR
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Figure 6 — LSPR modulations induced with electrochemical potential. a) Variations in the absorption
of a MO NC thin film induced by an external bias. b) Results of a typical reduction experiment for
colloidal NCs in an electrochemical cell (—1.5 V), for time intervals of approximately 1 min over a total
time of 2 h/1 h. c) The process of reduction and oxidation in a sequential manner: the initial blue-shift
and increase in intensity, when applying a negative potential (black to blue curve), is completely reversed
when switching to a positive potential, finally surpassing to a red-shifted and intensity decreased LSPR
(red spectrum). Panel a adapted from Ref. %, panel b and ¢ adapted from Ref. 8 with permission from

American Chemical Society.

Recent works demonstrated the possibility of tuning the LSPR frequency over a wide portion of the
spectrum. In a notable work, Garcia et al. reported an electronically-induced shift greater than 1200 nm
in the LSPR peak energy of MO NCs (Figure 6a).% Control over the optical response was achieved by
immerging a thin film composed of ITO NCs in a LiClO4 electrolyte solution and applying a negative
and positive bias (with potential ranging between 1.5 and 4 V) to the electrochemical cell. The external
bias induces modulation in the carrier density of ITO without affecting the morphological structure of
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the NCs and without inducing degradation effects. Remarkably, charge and discharge cycles were
repeated several times in a reversible way. As predicted by eq. (2), an increase in carrier density increases
the plasmon absorption and induces a blueshift of its peak position, while a positive bias results in a
redshift of the LSPR energy. The extent of the modulation of carrier density was in the order of ~1 -10%
cm3, as calculated with optical modeling. Interestingly, the extent of the LSPR modulation under the
applied bias is a function of the NC size.% A series of NCs of diameter ranging from 4.1 to 12.6 nm were
analyzed and the greater variations in the optical density of the plasmon were observed in the smallest
particles. In a similar study, Agrawal et al. reported the modulation of LSPR intensity and frequency of
a colloidal solution of ITO NCs.% Starting from an optical density close to the unit, by applying a
negative bias (-1.5 V) to the electrochemical cell, the peak intensity of the LSPR reached values as high
as ~2.5 optical densities (Figure 6b). Control over the LSPR was demonstrated with cycles of negative

and positive electrochemical potential, showing the reversibility of the process in solution (Figure 6c).%°

Post-synthetic modulation of the plasmonic properties of MO thin films has been demonstrated in all-
solid-state architectures too. In their work, Feigenbaum et al. reported control of carrier populations and
refractive index in a metal-oxide-semiconductor heterostructure (Au-ITO-SiO2-Au).®” By applying an
external electric field, carrier density variations in the orders of ~1 -10%2 cm™ were achieved, as well as
unity-order localized change in the index of refraction at visible frequencies. The authors indicated the
formation of an accumulation layer at the SiO2-ITO interface as the origin of the optical variations.®’
Similarly, the electrochemically-induced capacitive charging of ITO NCs solutions and thin films can be
explained with the tuning of accumulation and depletion layers.®®% Surface effects are expected to be
relevant for devices based on NCs networks; thus, externally-induced carrier density modulations could
significantly affect the transport properties of similar nanostructures. Furthermore, the ability to tailor
the LSPR of MO NCs and dynamically control it could open interesting perspectives for the development

of dynamic sensors for the targeting of specific molecules.
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1. 2.2 Photodoping and multi-charge accumulation of MO NCs
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Figure 7 — Photodoping and multiple charge accumulation in doped MO NCs. Light absorption with
energy (hw) above the bandgap (Eg) promotes an electron from the valence band (VB) to the conduction
band (CB). By removing the photo-generated hole with a hole-scavenger (HS), the electron-hole pair
recombination is suppressed and the extra electron is stored in the nanocrystal. The absorption of several
photons results in the accumulation of multiple photoelectrons in the NC and leads to the overall
photodoping of the material. Reproduced from Ref. > with permission from the Royal Society of

Chemistry.

The photodoping process of MO NCs, i.e., the contactless variation of the number of conduction band
electrons after absorption of photons, is depicted in Figure 7. Light beyond the bandgap energy of the
MO NC promotes electrons from the valence band (VB) to the conduction band (CB), generating
electron-hole pairs inside the nanocrystal. In the presence of hole-scavengers (HS), the photogenerated
holes are rapidly quenched at the surface of the semiconductor, suppressing electron-hole pair
recombination (radiative and non-radiative). In inert environments, this stabilizes the photogenerated
electrons within the NC, leading to the overall negative doping of the material.1*'%% This light-driven
process can be repeated several times upon exposure to light, resulting in the accumulation of multiple
electrons. For nanoparticles with a size of ~10 nm in diameter, hundreds of extra charges can be (quasi-
) permanently stored. Time-resolved analyses of the photodoping process indicate capacitive-like
charging dynamics, showing that MO NCs behave as light-driven supercapacitors.5”% In solution
environments, the negative photocharging of the nanoparticle is compensated by the formation of cations

layers in the proximity of the NC surface, preserving a neutral electrostatic equilibrium.'* Photodoping
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was described by Haase et al. for zinc oxide nanocrystals (ZnO NCs), and, up to date, it has been observed

in several MO NCs ranging from titanium oxide (TiO.) to tin-doped indium oxide (ITO) NCs,16:99100

The suppression of the recombination process is crucial to trigger the photodoping process. The
photogenerated charges are prone to two competing mechanisms. The extra holes can recombine with
their electron counterparts without altering the NC carrier density (i.e., recombination) or, as in the case
of stored carriers, lead to the photo-oxidation of hole scavengers at the NC surface (hole-capture). The
accumulation of multiple photoelectrons in the CB of MO NCs is made possible by the different rates of
the two mechanisms. Auger recombination (~150ps) is typically an order of magnitude slower than the
hole-capture process (<15ps). However, multicarrier recombination rates increase with the number of
excess charges introduced in the system.”® The resulting Kinetic equilibrium between Auger
recombination and hole-capture processes ultimately determines the maximum number of extra electrons
stored per NC. Hence, the outcome of the photodoping process is strongly affected by the nature of the
hole-capture process.’® As a matter of fact, when alternative hole scavenger molecules such as alcohols,
organic acids, hydrocarbons, or even organometallic compounds are used, the (average) maximum
number of extra charges that can be stored in each NC changes dramatically.’”® By coupling MO NCs to
strong hole scavengers, such as Li[EtsBH] or K[EtzBH] instead of ethanol (EtOH), the number of stored
charges has been quadrupled. However, in those cases, the photodoping process appears to be
irreversible.1%1%2 The photo-oxidation of the hole scavengers at the NC surface can happen directly or
indirectly. In the latter case, the hole acceptor undergoes indirect oxidative reactions by interacting with
interfacial OH radicals formed as a consequence of the holes trapping at —OH surface groups.’8102-1% |n
the case of ZnO NCs, the photodoping process results in the oxidation of two molecules of ethanol, when
employed as hole scavenger, and the consequent formation of acetaldehyde (ZnO + %2CH3CH,OH -
ZnO™ + H* + %.CH3CHO). In this example, however, the inverse reaction limits the number of electrons
accumulated in the NC (ZnO™ + H* + %CH3CHO = ZnO + %CHsCH,0H).1®  The thermodynamic
equilibrium between ethanol oxidation and acetaldenyde hydrogenation determines the maximum
number of extra charges stored in ZnO NCs. Moreover, it has been reported that the accumulation of
acetal acetaldehyde and proton-driven surface reactions deform the band structure of the NC due to Fermi
level pinning.l®® Apart from the hole-capture processes, numerous other factors influence the
photodoping process of MO NCs. 161% For example, it is known that electrostatic interactions and surface
reactions can alter the photodoping dynamics.’®% Notably, the maximum number of additional

photoelectrons is found to be independent from the initial carrier density of the NC. It has been shown
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that the maximum carrier density level that can be achieved via photodoping is a fixed value independent
from the NC size. Thus, the maximum number of stored carriers grows together with the radius of the

NC with a cubic law ~R3, with bigger particles storing more electrons proportionally to their volume.”

Charge storage in photodoped MO NCs

The photodoping process in MO NCs is reversible and can be repeated multiple times, exhibiting a
capacitor-like behavior.1#199197 As mentioned before, the photodoping mechanism requires anaerobic
conditions to accumulate charges in a stable way in solution environments. The interaction with air
molecules leads to the oxidation of photodoped MO NCs, providing a first example of the reversibility
of the charging process.?” In solutions of photodoped MO NCs, the oxidized hole scavenger molecules
get electrostatically drawn to the surface of the NC due to their positive charge, ensuring the system's
overall neutrality. The charge-compensation mechanism results in significant variations of the electric
properties of the NC, with a generalized shift of the Fermi level energy (Er).1% Moreover, the interaction
between the extra photoelectrons and the charged cations attached to the NC surface affects its chemical
reactivity.*%®1% The accumulation of these positive charges at the surface of the negatively charged NC
resemble an electric double-layer. More generally, photodoped NCs can be effectively described as
soluble  nanosized  supercapacitors, with  capacitive and  pseudocapacitive  charging
dynamics.1417:67.6878108 The double-layer electrostatic capacitance and the electrochemical pseudo-
capacitance are distinctive traits of supercapacitor systems.'!° Thanks to the reduced separation between
opposite charges, unachievable with conventional electrostatic capacitors, both high storage capacity and
high power can be simultaneously attained.'>!! The behavior of electric double-layer capacitors (EDLC)
can be depicted similarly to those of traditional capacitors. EDLCs store electrons at the so-called double-
layer, which generates at the interface between the surface of a conductor material and an electrolytic
solution.*? As for conventional capacitors, the electrostatic attraction between the opposite charges of
the bi-layer forms a static electric field accounting for the intensity of the voltage. In the analogy, the
double-layer corresponds to the dielectric layer of a traditional capacitor.!**15 It is then possible to
rewrite the classic equation for traditional capacitors (i.e., C = (Aeye,)/d, with d being the separation
of the plates) by taking into account the thickness t of the double-layer.?® In EDLCs, the charge separation
is in the orders of the Angstroms.!® The equation for the for the double-layer capacitance (Cy;) is given
by: 26
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where A is the sphere’s surface area, R is the NC radius, €, and ¢, are the permittivity of free space and
the dielectric constant of the solvent, respectively. However, solutions of photodoped MO NCs include
charge transfer processes across the solid-liquid interface, which is more akin to pseudo-capacitance
phenomena. Pseudo-capacitance systems store energy with reversible faradaic redox reactions and
electron-charge-transfer processes occurring on the surface of the material.!*” These faradaic charge
transfer events are often followed by a very rapid series of reversible redox, intercalation, or
electrosorption processes, without inducing corresponding chemical reactions.*'”*® The determination
of the physical capacitive phenomenon occurring at the surface of photodoped MO NCs is still under
debate and is currently an open question. Further studies are required to accurately describe the charging
dynamics of MO NCs at the microscale. A comprehensive understanding of the photodoped NCs both at
the nanoscale, on the thermodynamics of charge transfer reactions, and at the NC level, on the charge
storage scheme (pseudocapacitive vs. double-layer capacitive), is needed. Control over the surface

chemistry of the NC (e.g., functionalizing the surface ligands) could help clarify this matter.™

In the case of Fe-doped ZnO NCs (Zno.9sFe0.010), the number of extra charges is significantly enhanced
by the Fe-doping, which provides an extra acceptor state immediately below the CB minimum. As a
result, the extra charges can be easily stored and removed from these highly localized states owing to the
equilibrium between Fe levels and the MO conduction band.}* Moreover, electron paramagnetic
resonance (EPR) spectroscopy highlighted the presence of unpaired free electrons in ZnO NCs upon
charging, with g* values in the range of 1.960-1.968 (depending on the NC size).1% These studies further
confirm that the extra electrons introduced via photodoping in MO NCs are free charges delocalized in
the conduction band. Charge and discharge cycles, performed with light-induced reduction and oxidation
reactions, showed the cyclical appearance and disappearance of the EPR signal. Photodoping can be
exploited as a mean to control the magnetic properties of MO NCs, with possible implications for
spintronic technologies and related applications.>” Ochsenbein et al. reported charge-controlled
magnetism in colloidal Mn?*-doped ZnO nanocrystals.''® When doped with Mn?* ions, these NCs exhibit
a large magnetic momentum stable at room temperature. The light-induced accumulation of extra free
electrons in the CB disrupts the magnetic coupling of Mn ions, as marked by the disappearance of the
original EPR signal. Similar studies on Fe-doped ZnO NCs showed reversible switching of the oxidation

state of Fe*" ions via photodoping.'?® Several means have been implemented to induce reductive
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(charging) and oxidative (discharging) reactions of MO NCs, including absorption of light, electrical
fields, and chemical reactions,2>:699697.100
1. 2.3 Photodoping effects on the optical properties and deviations

from the flat-band picture
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Figure 8 - Photodoping of colloidal MO NCs. a) Photodoping effects on the optical spectrum of doped
MO NCs. Typical localized surface plasmonic resonance (LSPR) of ITO NCs before (black line) and
after (blue line) the photodoping process peaking at around 0.5 eV. With UV exposure the peak position
of the plasmon resonance slightly blue shifts and its absorption significantly increases. The Moss—
Burstein effect after photodoping results in the blue-shift of the absorption onset in the UV spectral range.
Inset shows an illustration of the Fermi energy shift within the flat-band picture, before and after the
photodoping process with UV light, and the resonant absorption of IR light by the free electrons. b)
Illustration of the electronic structure of a MO NCs with the Fermi level pinning and the consequent
formation of an electronically depleted layer (DL). Figure reproduced from Ref.*® with permission from

the Royal Society of Chemistry.

Theoretical calculations and EPR spectroscopy measurements demonstrated the delocalized nature of the
extra electrons introduced via photodoping.1%%!?1122 Hence, after light absorption, these free electrons
increase the initial carrier density of doped MO NCs and actively contribute to the formation of localized
surface plasmon resonances (LSPRs) in the NIR (Figure 8a).>"929123 Ag introduced in this chapter, the
plasmonic resonances of MO NCs are extremely sensitive to carrier density variations, as well as to
modulations in size or dielectric surrounding. For these reasons, the spectroscopic analysis of LSPRs is
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a precious tool to monitor the photodoping process of MO NCs and extract information on their electronic
structure, 2357629295 In particular, the proportionality between the LSPR frequency (w?gpz) and the
carrier density (n.), can provide useful insights for homogeneous NC, while for more complex
architectures, such as core-shell MO NCs, the spatial distribution of n, within the NC volume has to take

into account.?%23:55%

92124126 Ag a matter of fact, real-time quantitative analysis of the photodoping
process can be achieved by monitoring the LSPR spectral modulations. In the case of ITO NCs, UV
exposure in anaerobic conditions leads to a significant increase in the plasmon peak intensity and a
blueshift of its energy (Figure 8a).%° In first approximation, the increase in absorption of the LSPR feature
is due to a larger number of free carriers that can freely oscillate with (and absorb) the incoming radiation
and the blueshift of the peak position is linked to the carrier density level. Furthermore, spectral
signatures of the photodoping process are visible in the bandgap region too, as shown in Figure 8a. The
photocharging of MO NCs results in an increase of the optical bandgap, due to the (apparent) rise in the
energy needed to promote electrons up to the Fermi level after the filling of CB states. This phenomenon,
which is detectable as a blueshift of the absorption edge, is the so-called Moss—Burstein effect'?’. The
spectroscopic analysis of plasmon resonances in photodoped MO NCs can be exploited as feedback
parameter during potentiometric titration experiments. By monitoring the LSPR (for example, by
integrating the intensity of the LSPR or following its peak energy) upon the addition of oxidative
molecules is possible to identify the amount of titrants needed to recover the initial (i.e., before
photodoping) conditions. With similar techniques is possible to calculate the number of equivalents
corresponding to the extra photocharges stored.'® Further information on the optical modeling of LSPR
modulations can be found in Chapter V.

The Drude model of bulk materials is widely employed in the description of the plasmonic response of
MO NCs and supports well the experiments on homogeneous NCs.'® Moreover, the energetic band
structure of MO NCs is typically assumed to have a flat-band configuration. However, this framework
contains strong assumptions that introduce significant limitations relevant at the nanoscale. For example,
it is known that inhomogeneous dopant distributions (such as dopant segregation effects) affect the
optoelectronic properties of MO NCs in the near-surface region. 2022 Additionally, Fermi level pinning
has been confirmed in tin-doped indium oxide NCs. Surface states (e.g., surface trap states, defects,
vacancies, surface ligands, and other bound molecules) which are located energetically below the Fermi
level induce an upward bending of the conduction and valence band that extends over several nanometers

into the material (Figure 8b),>202156.76.7880.103.128 The radjal dependency of the conduction band induce
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a radial gradient in the carrier density (n,), with the formation of electronically depleted regions at the
NC surface (further details on depletion layers in MO NCs can be found in this chapter). The suppression
in carrier density is so intense that the depletion region effectively acts as a dielectric.?%228 Recent
studies have linked the electrochemical introduction of extra electrons to a decrease of the electronically
depleted layer width.20%%% Surface effects such as depletion layers are expected to be relevant for devices
based on NCs networks (e.g., TCO thin films). Due to the high surface-to-volume ratio, the transport
properties of similar nanostructures could be significantly affected by externally-induced modulations of
carrier density levels. Along this line, Morfa et al. reported a conductivity enhancement after UV
illumination by a factor greater than two in thin films based on MO nanocrystals.*?° This light-induced
modulation could be exploited as a last-stage technique to optimize device performances whenever
depletion layers are detrimental for the application needed. By looking at the general picture, the evidence
accumulated in recent years suggests that modulations in superficial depletion layers play a key role in
the photodoping and energy storage processes. The impact of electronically depleted layers in
photodoped MO NCs will be analyzed in detail in Chapter V. Furthermore, Fermi energies and band
edges are concepts rigorously defined for bulk materials, whose definitions can get blurred at the
nanoscale.’*® For example, a variation of a single electron can have significant effects in small systems,
causing the nuclear reorganization of the NC structure. This reorganization can trigger a series of
concatenated additional effects, such as ion transfer and ion intercalation, surface binding, as well as
reorganization effects on the outside of the NC, in the double-layer.®*° Similar ion movements and the
interactions between the extra electrons and the charged cations are usually neglected effects in the
energy balance of the photocharging, while they could introduce relevant additions.'® Further
investigations of thermochemistry effects and redox reactions at the nanoscale might help unveil
important dynamics of photodoped supercapacitors composed of MO NCs.2° Moreover, carriers
introduced by chemical doping are distinguishable from carriers introduced by photodoping and might
display a different dielectric response.'3! This is due to the delocalized nature of the excess photoelectrons
opposed to the localization of chemical dopants electrons to lattice sites. This aspect might be relevant

for applications which rely on the precise determination of stored carriers.'%2
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1.3 Two-dimensional materials

Since the discovery of the thinnest material, Graphene (isolated in 2004, Nobel prize in 2010), layered
materials have been the center of a massive research campaign to fabricate novel two-dimensional (2D)
materials. In this class of materials, atoms are arranged in flat layers and the layers are stacked on top of
each other as paper sheets in a pile. The individual atomically thin layers are weakly bonded together
with electrostatic (van der Waals) or hydrogen-bonding interactions.!3® For this reason, it is possible to
isolate single layers via mechanical or chemical exfoliation, physically separating individual layers from
a bulk crystal (top-down approach). The bottom-up growth of single layers via chemical vapour
deposition (CVD) techniques has also been established (further details can be found in Chapter III). The
systematic nanofabrication of large-area high quality monolayer 2D crystals in a controlled and
predictable way is not a trivial task. Nevertheless, recent progress in the mechanical exfoliation of 2D
TMDs with gold-mediated techniques significantly improved the monolayers’ size, going from the

micrometric scale to the centimetre scale.'3

Bidimensional materials are single layers (1L) that have the thickness of a single atom (i.e., graphene) or
a few atoms (e.g., MoSz, WSe;, InSe, GaSe, black phosphorus, hexagonal boron-nitride, h-BN). The
effort of the scientific community was motivated by the unique physical features they host, often radically
different from the three-dimensional version of the same crystal, and whose investigation is of great
interest for science and innovation. 2D materials represent a rich playground for studies of novel physical
phenomena, such as the propagation of massless Dirac fermions in graphene or the formation of 2D
topological insulators.*>1351% Moreover, the discovery of superconductivity in twisted bilayers of
graphene, when the two monolayers are twisted at a specific angle, inspired the development of a new
field of electronics, the so-called twistronics.**”® The mechanical, electrical, and thermic properties that
2D materials display are highly diverse and can dramatically outperform those of traditional bulk crystals,
opening promising prospects for the development of next-generation devices and advanced functional
materials. Depending on the composition, single layers can be conductive (graphene), isolating (h-BN),
or semiconducting, as for some of the most studied transition metal dichalcogenides (TMDs). In this
Thesis, 2D TMDs have been investigated and coupled with MO NCs.
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1. 3.1 2D Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) is a family of layered materials characterized by the formula
MXz, where M is a transition metal atom and X is a chalcogen atom. 2D TMDs have been intensively

investigated as bidimensional semiconductors, when composed of molybdenum or tungsten (M = Mo,

O Transition metal ) Chalcogen

Figure 9 — Typical crystalline structure of TMD single layers. Based on the atomic configurations, the
lattice arrangement of 2D TMDs can be trigonal prismatic (2H), distorted octahedral (1T) and dimerized
(IT’). Lattice vectors and the stacking of atomic planes are indicated. Reproduced from Ref:*® with

permission from Springer Nature.

W) and chalcogens such as X = S, Se, Te. In this structure, they present bandgap energies covering the
visible and the near-infrared spectral region (1.0-2.1 eV). Some of the most studied 2D materials have
bandgaps, which are not suitable for certain optoelectronic applications, such as gapless graphene (Eg =
0 eV) or h-BN monolayer (Eg = 6 eV). The above-mentioned 1L-TMDs, instead, combine the properties
of two-dimensional materials, such as the extreme sensitivity to the local environment, mechanical
strength, transparency, and flexibility, to the well-known and valuable characteristics of direct-bandgap
semiconducting materials.t3-141 In particular, single layer TMDs are extraordinarily sensitive to the
surrounding and external stimuli.}*21%® Variations in their electronic structure and optoelectronic
properties (e.g., emission spectra) can be locally induced by strain,**!45 doping,'4® defects,'4"~149

vacancies,® as well as from the interaction with the substrate.1*®

Single layers of TMDs are formed by three atomic planes vertically stacked as chalcogen-metal-

chalcogen. Figure 9 shows the crystalline structure of 2D TMDs. The thermodynamically stable trigonal

prismatic (2H) and distorted octahedral (1T) phases are the most common lattice configurations. In these

cases, the atomic arrangement corresponds to an ABA or ABC staking of atomic planes, with the metal

atom being at the center (-B-) and chalcogenides located on top and bottom. Distortion can significantly
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alter the lattice periodicity, leading to the formation of metal-metal bonds, as in the case of dimerized
1T’ phase. Depending on the structure and the combination of elements employed, the family of 2D
TMDs contains a wide variety of optoelectronic features. For example, transport properties can vary from
semiconducting, such as for 1L-MoS2, to metallic and semimetallic behaviors (e.g., NbSe; and WTe,
respectively).®152 A vast number of promising applications in the fields of nanoelectronics, photonics,
energy storage, catalysis, sensing, and quantum communications.?94153-159 Several optoelectronic
devices have been proposed to exploit the photoluminescence emission of 2D-TMDs, including

photodiodes and detectors, photo-transistors, and solar cells,1°7+158.160-162
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Figure 10 — Single layers of molybdenum disulphide (1L-MoS>). a) Variation in the electronic band
structure of MoS; from bulk (left) to monolayer (right). The indirect band-gap of 3D MoS; is depicted in
purple while the two direct-bandgap transitions at the K point are highlighted in orange and red.
Reproduced with permission.'®® Copyright 2012, American Physical Society. b) Evolution of the shape
and position of the Raman peaks corresponding to the two modes Elg and Asgfrom 1 to 5 MoS; layers.
Reproduced with permissions from Ref. 1%, ¢) From left to right: optical image; reflection map;
photoluminescence map; and combined reflection and PL map of two-dimensional CVD MoS; flakes.

The scale bar is 20 nm.

In this work, MoS; single layers grown via Chemical Vapour Deposition (CVD) were chosen for the
assembly of OD-2D heterostructures. Molybdenum disulfide can be taken as a case-study for 2D
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semiconducting TMDs. Reductions in the dimensionality affect the band structure of layered MoS: due
to different screening and quantum effects (see Figure 10). 2% Thinning down from bilayer to
monolayer, the conduction band minimum moves to the K point of the hexagonal Brillouin zone and the
bandgap of MoS; transitions from being indirect (as for multi-layer and bulk MoS) to direct.?®1%3 Spin-
orbit coupling effects induce the splitting of the valence band at the K point, generating two bands
containing electrons with opposite spins. Because of this, photoluminescence recombination can occur
through two channels. Single layer MoS; exhibits a strong photoluminescence (PL) emission at ~ 1.8 eV
(A emission) and a second weaker emission at ~ 1.96 eV (B emission).?>*1%* Remarkably, the optical
transitions at the K points are valley selective. Owing to the inversion symmetry breaking, electrons at
the K+ and K- band extrema have opposite spin directions and the VB valleys are time-reversal. Hence,
the absorption of o+ and o- circularly polarized light occurs selectively at the K+ and K- valleys,
respectively. The unique combinations of spin and valley degree of freedoms hosted by 2D TMD is
employed in the recently-proposed field of valleytronics.'®® Apart from the intense photoluminescence
and strong light-matter interactions, single layers of MoS: display a long series of advantageous features
for optoelectonics applications, such as good mobility values (~ 700 cm? V1 s™1), tunable bandgap
energies, large optical absorption in the visible range (up to 20% per monolayer at specific resonances)
and rich excitonic features'®"!%, The indirect-to-direct bandgap transition occurring from bilayer to
monolayer can be conveniently exploited to detect and distinguish a single layer from a multi-layered
(ML) flake, as the 1L PL i1s more than 100 times stronger than bilayers’ emission. CVD-grown TMDs
often present a multi-layer region at the center of the flake, in correspondence with the nucleation site.
This translates into a PL drop in this ML fraction of the flake visible with PL mapping, as shown in
Figure 10b and Figure 11c. Another common strategy to characterize 2D TMDs is through AFM
thickness measurements or Raman spectroscopy. It is possible to count the number of layers in MoS;
flakes by looking at the relative position and shape of the Raman peaks corresponding to the two modes
El and Aig,'% as reported in Figure 10c.

1. 3.2 Excitonic quasiparticles in MoS2 monolayers

In a crystal structure, the light-induced promotion of an electron from the valence band to the conduction
band leads to the creation of exotic quasiparticles called excitons. An exciton is a bound state formed by
an excited electron and the corresponding electron vacancy, electrostatically attracted to each other. Due
to Coulomb interactions in the many-body system (i.e., electron-electron repulsive forces), the exciton
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Figure 11 — Photoluminescence emission of single layers of MoS;. a) Schematic illustration of the
optical absorption of an ideal 2D semiconductor including the series of bright exciton transitions below
the renormalized quasiparticle band gap. In addition, the Coulomb interaction leads to the enhancement
of the continuum absorption in the energy range exceeding Ej, the exciton binding energy. The inset
shows the atom-like energy level scheme of the exciton states, designated by their principal quantum
number n with the binding energy of the exciton ground state (n = 1) denoted by EB below the free
particle bandgap (FP). Reproduced from Ref.1>® with permissions from American Physical Society. b)
Photoluminescence spectrum of 1L-MoS, deconvoluted with Lorentzian fits corresponding to the A
exciton and A trion (in blue and green) and the B exciton (in yellow). The red dashed line shows the
resulting fit of the PL spectrum. Inset illustrates a representation of the exciton (X) and negatively
charged exciton (trion X ™) quasiparticles. c) Reflection image (top-left) and photoluminescence images
(bottom left) of a CVD MoS:; flake. By overlapping the two images (top-right) it is evident that the center
of the flake, composed by multi-layers, does not emit light as strongly as single layer portions on the
flake. The bottom-right image reports the PL emission intensity at 1.85 eV, showing inhomogeneities at
the edges of the flake. Scale bar is 2.5 pm.

has lower energy with respect to the corresponding unbound electron and hole. Hence, the formation of
an exciton resonance is energetically favorable and strongly influences the optical absorption of ideal 2D

semiconductors, lowering their optical bandgap energy (Figure 11a). The hole-electron bound pair is an
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elementary excitation that behaves like a hydrogen atom confined in the crystal lattice, with net-zero
charge and characteristic binding energies, and can be conveniently described as an independent
quasiparticle. In condensed matter physics, excitons are typically categorized in Frenkel and Wannier
types, based on the binding energy and radius of the hydrogenic resonance. Frenkel excitons are tightly-
bound electron-hole pairs, characterized by large binding energies and small excitonic radii (in the order
of the Armstrongs). Typically, they originate in systems with low dielectric constants and intense
columbic interactions. Frenkel excitons are highly localized, strongly interact with phonons and exhibit
low transport properties. On the other hand, Wannier excitons are loosely-bound excitons (~0.01 eV)
with large electron and hole orbits in the nanometric order. Wannier excitons are typical of
semiconductors with high dielectric screening and small electron effective masses. In 2D-TMDs, features
traditionally associated to Frenkel and Wannier excitations coexist, owing to the weak dielectric
screening and 2D quantum confinement effects. Excitons in single layer TMDs have large Bohr radii
(9.3 A in the case of 1L-MoS;), with a wavefunction that can extend over several lattice constants, and
large binding energies, in the order of 0.5 eV. Due to significantly strengthened Coulomb interaction in
the 2D environment, exceptional excitonic phenomena are observed in 2D TMDs. Single layers of MoS;
are populated by neutral excitons and excitons bound to other particles such as charged excitons (i.e.,
trions) and bi-excitons. The resulting formation of excited quasiparticles dominates the fundamental

optical properties of 2D TMDs even at room temperature.

In MoS, monolayers, the photoluminescence emission spectrum is determined by the recombination of
excitons and trions (see Figure 11b). Excitons can couple with other free electrons and holes in the
lattice, leading to the formation of negatively charged trions (X ~) and positively charged trions (X™).
The binding energies of quasiparticles depend on the effective masses of electrons and holes and are
heavily affected by the thickness of the layered crystal. By increasing the number of layers from single
layer to bulk, the dielectric screening intensifies and binding energies heavily decrease. In 1L-MoSy,
trions have binding energies of the order of tens of meV. A pronounced trion contribution lowers the
average energy of the emission and can be detected by analyzing the PL lineshape. The relative trion and
exciton contributions to the photoluminescence spectrum can be measured from the deconvolution of the
main peak into two Lorentzian fits, one at higher energies accounting for the neutral exciton and one at
lower energies taking into account the negative trion. The thermal equilibrium between excitons, trions
and free carriers (with densities of ny, ny_ and n,, respectively) can be expressed as ny+ n, <> ny_. For

low carrier density values, the dynamic equilibrium of free electrons is governed by a Bolzmann
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distribution. Mass action models have been developed to calculate the exciton-to-trion ratio in
bidimensional materials.#6167188 This aspect will be further discussed in Chapter III and employed in
Chapter VII, as a powerful tool to monitor variations in the carrier density of 2D TMDs with

spectroscopic analysis.
Manipulation of 1L-TMDs

Many of the main parameters of two-dimensional TMDs, as the interlayer bandgap, exciton energies and
populations, are controlled with an external electrical bias. Thus, electrical tuning is a powerful technique
to manipulate the optoelectronic properties of these layered materials.?® Electrostatic gating is the most
common design to achieve this goal, with a source and a drain contact on the top of the monolayer and
usually collected together to the ground, a dielectric layer immediately underneath the two-dimensional
TMDs (e.g., SiO2, h-BN) and a third contact below the sample and the dielectric, connected to a voltage
source. In this architecture, MOS-FET-like, the bias (V;) is applied from below the sample, as shown in
Figure 12a. Devices built in this way have shown tunable photoluminescence and control over the
excitonic populations in MoS; monolayers!3*%° and MoSe, monolayers'®. (Figure 12b). More
advanced possibilities arise from the splitting of the back gate into two separately controllable pads. With
a similar architecture, it is possible to induce a p-n junction into the TMD monolayer by applying two
different potentials V;; and V,. As shown in Figure 12, photocurrents and localized photoemissions at
the junction line have been reported. 2D p-n junctions exhibit an extreme tunability of the optical
properties, combined with promising values of light-power conversion and electroluminescence
efficiencies. Several studies demonstrated that good control over p-n junctions, fundamental unit of most
optoelectronic applications, can be achieved with competitive results, proving that 2D TMDs are
promising candidates for the development of the next-generation photodetectors, photodiodes, and solar

ceI |S 170-172

In recent years, bidimensional materials have been locally manipulated to design innovative devices
architectures of particular interest for quantum optics and solar energy conversion, with the proposed
creation of solar ‘energy funnels’. 142145173174 Ag introduced before, the optoelectronic properties of 2D
TMDs are dramatically affected by local perturbations. Given the extent of modern treatments involved
in the assembly of nanodevices (e.g., chemical treatments, high temperatures, electron beam exposure,
ion-bombardment), is virtually impossible to avoid the introduction of structural and chemical disorder

in 2D materials during the fabrication steps. Local perturbations impact, often negatively, the
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Figure 12 — Electrostatic control of devices based on 2D-TMDs. a) Illustration of a typical gating
configuration for electrostatic control of 2D-TMDs. b) MoSe; PL (colour scale in counts) is plotted as a
function of back-gate voltage. Near zero doping, we observe mostly neutral and impurity-trapped excitons.
With large electron (hole) doping, negatively (positively) charged excitons dominate the spectrum. c)
Photoresponse of monolayer p-n junction at 100 K. Microscope image of a monolayer p-n junction 1L-WSe2
device. The source and drain contacts are white, the two bottom gates are red, and the BN is blue. d)
Corresponding Integrated photoluminescence map. The orange dashed lines outline the source and drain
contacts whereas the blue dashed lines outline the backgates. €) scanning photocurrent image showing
pronounced photocurrent generation localized to the junction. f) Peak photoluminescence energy map
showing p and n regions as a result of the different energies of oppositely charged excitons. X- (X+)
represents the negatively (positively) charged exciton found in the n (p) region. Panel b readapted from Ref.

168 with permission and panels c-f readapted from Ref. 170 with permission from Springer Nature.

morphological (e.g., strain) and electronic structure of TMDs.!”® Hence, the investigation of the
unperturbed physical and chemical properties of nanomaterials is a topic of scientific and technological
relevance. Contactless techniques, such as all-optical techniques, are promising candidates to address
this task. Light can be employed to actively manipulate the 2D material, with local modulations including
the generation of photocurrents, conductance modulations,*’®'"7 excitonic Mott transitions*’®'"°, and
negative photoconductivity.® To overcome the transient nature of these methods, often circumscribed
on ultrafast timescales, photoactive molecules and graphene quantum dots have been recently employed
as charge injection sources. Upon illumination, light is absorbed and ~1 photocarrier per molecule is
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injected into the TMD layer.26718! |n Chapter VII, | will report the implementation of metal oxide NCs
as charge injection sources capable of multi-charges transfers, going beyond the state of the art, and

stable long-distance charge separation.
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[1. Experimental techniques and methods

I report here the techniques employed for the nanofabrication of the materials used in this work and for
their morphological and optical characterization. Dynamic modulations were induced via photodoping
and via oxidative reactions, under the experimental conditions detailed below. The analysis of the
experimental data was supported by a combination of optical modeling (for both absorption and
photoluminescence) and numerical simulations. Technical details of the methods utilized in this work

are listed below.

1. 1 Fabrication of nanomaterials

Oleic acid (90%), Oleyl alcohol (85%), Tin(IV) acetate (99.99%), In(l1l) acetate (99.99%), Ethanol
(99.8%), Hexane (95%), Toluene (99.8%), Acetonitrile (99.8%), Dimethylformamide (99.8%), NOBF4
(95%) were purchased from Sigma Aldrich.

I[11.1.1  Continuous growth of Sn:In20Os nanocrystals

Tin-doped indium oxide nanocrystals have been synthesized with a continuous growth approach.?2°5%8
The so-called living nanocrystal growth methods allow determining the radial composition of the NC
with nanometric precision, with control over dopants distribution, size dispersions, and the formation of
core-shell structures with tailored features.>* In principle, several precursors with different doping levels
can be introduced in the reaction, as no purification of the nanocrystals is required (Figure 13). | describe
here the step-by-step procedure followed. First, tin(1V) acetate and indium(I11) acetate were mixed in a
1:9 Sn:In ratio. Then, oleic acid was added in a 1:6 metal to acid ratio in the same flask, yielding to a
10% Sn-doped ITO precursor solution. Degassing was performed by leaving the flask for 3 hours at 150
C under N2. The nanocrystals were synthesized by slowly injecting the ITO precursor solution via a
syringe pump (drop-by-drop at a rate of 0.35 mL/min) to 13.0 mL of oleyl alcohol kept at 290 °C. The
slow-injection procedure was accompanied by a constant flow of N2 gas in the reaction flask (130
mL/min), washing the reactor from water vapor. The removal of water is necessary to avoid precipitation
and allow the growth of spherical NCs. Oleic acid ligands stabilize the nanocrystals during the continuous
growth. ITO cores, grown to a radius size of 5.5 nm, were isolated by precipitating with 12 mL of ethanol
and centrifuging at 7300 rounds per minute (equivalent to an acceleration of 5540g) for 10 min. The
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precipitate was then washed twice more with ethanol and dispersed in hexane to form stable stock

solution.

For shelling, the core NCs were reintroduced in fresh oleyl alcohol, after keeping a part of the NC solution
for analysis. Analogously with what was described before, a second precursor solution was prepared. For
the Sn:In2O3-1n203 core-shell NCs analyzed in this work, an (undoped) indium oleate precursor solution
was formed by mixing indium(l11) acetate with oleic acid in a 1:6 molar ratio. The same slow-injection
procedure was implemented to add the precursor to the reaction flask. Core-shell NCs were then washed
with ethanol and stored for experiments. The shelling process was repeated several times until a final
size of ~10 nm was reached. Nanocrystal core-shell samples used in this work were collected at different
stages of the shell growth, they present various shell thicknesses but they all share the very same ITO

core.

L
_M—0,CR + ROH
4 (solvent)

\

L\
| M—OH

n

Nucleation

A

0,CR
=

Termination/
Passivation

H,0

L\
M—OH

<——— M—O0,CR + R'OH
L/

Figure 13 — Schematic illustration of the continuous growth synthesis of metal oxide nanocrystals.
Slow addition of metal oleate promotes metal hydroxide formation leading to initiation of nanocrystal
growth. Nanocrystals continue to grow during propagation as additional monomer is added. Metal
hydroxyls on the nanocrystal surface support a living growth mechanism. Reproduced with permission

from Ref *°. Copyright 2016 American Chemical Society.
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I11.1.2  Chemical vapor deposition of 2D TMDs

Single layers of MoS; were prepared employing chemical vapor deposition (CVD) techniques.!’8

Preliminary cleaning of the chamber from contaminations was performed by base pressure (18mTorr)
for 5 mins. Then, in two hot zones of the horizontal furnace (2’ tube diameter) were collocated 2 mg of
MoO3z powder (Sigma Aldrich, 99.97%) and 200 mg of sulfur powder (Sigma Aldrich, 99.998%). Argon
(100sccm) was used as carrier gas during the material growth. For nucleation, the MoO3 and the substrate
in the chamber are heated up to 550 °C for 2 mins. The S powder is heated at 130 °C by a heat tape
enveloped outside the furnace. Finally, the chamber temperature is raised to 725 °C for 15 mins, and the
powders are kept at 130 °C. The as-prepared sample is composed of single layers of MoS; distributed
over a SiO»/Si standard wafer. The dielectric layer of silicon oxide, with a thickness of ~280 nm, provides

optical contrast.
I11.1.3  Nanofabrication of 0D-2D hybrid heterostructures

The 0D-2D hybrid heterostructure was fabricated by spin-coating a single layer of ITO-In203
nanocrystals on top of the 2D MoS, sample. Spin-coating was performed by depositing 20 pL of a
10mg/mL NC/toluene solution at 2000 rounds per minute (rpm) for 45 seconds, with a ramping time of
10 seconds. Subsequently, a thin protective layer of polymethyl methacrylate was deposited to
encapsulate the heterostructure. 50 pL of a 5mg/mL stock solution were spin-coated at 2000rpm for 45
seconds, resulting in a polymer protection layer of approximately 50-100 nm. SEM imaging confirmed
the presence of a single layer (or a bilayer) of NCs covering the 2D flakes. The characterization of the
MoS2 monolayers via Raman spectroscopy and micro-PL mapping, before and after the deposition of
MO NCs, showed no significant variations in the optical properties nor the morphological structure of

the single layers.'”8

1. 2 Characterization techniques

For the structural and optical characterization of the nanomaterials involved in this work, several
techniques were implemented, mostly involving microscopy (e.g., optical microscopy, electron

microscopy) and spectroscopy (e.g., Raman, photoluminescence, absorbance).
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I11.2.1  X-Ray diffraction (XRD) and X-Ray photoemission
spectroscopy (XPS)

X-ray Diffraction (XRD) measurements were performed with a PANanalytical Empyrean X-ray
diffractometer equipped with a 1.8 kW Cu Ko ceramic X-ray tube and a PIXcel3D 2x2 area detector,
operating at 45 kV and 40 mA. Samples were prepared by depositing a concentrated NCs solution onto
a zero-diffraction silicon substrate and letting the solvent evaporates. XRD diffraction patterns were
collected in a parallel beam geometry with symmetric reflection mode, working under ambient
conditions. Data analysis of the XRD data was implemented with the HighScore 4.1 software from
PANalytical. XRD measurements confirmed the crystalline structure of ITO NCs.

X-ray Photoemission Spectroscopy (XPS) measurements were carried out on a Kratos Axis UltraPtP
spectrometer equipped with a monochromatic Al Ka source (15 kV, 20 mA). Samples were prepared by
dropping a concentrated NCs solution onto a highly ordered pyrolytic graphite (HOPG, ZYA grade)
substrate and letting the solvent evaporates. To collect high-resolution spectra (energy step = 0.1 eV) of
the Sn 3d and In 3d regions a 10 eV pass energy was employed over a 300 x 700 microns area. Photo-
emitted electrons were collected at a take-off angle of ¢ = 0° with respect to the surface normal and the
analysis chamber pressure was kept below 7 x 10~° Torr for data acquisition. XPS data were converted
to VAMAS format and data processing was performed with the CasaXPS software, version 2.3.24. The
C 1s peak was used as internal reference for the binding energy scale (BE for C-C = 284.8 eV).
Quantitative analysis of the tin and indium contributions was performed by calculating the areas of In 3d
and Sn 3d peaks, following the implementation of background correction methods across the spectral
range analyzed. Relative sensitivity factors (RSF) were used to scale the peaks areas and estimate the
relative atomic concentration of indium and tin, as provided by Kratos (RSFin 3¢ = 7.265, RSFsn 3¢ =
7.875).

I11.2.2  Inductively-coupled plasma mass spectrometry (ICP-OES)

Inductively coupled plasma mass spectrometry (ICP-OES) was employed to estimate the doping levels
and the NC concentrations for all core-shell ITO samples. The elemental analysis was performed on an
ICAP 6000 Series ICP-OES spectrometer (Thermo Scientific). The sample preparation process
employed is the following. To completely digest the NCs, the samples were dissolved in aqua regia

[HCI/HNO3 3:1 (v/v)] in a volumetric flask left overnight at room temperature. Milli-Q grade water (18.3
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MQ cm) was then added to the flask and the obtained solution was filtered with a polytetrafluorethylene
membrane (0.45 um pore size) filter. For the ICP-OES analysis reported, a systematic error of about 5%
can be expected.

[11.2.3  Optical absorbance measurements

Absorbance measurements were carried out on a UV—vis—NIR Spectrometer (Agilent Cary 5000) in the
spectral range 280-3200 nm with a scan resolution of 1 nm. For both photodoping and titration
experiments reported in this work, sample preparation required the drying of the solvent (hexane) and
the transfer to ITO NCs into anhydrous toluene in a nitrogen-filled glove box. Optical measurements
were performed in transmission using an anaerobic rectangular cuvette with a sealed screw cap (Starna
Scientific), with an optical path of 5 mm and a volume of 1.4 mL. As reference spectrum, the same

cuvette was measured when filled only with the solvent.
I11.2.4  Electron microscopy (TEM and SEM)

Transmission electron microscopy (TEM) was employed with a JEOL JEM-1400Plus operating at 120
kV to morphologically characterize the samples of varying shell thicknesses, estimate the particles size,
and validate the successful formation of nanocrystals. Samples were deposited on lacey carbon grids
supported by a copper mesh. Size distribution analysis was performed using ImageJ tools on the images
acquired. High-resolution TEM (HR-TEM) was performed with an image-Cs-corrected JEOL JEM-
2200FS TEM (Schottky emitter) operating at 200 kV, with an in-column image filter. For sample
preparation, NCs were deposited onto double amorphous carbon film -ultrathin on holey- coating Cu
grid. High-resolution images were collected in electron-counting mode with a direct electron detection

camera (K2 Summit, Gatan), further confirming the crystalline NC morphology.

Scanning electron microscopy (SEM) was employed to characterize the ITO NC thin film covering the
MoS: layer in the hybrid heterostructure and estimate the NC areal density. The SEM imaging was
carried out with a Helios Nanolab 600 (FEI Company) combined with an X-Max detector, using an

accelerating voltage of 10 kV and beam current of 0.2 nA.
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I11.2.5  Hyperspectral imaging (micro-PL and micro-Raman

spectroscopy)

Hyperspectral imaging was achieved by collecting the photoluminescence (PL) spectrum and Raman
spectrum of 1L-MoS; in each spatial point of the map, raster-scanning the 2D flake with high-precision
piezo stages (Mad City Labs). The sample was probed with a 500 nm pulsed laser excitation source (2.48
eV; 80 MHz repetition rate) by using a scanning confocal microscope equipped with a 50 x 0.6 NA
objective. The same objective collected the emission spectrum of the sample, filtering out the excitation
light reflected from the laser with a 600 nm long-pass filter and a 532 nm long-pass dichroic mirror.
Then, the output signal was dispersed with a spectrometer (Princeton Instruments) and acquired by a
cooled charge coupled device (CCD) camera (Andor). Emission data were acquired with custom-made
microscopy software.'8 The laser power employed was kept, for all measurements, low enough to remain
in the linear regime response of the sample and avoid non-linear optics effects. For Raman measurements,
a specific microscope system (NTMDT) and an excitation wavelength of 532 nm (2.33 eV) were

implemented analogously as above.

1. 3 Post-synthetic modulation techniques

[11.3.1 Photodoping of colloidal NCs

For the photodoping of colloidal NCs in solution, the following procedure was followed. ITO
nanocrystals were prepared by collecting an aliquot of the stock solution in hexane, letting the
nanoparticles dry and transferring them into an argon-filled glovebox. Then, the NCs were dispersed in
toluene anhydrous, forming a colloidally stable solution of concentration. The use of anhydrous solvent
is motivated by the need for inert atmosphere conditions of the photodoping process occurring in a liquid
environment. Photodoping is achieved by illuminating the quartz cuvette containing the NC solution with
a UV LED (Thorlabs M300L4, central wavelength: 300 nm, bandwidth: 20 nm). The cuvette was kept
at 12 mm of distance from the UV source, receiving a power density of 36.8 mW cm at the cuvette
surface. In the case of the solid-state heterostructure, contactless photodoping of the ITO NCs was
performed by focusing a 350 nm (3.54 eV) pulsed laser onto a precisely located spot of the hybrid for a

few minutes (e.g., 5 or 10 minutes, depending on the specific experiment).
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[11.3.2 F4TCNQ titration

Powder (97%) of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) was purchased from
Sigma-Aldrich. The titrant solution was prepared inside an argon-filled glovebox by dissolving 0.34 mg
of FATCNQ in 40 mL of anhydrous toluene. Before titration, the ITO-InO3 NCs were dispersed in
anhydrous toluene (forming a solution of concentration ~ 0.1 10 mol/L), as described above. To
preserve the photocharged state of ITO NCs and avoid air exposure, after photodoping, titration additions
steps were performed inside the glovebox environment. The effects of FATCNQ molecules on as-
synthesized ITO-1n203 samples were tested, showing no sign of interaction nor degradation. Electron
counting was performed by analyzing the neutral, anion, and dianion spectral features of FATCNQ

molecules after each titration step, as described below.
[11.3.3  Electron counting with FATCNQ titrants

The number of electrons extracted per photodoped NC was estimated by implementing the following
procedure. Knowing the concentration of titrant solution (¢ = 0.085 mg/mL) and the molecular mass of
FATCNQ molecules (276.15 g/mol), the volume of titrant molecules added into the cuvette (V') can be
easily converted into moles of FATCNQ (ng4rcng) for each step of the experiment: npurene(V) =
cV /276.15 (see Table 1 in Appendix). The mean weight of ITO NCs, estimated from the volume of the
unit cell (1.0355 nm?), the weight of Sn, In and O atoms and the average radius of the NCs measured
with TEM images, was employed to calculate the number of ITO NCs moles ( ny¢ ) present in solution.
Then, by normalizing ngsreng Over nyc, the number of reacted FATCNQ molecules per NC can be
obtained: Nyreqetea(V) = NMparcng(V)/ nyc. Depending on the kind of reaction taking place (identified
from dianion or anion peaks), N,.4cteq Can be converted in equivalent electrons by multiplying n,c4cted
to a factor two (dianion) or one (anion). The analysis performed in Chapter VI indicates that up to V; =
14 uL (volume of added FATCNQ molecules) only dianion reactions occur, given the lack of neutral and
anion spectral signatures. The next addition, here marked as V, = 17 uL, is a threshold value in the
titration steps in correspondence of which anion and neutral spectral signatures start to appear. The
progressive growth of anion and neutral peaks after V, indicate that a non-complete reaction of FATCNQ
molecules occurs, making the analysis too complex to be carried on. Nevertheless, the LSPR peak
continues to decrease in intensity and its energy redshifts, suggesting that further charge extraction is
possible. Here, a transfer of two electrons per FATCNQ molecule was considered up to the midpoint
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between V; and V, (Vmid = ——

V1i+v2

=15.5 uL). Due to the presence of anion peaks, it is safe to assume

that the extraction process of stored electrons continue up to at least V,. To account for this, one extra

electron was then added for each titrant molecule between Vmid and V,. Hence, the total number of

electron extracted from each photodoped NC was estimated as: 2e~ X Nyeqcred Vinig) + 1€~ X

(nreacted(VZ) - nreacted(Vmid)) ~ 123.

1. 4

1. 4.1

Optical modelling and numerical simulations

Numerical calculations of Poisson’s equation

Simulations for the energy band and carrier density profiles of MO NCs with spherical symmetry were

performed using a finite-element method (FEM). The solution to Poisson’s equation was numerically
calculated with the software COMSOL Multiphysics v5.0 (Comsol Inc., Burlinghton MA USA),

exploiting the built-in Mathematics module.
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Figure 14 — Meshed geometry of a spherical nanocrystal. Poisson’s equation was solved over this

control volume using a finite element method in COMSOL. Reproduced from Ref.? with permission from

Springer Nature.

The dimensionless form of Poisson’s equation was adapted in Cartesian coordinates, as derived by

Seiwatz and Green:20:2284

e
72y = —-L
gggkpT
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where e is the fundamental electron charge, ¢, is the vacuum permittivity, ¢ is the static dielectric
constant, kg is the Boltzmann constant, T is temperature, and p is the carrier density. Here, u is the non-
dimensional potential describing the difference between the neutral (bulk) and the surface potentials,
defined as:®

Ep—Ej
kgT

U = Upyik — Usurface = (11)

__ EcptEyB

with Ep being the bulk Fermi energy level and E; the band gap midpoint (E;z and Eyp

represent the conduction band and valence band profile, respectively). Poisson’s equation can be

rewritten by explicating the contributions to the carrier density profile p = p(7):
p=pp(r)+p—n (12)

Here, pp () is the radially-dependent donor dopant density, and p and n are the hole and electron density

Ex—Ey

contributions, respectively. By employing an auxiliary function w, , = , It is possible to further

define the donor carrier density profile, expressing the activated dopant concentration as:

_ Np(r)
P (1) = =y (13)

Ep—E .
where wp, ; = ﬁ and Ep, is the donor energy level.
B

Furthermore, by assuming a parabolic CB and Fermi-Dirac distributions (F, ) for the carriers, the free

hole (p) and free electron (n) densities are given by:

thkB 3/2
b= 4”[ ] Fija(wy i (r) — w);
2mekpT]3/2
n= 47‘[[ mth ] Fl/Z(u - WC,I(T)) (14)
With h b i ? — Eyp—E] ECB Ey
eing the Planck’s constant, wy,; = =~—=, w¢,; = e , and Fl(T]) = fo - 17, where x is
B

the dummy variable. Theoretically, the upper limit of the integral is set to oo to account the exponential
decay of the integrand at high energies. In the numerical calculation performed, the upper bound was set
to a finite number great enough to ensure the solution convergence and maintain an accuracy within the
1% limit.

Considering all of the above, Poisson’s equation becomes:
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5 e? Np(r) 2 kpT13/? 2mekpT]3/2
Vou = — T {1+Ze(u‘WD,I(T)) +4m [ h2 ] Fijo(wya(r) —u) — 4w [ h2 ] Fija(u =
WC,I(T))} (15)

where my, is the effective hole mass (0.6 times greater than the electron mass) and m,, is the effective

electron mass (0.4 times greater than the electron mass).

Introduction of extra charges

Equation (15) was then extended to study the photodoping process of MO NCs. By considering additional

generation and recombination mechanisms the Poisson’s equation becomes:!8*

P2y = — ”'e:T +G(r) = R(P) (16)

ggok
Recombination effects are neglected and R(r) is set to zero. The generation term G (r) represents the

spatial distribution of the extra photogenerated carriers introduced into the system and is here modeled
by the Gaussian function:

1 T—RNC

G(r) = Ymax - (17)

—_— €
Vv oV2m

where N,,,, is the maximum (peak) number of extra electrons introduced via photodoping and o is the
shape factor determining the spatial distribution into the nanocrystal. Variations in o offer the possibility

to model different effects of the additional electrons on the energy profile.
Calculations of the number of stored electrons

By integrating the electron density over the NC volume (V), the total number of free electrons can be

obtained:
Ng = [, n(r)dv (18)

The number of stored electrons via photodoping (4N) is then given by the difference in Ng after
photodoping and Ng of the as-synthesized case. | report here that numerical simulations tend to

underestimate AN for small values of ¢, in core-shell systems. However, the error is within uncertainties
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expected for this model and the general trend is found to be consistent with experimental findings, as

reported in Chapter VI.
Optical simulations

To numerically simulate the absorption spectra of ITO-In203 NCs (shown in Chapter V), the radially-
dependent solution of Poisson’s equation for the carrier density profile was coupled with the high-
frequency formulation of Maxwell’s equations, linking the simulated electronic density of the NC to its
plasmonic response. Optical simulations were performed in Comsol with the Electromagnetic Waves,
Frequency Domain module. To compute far-field contributions, a background medium box with a size
10 times larger than the nanoparticle radius was added.

I11.4.2  Carrier density analysis from 2D MoS: photoluminescence

emission

Quantitative analyses of the emission response of 1L-MoS> were performed by fitting the PL spectrum

with Voigt functions based on a Lorentzian and Gaussian convolution:

E+iy.

Refur EX)
V(E,o0,v) = Tf (19)

where 1 is the Faddeeva function, y is the half-width at half-maximum (HWHM) of the Lorentzian, and
o is the Gaussian standard deviation. The PL emission was modeled as the sum of two oscillators,

representing the exciton and the trion contributions:

I(E) = Iy -V(E - Ey, UX;VX) + Ir -V(E - Er, o7, VT)-

fo(ER)  ae{2m)

IE) = Iy - —— % orvZm

(20)

where yy and y; are the HWHM of the Lorentzian peaks, oy and o, the standard deviations of the
Gaussian peaks, Iy and I are scaling factors for the overall intensity, and Ey and E are related to the
center position of the two oscillators. Here, the labels X and T refer to the exciton and trion contributions,
respectively, for all the parameters listed above. Importantly, the initial undoped 1L-MoS; spectrum was
fitted to extract the above fitting parameters used as restrained in the fitting procedure of photodoped

spectra, as summarized in the Appendix.
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The spatial-dependent spectral fit performed for the hyperspectral mapping was performed in an
analogous way, keeping the parameters of each pixel fixed from before and after photodoping cases.
Finally, Raman peaks were fitted with a Lorentzian function for each peak.

Mass Action Model for quasiparticles

As reported, the emission intensity of the low-energy trion relative to the neutral exciton is acutely
sensitive to the density of free carriers in the 1L-MoS,.13%146167.188 Hence, quantitative analyses of the
relative populations of tightly bound excitons and trions deliver a non-invasive tool to identify carrier
density variations. A modified mass action model was employed to link the free carrier density to the
ratio between the spectral weight of the exciton and the trion at room temperature. For low excitation
densities, the thermal equilibrium between excitons, trions and free carriers (of densities ny, ny_ and n,,
respectively) can be expressed as ny+ n, «> ny_ and is governed by a Bolzmann distribution. Such
model was originally developed to describe carrier density variations in conventional epitaxial quantum
well structures®>18 and was recently adapted to estimate the exciton-to-trion ratio of 2D TMDs (e.g.
1L-MoS; and 1L-MoSey). 4616718 |n this work, the mass action model describes temporal evolutions in
carrier density induced by photodoping. Precisely, the temporal evolution of carrier density, n,, (t), can

be is described as:

_£>
ne(t) — nX—(t) . 4'IVIX()Tn'e . kBT . e< kgT (21)

nx(t) mwhZMy_

where m, is the electron effective mass, My, and My are the exciton and trion effective masses,

respectively, and EX~ is the intrinsic trion binding energy (taken from Ref.1%9),

I11. 4.3  Drude-Mie fitting model for plasmonic NCs

An optical model based on Drude theory and Mie scattering theory was intensively employed in this
work for the analysis of plasmonic NCs and their modulations upon photodoping. Here, | report details
of the fitting procedure. As introduced in Chapter I, the Drude-Lorentz complex dielectric permittivity
is given by:

e(w) =&y — ©p (22)

w2+iwl
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where w, is the bulk plasma frequency:

wy = \N.e?/ggm* (23)

with n, being the free carrier density, m”* the effective electron mass, e the unit of elementary charge,

and I' the damping parameter.

For heterogeneous NCs, the expression above is affected by different materials and their geometrical
disposition within the particle volume. The Maxwell-Garnett effective medium approximation was
successfully applied to model the optical response of core-shell structures through the implementation of

an effective dielectric constant, seff(w).187 For core-shell NCs, the formula yields to:

(g +2¢ )+2F (g - )
core shell core”<shell (24)

& w)=¢& (
eff( ) shell (ecoret2&snet) —F (Ecore—Eshell)

Where €., and e, are the dielectric permittivity of the core and shell material, respectively, and F =
(R,ore/R)? is the volume ratio between the volume of the core (V,,,..) and the total volume of the NC
(Vne)- Both g4, and €., are calculated with equation (22). This model was further refined for large
core-shell NCs in Chapter V, leading to the formulation of the three-layer model. As a matter of fact,
recursive applications of equation (22) can lead to the calculation of multiple core-shell structures (i.e.,
core-multishell systems). In the case of core-shell NCs composed of two materials and a third layer (DL)

accounting for the depletion layer, the effective dielectric constant can be written as:

(ecoret2&shel) +2F1 (Ecore_gshell)) .
(score+2€snei)—Fi(ecore—Eshetr) /'’

3eff1(0)) = Eshell (

(Seff1+2€DL)+2Fz(Seff1—€DL)> (25)

Eeff (w) = éoL ( (Eeff1+2€DL)—F2(€eff1—€DL)

where e.¢¢1 () is the effective dielectric constant considering only the core-shell structure without the
depletion layer, F; = (Reore/ (Reore + t5))*3 is the volume ratio between V., and Vigressnens F2 =
((Reore + t5)/R)? is volume ratio between V,y,e4snen aNd Ve, and ep; is the dielectric permittivity of
the depletion layer. For electronically depleted layers, equation (22) simplifies to e, (w) = &4 being
the plasma frequency of the depletion layer null (w,, p;, = 0 since n, = 0). In the Appendix, | report the
electronic parameters extracted by the fitting of the LSPR resonances, before and after photodoping, with

the three-layer model.
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LSPR spectra simulated with the optical model

The three-layer model was implemented for simulating the evolution of the LSPR shape of various MO
NCs too, as reported in Chapter V. In these cases, the structural parameters were chosen to match the
core size and shell thickness of the NC under study and the electronic profile systematically tuned to
replicate the experimental trends. Several combinations of carrier density levels and spatial extents of
the three layers (L1, L2, DL) have been investigated, finding that the modulation of the DL layer is a
necessary condition for the observed trends. For each step of the photodoping process, or of the shell
growth process, simulations were performed by fixing the total amount of electrons and allowing the

redistribution of carriers in the three layers.
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V. Photodoping of metal oxide nanocrystals

A very promising property of doped metal oxide (MO) nanocrystals (NCs) is the ability to store multiple
free electrons in their conduction band. Remarkably, this process can be triggered with light in the so-
called photodoping process (more details on the accumulation process and related plasmonic modulations
of MO NCs can be found in Chapter II). Specifically, the term photodoping indicates the light-induced
doping process resulting in the variation of the number of conduction band electrons after the absorption
of photons. In the n-type doping of NC solutions, the photogenerated holes are quenched at the surface
of the NC by electrochemical reactions or transferred to hole acceptors, while the corresponding
photogenerated electrons accumulate within the NC volume. Photodoping is a powerful tool that allows
the remote non-destructive modulation of carrier density levels in situ, and it has been successfully
employed in several semiconductor nanocrystals.'**° For example, in order to investigate carrier-dopant
interactions, photodoping was efficiently utilized to produce and control electron spins in magnetic
semiconductor NCs.'® In CdSe nanocrystals, n-type photodoping have been exploited to raise the
amount of doping and fill quantized energy levels.* Photodoping can be employed to alter and control
hot electron dynamics in similar NCs.*?! Due to narrow valence bands, cadmium chalcogenide
nanocrystals necessitate the employment of highly reactive hole quenchers for efficient photodoping.*
However, the quantized energy levels of Cd-based chalcogenides significantly restrain the number of
electrons that can be introduced via photodoping (e.g., two extra electrons per NC), limiting the
implementation of photodoped CdSe NCs for most applications.'* Instead, metal oxide nanocrystals have
been described as soluble supercapacitors due to the ability to accumulate multiple electrons in their
conduction bands.***> A number of stored photocharges ranging from tens!®!8 to hundreds'*"® have
been reported for each NC unit. The large capacitance values combined with the possibility of light-
induced charging make MO NCs an extremely attractive material for developing light-driven energy
storage solutions.!**® In fact, in a pioneering work of Brozek et. al. on Fe-doped ZnO NCs (Zno.gsF€0.010)
volumetric and areal capacitance values of 233 F cm® and 33 uF cm™, respectively, have been extracted.
Those values, achieved via photodoping, compete with those of state-of-the-art supercapacitors
commercially available and motivate the research on MO NCs for light-driven energy storage
applications.* Furthermore, the photodoping of MO NCs has been successfully transferred from solution
environments into all-solid-state architectures, with the additional benefit of collecting the
photogenerated holes.t”*® These promising features have been discussed only in recent years and the
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photodoping scheme of MO NCs has not been yet transferred to fully-operating technologies, such as

light-driven functional devices and energy storage solutions (e.g., MO NCs-based photocapacitors).

Chapter II provided a detailed introduction of the light-driven charging of metal oxide nanocrystals, with
a summary of the most important physical and chemical aspects involved in the photodoping process. In
this chapter, Indium Tin Oxide (ITO) NCs, synthesized in a core-shell architecture, are taken as a case
study and the effects of photodoping are experimentally investigated. A detailed theoretical analysis of
the experimental results here introduced will be reported in Chapter V, together with new insights on the

physics of the photodoping process.

V.1 ITO-1n203 core-shell systems
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Figure 15 - ITO-In203 core-shell colloidal nanocrystals. a) TEM images of the nanocrystals at different
stages of the synthesis. Starting from an aliquot of the core (CO0) layers of In2Os progressively form a
thicker shell around the 1TO nuclei (S1-S5). Scale bar is 50 nm for all panels. b) Comparison between
the Sn-dopant concentrations obtained from inductively coupled plasma mass spectrometry (ICP-OES)
and X-ray Photoelectron Spectroscopy (XPS) as a function of shell thickness (t;). The higher Sn/Tot
values of the volume-sensitive ICP-OES measurements with respect to the surface-sensitive XPS
measurements indicate that Sn atoms are segregated in the NC core upon shell growth. Dashed lines are
to guide the eye. c) Normalized absorbance of typical ITO-In2O3 core-shell samples with increasing shell
size, with a tg ranging from 0 nm (black line) to 2.3 nm (red line). After an initial blue-shift due to the
activation of dopants, growing an undoped shell continuously redshifts the energy of the localized surface
plasmon resonance (LSPR) peak in the NIR. Figure adapted from Ref.2® with permission from Springer

Nature.

The investigation of the photodoping process of MO NCs requires control over many parameters

involved, including the NC geometry, size, and doping levels. In this work to experimentally investigate
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the photodoping of these system, | synthesized ITO-In,Os core-shell NCs with varying shell
thickness t; (see Chapter III for further details on synthesis methods). Figure 15a reports the TEM
images illustrating the progressive growth of undoped In2O3 shell around the ITO core of the samples
analyzed in this work. Multiple aliquots were collected at different stages of the synthesis, resulting in a
set of samples that share the same physical core (R, = 5.5 nm - CO) and a range of different shell
thicknesses (S1-S5, with t; = 1.15 nm, 1.9 nm, 2.3 nm, 2.9 nm, 4.25 nm). The formation of core-shell
structures was confirmed by probing the Sn-dopant concertation levels with inductively coupled plasma
mass spectrometry (ICP-OES) and X-ray Photoelectron Spectroscopy (XPS) techniques (Figure 15b).
These techniques are a standard for dopant distribution analysis in similar NCs,*® due the different spatial
sensitivity. In fact, ICP-OES is volume sensitive while XPS is a surface-sensitive technique. ICP-OES
measurements (black curve in Figure 15b) indicate a higher Sn-concentration as compared to XPS
measurements (red curve in Figure 15b) in all samples with shell, indicating that the Sn atoms are
segregated in the NC core. No evidence of a significant diffusion of tin atoms from the core into the shell
was found (further analysis on diffusion effects can be found in Chapter V). Figure 15c reports the
(normalized) absorption spectra of representative core-shell samples in the NIR region. The distinctive
feature of these plasmonic materials is the localized surface plasmon resonance (LSPR), generated by
the oscillation of free electrons in the highly-doped semiconductor.?%'* The LSPR peak position w;spr
and its lineshape are influenced by several factors, including structural defects, dopant concentrations,
and the dielectric constant of the surrounding medium (&,,,). Importantly, the LSPR is determined by both
the NC geometrical features (e.g., R.ore, ts) and the electronic features, such as the carrier density level
n, and the depletion layer width (W) to be discussed in detail in Chapter v.16°36%191 By fine-tuning the
shell thickness of core-shell ITO NCs, it is possible to modulate the LSPR response. Initially, the growth
of a sub-nanometric shell induces a small blueshift in the LSPR energy. This effect is due to the activation
of donor atoms at the surface of the NC from the growth of the thin In,Os layer, resulting in an increase
in carrier density.® The subsequential addition of extra In.Os layer continuously redshift the LSPR. The
increasing shell thickness t; modifies the dielectric surrounding of the NC, lowering the average carrier
density mediated over the NC volume.>® Notably, in particles with shell thickness larger than the critical
t; = 2.7 nm, a second shoulder appears in the NIR spectrum (see Figure 16). This is a signature of a
second independent resonating mode with a distinctive carrier density level, generated by a sufficiently
high carrier density in the outer parts of the NC.%8 This indicates that a more complex carrier density
profile has to be considered for core-shell MO NCs.
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In the case of ITO NCs, dopant placement engineering can be easily achieved thanks to the continuous
growth approach. Doping engineering allows the placement of dopant ions with nanoscale control within
the nanocrystal volume, directly affecting the electronic band profile and depletion layer formation and,
ultimately, affecting the optical and electronic response of the material. Diffusion of donor atoms from
the core into the shell can have noticeable consequences in ITO-In2O3 systems in terms of spectral
response, since even a small number of free electrons present in the shell will modulate the optical
response. Figure 16 shows the absorption spectra of two sets of core-shell NCs with progressively thicker
shells obtained employing two different synthesis techniques. The second contribution to the plasmonic
response appears only in core-shell samples with a thick shell, preferably in samples more affected by
diffusion of dopants. A more precise analysis of the electronic structure involving carrier density profiles
is required to elucidate these effects, as discussed in Chapter V.
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Figure 16 - Effects of dopants diffusion with numerical simulations and different synthesis
techniques. a) Normalized absorption spectra of the two sets of core-shell NCs with progressively thicker
shells obtained employing two different synthesis techniques: segregated particles and b) subject to Sn-
atoms diffusion. Respectively, the first set of ITO-In203 core-shell samples has a shell thickness going
from 0 nm up to 4.95 nm (diameters: 10.1, 14.4, 16.1, 19.6, 20.0 nm), while the second set of samples is
the already analyzed set C0-S5 with t, up to 4.25 nm (diameters: 11, 13.3, 14.8, 15.6, 16.8, 19.5 nm).
The plasmon peak position shifts to towards the red during the growth of the In.O3 layer. A second
plasmonic response is present in core-shell samples more affected by dopants diffusion from the ITO

core to the shell. Unpublished data from Ref. 2,
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V. 2 Photodoping of MO NCs
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Figure 17 — Photodoping of colloidal ITO NCs. a) Temporal evolution of the absorption spectrum of
ITO NCs (with optical density normalized to the as-synthesized case, here reported as dotted lines)
during the exposure of the solution to light beyond the bandgap energy. In uniform ITO particles, the
LSPR significantly increases in intensity and blue-shifts due to the light-induced addition of extra
carriers. Inset shows the effect of photodoping on the band edge absorption (Moss-Burstein effect). b)
Normalized absorbance of typical 1TO-In2Os core-shell samples with increasing shell size, in as-
synthesized (dotted lines) and photodoped (continues lines) cases, with a t; of 0.15 nm (blue), 1.85 nm
(orange), and 2.3 nm (red). Growing an undoped shell continuously redshifts the energy of the localized
surface plasmon resonance (LSPR) peak in the NIR. After 20 min of UV exposure, the intensity of the
LSPR peak increases significantly, reaching values up to almost double its initial absorbance. ¢) Dual-
mode frequency splitting of the LSPR induced by photodoping in ITO-In2O3 core-shell sample S5. Figure

adapted from Ref.2® with permission from Springer Nature.

To study the electronic structure of core-shell NCs and investigate these systems out of the equilibrium
conditions, | post-synthetically alter the number of free carriers via photodoping. Photodoping consists
of introducing multiple free charge carriers via light absorption and (quasi-)permanently storing them
inside the NC by suppressing carrier recombination.'#1%% Here, photodoping was performed in solution
to induce a dynamic variation of the ITO NCs’ carrier density. Colloidal NCs were exposed to light
beyond the ITO bandgap in the ultraviolet (UV) region (300 nm - 4.1 eV, FWHM = 20 nm) and an
intensity of 36.8 mW cm™. Further experimental aspects are reported in Chapter III. It is worth
underlining a substantial difference with respect to the usual conditions adopted in the doping treatment
with ultraviolet light. In order to keep both the overall charge neutrality and stabilize the accumulated
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electron density of each nanocrystal, the intervention of a hole-quencher (e.g., ethanol, methanol) is
commonly employed. In these experiments, however, the increase in the density of charges and the
consequent increase in the plasmonic signal is quite evident without the addition of further compounds
to the solution in toluene. Such behavior indicates that the recombination of the photogenerated charges
is most likely suppressed thanks to the presence of the ligands and/or surface states, without the addition
of alcohols, as already demonstrated in other cases in the literature %1921 alheit the improbable trace

of some residual EtOH molecule absorbed after the NCs washing cycles.

Figure 17a shows the typical temporal evolution of the absorption spectrum of colloidal MO NCs under
UV exposure in anhydrous solutions. Due to photodoping, the LSPR peak energy of uniform ITO NCs
gets progressively blueshifted and the LSPR peak intensity increases. Most of the light-induced
variations occur in the first 5-10 minutes. After a few tens of minutes, all the effects saturate, indicating
that the NC is fully charged and cannot store further photocarriers under the current conditions. As
anticipated, the widening of the optical bandgap results in a bleaching of the band edge absorption (Moss-
Burstein effect!?’). These light-induced effects are directly linked to the amount and the localization of
extra electrons accumulated within the NC volume, and, hence, they can provide valuable information

on the electronic structure of the NC.
Photodoping of core-shell Sn:1n.O3-1n.0O3 NCs

Photodoping of core-shell MO NCs was performed to post-synthetically alter the carrier density levels
and further investigate the optoelectronic properties of those systems out of the equilibrium conditions.*-
16197 The normalized absorbance of three representative cores-shell samples of various tg, with no shell
(blue curve), small shell (orange curve) and large shell (red curve), are reported in Figure 17b. By
comparing the spectra before (dotted curves) and after (continuous curves) the exposure to 20 min of UV

light, it is possible to quantify the LSPR modulations. Due to photodoping, the intensity of the plasmon

significantly increases (Al = [Photodoped _ jas synthesized) gnd jts peak energy shifts (Aw = wf;f;;g’d"ped -

as synthesized
LSPR

of extra electrons accumulated), in agreement with existing literature reports. >*6.781% The |ight-induced

). These effects progressively grow with the amount of photons absorbed (i.e., the number

increase in carrier density corresponds to a stronger interaction between the free electrons and the
impinging radiation, resulting in increased LSPR absorption. The sensitivity of the LSPR modulations
to UV light (e.g., AT and Aw) can be controlled by engineering t,, with values of Al almost doubled in the

case of the biggest NCs. The fine-tuning of the shell thickness, which can be easily achieved through
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continuous synthesis, provides direct control over the plasmon sensitivity to external stimuli such as
photodoping. The enhanced sensitivity of the LSPR to photodoping, achieved by increasing t,, indirectly
hint towards an increased number of stored charges, owing to the proportionality of the LSPR absorption
with n§/3.22 Hence, shell engineering could be exploited for sensitivity and charge storage modulations
in MO NCs. Apart from intensity variations, photodoping effects are also visible in terms of frequency
variations of the LSPRs. While homogeneous particles are characterized by a blueshift of the absorption
peak (Figure 17a), a sign of the increased carrier density due to extra photocarriers, core-shell particles
exhibit a more complex tuning of LSPR lineshape. Remarkably, the photodoped spectrum of core-shell
NCs (such as sample S1 or S2 of the set of NCs introduced in Figure 15) does not blueshift even if
multiple carriers are introduced and stored into the system. Since the average carrier density is defined
as the number of electrons over volume, this strongly indicates that the volume in which the electrons
can freely oscillate expands after photodoping. This expansion is wide enough to compensate or even

overcompensate (in case of redshifts) the increase of carriers.

Large core-shell particles, with a thick-enough shell exhibit a second absorption resonance due to the
different carrier density and dielectric environment. For these NCs, it is possible to induce, post-
synthetically with light, the splitting of the LSPR peak into two modes with distinct energies. Figure 17c
shows the normalized absorption spectra for the core-shell sample S5, with a tg = 4.25 nm, both before
(black dotted line) and after (continue lines) photodoping. The LSPR peak of ITO-In20O3 NCs splits into
multiple modes with distinctive energies, with the separation between the two modes being post-
synthetically and continuously tunable. Multi-modal LSPR absorption can be significantly enhanced and
controlled via photodoping, and it is possible to detect light-induced variations in both the high- and low-
energy mode. The extent of the LSPR frequency splitting achieved via photodoping is similar to those
generated via dopant engineering of large core-shell NCs at the synthesis stage, with the additional
property of being dynamically controlled. In order to precisely describe the optoelectronic response of
core-shell NCs and properly fit the evolution of absorption spectra under photodoping, a multi-layer
optical model for plasmonic nanocrystals based on the Maxwell-Garnett effective medium approximation
was applied (more details in Chapter V). In the following chapter, it will be shown that the multi-modal
optical response is linked to spatially inhomogeneous carrier density profiles and, dynamically, to the
tuning of depletion layers (see Figure 20 for a comparison between simulations, experimental data, and

empirical fitting on sample S5). The ability to split the LSPR as a response to the UV light and hence
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modulate the IR absorption in intensity and frequency opens the way to several novel applications such

as nanoantennas, SEIRS, photocatalysis, and detectors.

V.3 Chapter Summary

ITO-In203 plasmonic NCs were synthesized in a core-shell architecture by systematically tuning the shell
thickness. The experimental characterization and the photodoping of ITO NCs is reported. The temporal
evolution of the absorption spectrum of ITO NCs exposes a rich variety of light-induced effects that are
sensitive to the structure of the NCs. Due to photodoping, the mean LSPR peak blueshifts in
homogeneous NCs, it redshifts in core-shell NCs, and undergoes a dual-mode splitting with the formation
of bi-plasmonic landscapes in large core-shell segregated NCs. The growth of an undoped shell around
the ITO core provides direct control over plasmonic modulations with external stimuli, such as UV
exposure, and is an effective tool to significantly alter the LSPR peak intensity. These empirical results
display that increasing the shell thickness results in the enhanced sensitivity of the LSPR peak to
photodoping and suggest that shell thickness engineering can be exploited to increase the number of
stored photocarriers. These findings will be discussed and are preliminary to the analysis presented in

Chapter V, VI, and VIL
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V. Control of electronic band profiles and depletion

layer engineering in metal oxide nanocrystals

The precise understanding of the energy band structure and depletion layers is of fundamental importance
to control the optical and electronic properties of doped metal oxide NCs. Here, control over the
electronic band profiles of metal oxide nanocrystals is demonstrated both in the static regime (i.e.,
achieved during the synthesis stage) and in the dynamic regime, with post-synthetic modulations.
Depletion layer engineering beyond surface states can be achieved by modulating the materials’
composition and structure, such via the fine-tuning of the shell thickness in core-shell systems, as well
as via photodoping. In this work, Sn:In20s-In2.03 core-shell NCs are taken as a representative case study
for MO NCs and their electronic structure is investigated as a function of the shell thickness. The
introduction of the shell material with distinctive energy and doping levels induces a double bending of
the electronic bands, owing to the formation of two interfaces between core, shell, and surface states.
Due to the enhanced band bending, the electronically depleted region extends from the surface into the
NC volume in the nanometer regime, allowing a deeper examination of depletion layers’ effects in MO
NCs. This work investigated the physics of the photodoping process, unveiling the key role of depletion
layers and band bending in the photocharging of MO NCs. This experimental campaign involved
multiple techniques and the development of ad-hoc approaches, which led to more findings and soon-to-
be publications.?% The conclusions reported in this chapter are supported by theory, numerical
calculation, optical modeling, and experimental results and can be extended to other core-shell and core-

multishell systems.

V.1 Control of electronic band profiles

This chapter aims to investigate the electronic structure of metal oxide nanocrystals beyond the flat-band
picture. Numerical simulations based on the solution of Poisson’s equation were performed within the
parabolic band approximation, following the procedure reported in Chapter II1. Here, the depletion layer
is defined as the region where the carrier density (n,) drops below 102 m= (threshold value at which
plasmonic features can be detected)?? and the active region as the part of the NC volume unaffected by

depletion.
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V.11 Depletion layer engineering and electronic band bending
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Figure 18 — Depletion layer and band bending engineering in MO NCs. A semi-circle depicts the
morphology of the NC, with the extension R in the abscissa (in nm) and the energy in the ordinate (in
eV). The flat-band potentials in non-equilibrium are depicted on the left side of the sphere in each panel,
while the band bending owing to Fermi level pinning is depicted on the right side. The Poisson's equation
was numerically solved to provide band profiles. a) Surface state potentials (E) tuning. The depletion
width W expands as the E value is increased. b) The effect of various materials on W at a fixed Eg.
c) W expansion and depletion layer double bending in an ITO-In,O3 core-shell structure with a core
radius (R.,e) Of 5.5 nm and changing shell thickness (t; =0,1,2,3,4 nm, i.e. blue, light blue, orange,
red, and dark red). d) A multiple shell system made up of an ITO core (R.,,-.=5.5 nm) and an In2Oz and
ZnO shell with a total radius of R = 9.5 nm. The band has a complicated profile that includes triple
bending (green curve). For comparison, the grey curves depict a uniform ITO NC (dark grey) and an
ITO- In2O3 core-shell NC (light grey) with total radius R = 9.5 nm, respectively. Figure reproduced from

Ref.Z with permission from Springer Nature.
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By choosing suitable materials and doping levels and the proper geometrical configuration in terms of
structure and shell thickness, a wide variety of electronic band profiles can be targeted in doped metal
oxide NCs. As reported in Figure 18, the bending of the electronic bands can be tuned and shaped both
in the spatial direction (i.e., radial, in the case of spherical particles) and in the energy domain. Fermi
level pinning from surface states induces the upward bending of the conduction band of MO NCs, with
the formation of spatially dependent profiles and depletion layers. Figure 18 shows the numerically
calculated conduction band profile and the depletion layer width (W) of MO NCs as a function of several
parameters, such as surface potentials (Es), different materials, and the introduction of additional
electronic interfaces. In the first case, a fixed surface potential models the effect of Fermi level pinning
(Es = 0,0.5,1,1.5,2 eV), from which the band bending profile is derived (Figure 18a). The precise
value of E5 depends on multiple system-specific factors, such as the presence of defects, vacancies, trap
states, and surfaces ligands, and can be determined experimentally.?’ The bending of the conduction band
is induced by the formation of the ITO/surface electronic interface, highlighting the importance of surface
effects in MO NCs. Increasing values of E results in the increase of the depletion width W, which
extends into the NC volume in the nanoscale regime. The band structure of various MO materials, such
as ZnO, In203, ITO, and CdO, has been simulated in Figure 18b. Also with constant Eg, the bending
significantly depend on several parameters of the MO NC internal structure, such as the elemental
composition of the material, doping levels, permittivity (¢), and bandgap energy (E,). The band profile

and, consequently, the extent of the depletion layer is a unique feature of each system.

Furthermore, the introduction of additional electronic interfaces within the NC volume is a powerful tool
to alter the electronic profiles of MO NCs (Figure 18c). Core-shell Sn:In203-1n203 NCs are taken as case
study. Due to the presence of the In.Os shell between the core and the surface, two electronic interfaces
are formed (ITO/In203 and InoOs/surface). Typical values of Eg reported in literature for these systems
are approximately 0.2 eV below the In,O3 conduction band minimum.2® While in uniform NCs (e.g., ITO
core only) the band profile is radially determined by the depletion region near the NC surface; in core-
shell NCs, the addition of shell layers results in a double bending of the conduction band. The double
bending of the conduction band becomes particularly evident for the sizes and materials chosen when
the thickness of the shell becomes larger than t; ~3 nm, with the formation of a clear two-levels step
gradient in the electronic band structure (more on the implications of this effect in the next subchapters).
For ITO-In203 NCs, increasing the thickness of the shell tg strongly affects the band’s profile with a

broader bending of the bands that extends for nanometers into the NC volume and increases the depletion
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width (W (t,) ~ ts). Moreover, since Fermi level pinning anchors the depleted region to the surface of
the nanocrystal, the depletion layer is progressively shifted from the ITO core towards the outer region
of the NC. The growth of In2O3 around the ITO core introduces a tuneable intermediate layer between
the core and superficial states. Upon shell growth, even if W increases, Fermi-level pinning affects more
intensely the In.Oz shell region, which effectively shields the active ITO core from depletion. This effect
could be detected as an expansion of the active core region, which is allowed to progressively return to
an undeformed flat-band-like condition if far enough from the surface. In fact, R, tive, 1-€., the region of
the NC volume not affected by W, is typically larger than R,,.. | highlight that the spatial extent of
these electronic features (i.e., R, tive, W) does not correspond to the as-synthesized structural parameters
(i.e., Reore, ts)- The expansion of R, ive 1S NOt due to morphological variations, such as an introduction
of extra donor atoms or diffusion effects (more details in Appendix). Numerical simulations were
performed to assess the impact of diffusion on the double bending of ITO-In,03 core-shell NCs’
conduction band. The Poisson’s equation was solved and the band diagram was calculated for three
different gradients of donors redistributed at the interface between core and shell (e.g., step-function, low
and moderate diffusion). The results, reported in Appendix (Figure 37), indicate that moderate amounts
of diffusion of Sn atoms at the interface between the ITO core and the undoped shell do not significantly
impact the double bending of the conduction band. Shell tuning is a powerful tool to control energy band
profiles and engineer the depletion layer width in core-shell systems. This effect can be further extended
in heterostructures composed of multiple materials, such as core-multishell NC architectures (Figure
18d). The numerical simulations indicate the importance of the architecture in designing the profile of
electronic bands at the nanoscale. For example, a system composed of a core and two concentric shells
exhibits three distinct electronic interfaces, generating a non-trivial bending of the conduction band
(Figure 18d). Several combinations of materials and structures can be exploited, targeting specific
electronic profiles at the synthesis stage. Precise tuning of the depletion layer width can be artificially
achieved in MO NCs, unlocking a new fundamental degree of freedom to engineer the optoelectronic

properties of these plasmonic nanomaterials.

V.2 Dynamic modulation of electronic band profiles

In this subchapter, | examine the effect of post-synthetic modulations on the electronic structure of MO

NCs, exploring the mechanism at the core of the photodoping process and demonstrating dynamic control
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over the electronic band bending of ITO NCs. Numerical simulations were performed to calculate the
effect of additional free electrons in core-shell systems as a function of ¢, identifying how their presence
modifies the energy bands and carrier density distribution of the system. The proposed model was then
tested experimentally on a set of core-shell ITO-In.O3 NCs of various shell thicknesses (samples S1-S5,
with tg = 1.15 nm, 1.9 nm, 2.3 nm, 2.9 nm, 4.25 nm, grown on the core sample CO of radius 5.5 nm),
monitoring the modulation in their plasmonic response upon the introduction of photogenerated charges.

Further details on the synthesized samples and the photodoped spectra are reported in Chapter IV.
V.21 Carrier density profiles and electronic band bending

Here, | simulate the electronic structure of core-shell ITO-In20s NCs of various shell thicknesses (t;).
The structural parameters, such as tg and the core radius (R, ), Were chosen to match the synthesized
set of six samples experimentally characterized in Chapter IV. Numerical calculations were performed
both for the as-synthesized and photodoped cases (details on the methods employed can be found in
Chapter III), going beyond the static results reported in Figure 18 and assessing the impact of dynamic,
post-synthetic modulations on the electronic structure of MO NCs. In particular, the influence of the
extra photocharges on the energy band profile and the redistribution of the free carriers in the NC volume
are investigated. From the energetic profiles (black curves in Figure 19a), the spatially inhomogeneous
carrier density distribution of the NCs can be extracted (black curves in Figure 19b). The radial gradient
of n.(R) of as-synthesized core-shell samples with various tg confirms the previously discussed trends
of W and bend bending. The concentration drop at the surface of the NC is sufficient to suppress the
metallic behavior of carriers entirely, and the region effectively acts as a dielectric. The two electronic
interfaces of core-shell systems correspond to a double bending of the carrier density radial profile, which
can be linked to leakage of carriers into the shell. Carrier density levels in the In,Os shell can reach values
as high as ~1 - 10 m. The approximation of the system into a highly-doped core surrounded by a
dielectric shell is not valid for ITO-In.O3 NCs with t; > t;, characterized by a dual-plasmonic response.
These NCs can be modelled as composed of three different regions with distinctive carrier densities: the
doped core (ngre = 1.1 - 10%” m3), the shell with enhanced carrier density (nguey < Neore), and an
electronically depleted region. Numerical methods can be employed to simulate the absorption spectra
generated by the carrier density profiles calculated in Figure 19b, for NC of various shell thicknesses.
As shown in Figure 20, simulations based on this simple model correctly reproduce the dual-mode

plasmon resonance in the NIR spectrum, in agreement with the experiments.
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Figure 19 - Band profiles and depletion layer modulation via photodoping. a) Simulated conduction
band profiles of core-shell nanocrystals with increasing shell thickness before (black curve) and after
(blue curve) the injection of photoelectrons. The light-induced bending of the bands close to the surface
of the nanocrystal is the main mechanism responsible for the storage of extra electrons. b) Calculated
electron density profiles of the same nanocrystals. The active region (R,.:ive) Of the NC is observed as
a discrepancy between the carrier density onset and the structural core (R.,...) and shell (t;) dimensions
(given in white and light blue in the background). The largest variations in n, after photodoping occur
towards the edge region of the nanocrystal with a significant rise of carrier density in the shell region
(blue shaded regions). Due to photodoping, the active region expands (AR ,+ive > 0). Consequently, the
depletion layer is progressively suppressed (AW < 0) during the storage of electrons with photodoping
(from light orange to dark orange). c) The multi-layer optical model was used to fit the experimental
data and provide carrier density profiles. The variations in the n, profiles obtained from numerical
simulations agree with the expansion of the active region (R .tive) @nd W modulations of core-shell NCs
of increasing t,. Reproduced from Ref.Z with permission from Springer Nature.

Figure 19 and b summarize the results of the comparison of the electronic structure and carrier density
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profile of core-shell MO NCs before (black curves) and after (blue curves) photodoping. For all samples,
the accumulation of photoelectrons accentuates the native double bending of the energetic bands (Figure
19a). In samples beyond t;, the conduction band profile can be approximated as a step function with two
distinct levels: the core level, which remains unvaried upon photodoping, and an energetic level in the
shell ~0.45 eV above the previous shell energy level. As a consequence, the distribution of carrier density
significantly changes in the near-surface regions while n, remains nearly constant in the core. In core-
shell samples with t, > tg, the carrier density in the shell dramatically rises reaching values of around ~
4 - 10%° m3, After photodoping, R,c¢ive €Xpands into the NC volume and, consequently, W decreases. As
previously mentioned, the electronic features do not have a perfect correspondence with the structural
parameters (i.e., R¢, ts). | highlight here that these electronic features (i.e., Ryctive, W) Can be controlled
post-synthetically, and their spatial extent dynamically tuned with light absorption. Microscopically, the
carrier density increase induced by photodoping fills the regions of the particle that were initially
electronically depleted. The light-driven modulation of the depletion layer width (AW = WPhotodoped _
W as synthesized) depends on the initial value of W and increases with the shell thickness with a AW ~ t3
law (Figure 36 from Appendix). Greater values of AW in samples with larger shells indicates a greater

number of extra carriers can be stored within the electronic structure of similar core-shell NCs.

V.3 Multi-layer optical model for carrier density profiles

To further test the proposed theory, the photodoping process was approached by applying an empirical
model to fit the spectra of each sample. As introduced in Chapter II, the plasmonic properties of doped
MO NCs can be well described within the framework of the Mie scattering theory in the quasi-static
(dipolar) approximation. The LSPR response can be modeled by the Drude-Lorentz complex dielectric
permittivity, showing that plasmon frequency (w;spr) depends on the carrier density level n, in the
material. For homogeneous particles, n, can be written as the number of free charges over the active
volume: n, ~ N,/R2 ;... Hence, it is possible to link absorption measurements, which are a physical
observable, to the number of free carriers (N,) present at any moment in the NC system. During the
analysis of the experimental data discussed in Chapter IV, the need for a more advanced optical model
became evident due to the impossibility of fitting the absorption spectra with previously reported “2-

layers” models.?%!8” The nanoparticles analyzed have a clear core-shell structure with nanometric shells,
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composed of a core region with a distinct dielectric response from its surrounding shell and an
electronically depleted region. Thus, the simple expression written for e(w) must be corrected. Recently,
Zandi et al. employed the effective dielectric function given by the Maxwell-Garnett effective medium
approximation (EMA) to take into account the effect of depletion layers (further details can be found in
Chapter I11).2° Initially, | adapted this model by implementing a core-shell-like structure with a core
region (here named L1) characterized by a frequency-dependent core dielectric function &.,,.(w) and a
constant carrier density n.,,. surrounded by a dielectric shell (DL layer) with &5, = 4 and n, = 0 which
represent the depletion layer. Outside the sphere a dielectric medium with fixed ¢, = 2.09 is present, to
take in account the effect of the solvent. By applying this model, the accumulation of extra charges result
in the increase LSPR intensity and the shift of its peak energy as a consequence of the varying W. The
two-layer L1-DL model accurately describes the plasmonic response of samples with small shells both
before and after photodoping (Figure 19, Figure 20b, i and ii). However, for t; > t; and most
photodoping cases, an extension of this model was necessary. To describe the distinct dielectric response
of the two materials, another effective dielectric function e.¢(w) based on the Maxwell-Garnett effective
medium approximation (EMA) has been recently reported in literature.®®®” This second EMA model,
here named L1-L2, is particularly advantageous in the case of big core-shell particles,'®’ for cases in
which the effect of resonating electrons in the shell (the second layer, L2) adds to the plasmonic response
of the core (the first layer, L1), leading to the formation of a dual-mode IR absorption. While this 2-
materials 2-layers approach approximately holds in the static case, it fails when extra carriers are
introduced into the system via photodoping. As a matter of fact, in order to be able to fit the experimental
spectra after photodoping, the two layers (L1 and L2) need to change size and expand into another region,

without exceeding the physical boundaries of the NC itself.

For this reason, | developed a more general multi-layer model composed of three concentric layers, L1,
L2, and DL, which takes into account the presence of different materials and electronically depleted
regions at the surface of the NCs due to Fermi level pinning. Within this picture, the continuous carrier
density radial profile n,(R) is approximated with two discrete regions (L1 and L2) of uniform densities,
Neore (R) and ng,eop; (R), and a third dielectric region (DL) with a defined density of n, = 0 and a fixed
ep;, = 4. The entire NC is then immersed in the dielectric medium ¢, = 2.09. The third layer (DL)
introduced here accounts for the formation of the depletion layer at the electronic interface between shell
and surface, going beyond what has been implemented so far to describe capacitive charges in MO
NCs.2069187 The proposed multi-layer optical model (L1-L2-DL) is a generalization of the 2-layer model
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(L1-DL), and indeed they coincide in the cases of homogeneous NCs or core-shell NCs with thin shells
(with the thickness of L2 going to zero). Remarkably, the expansion of the second layer into the depletion
layer is found to be fundamental to properly fit the photodoped spectra. The same approach could be
further extended to describe the plasmonic response of core-multishell systems, generalizing the 3-layer
model with the introduction of extra layers accounting for different materials or carrier density levels.
This model allows the approximation of the continuous carrier density profile with a multi-layer step
function and is a powerful tool to characterize the optoelectronic properties of plasmonic materials in a
relatively simple way. Further information regarding the model, the approximations implemented, and
the fitting procedure can be found in Chapter III. The multi-layer model is able to reproduce the
experimental optical properties of all core-shell samples, both in the static condition and under dynamic
modulations of the electronic structure. Figure 38 (in the Appendix) shows the absorption spectra of the
samples CO-S5 before and after photodoping with the corresponding fits reported in orange. Thanks to
this fitting model, it is possible to resolve the electronic structure at the nanoscale, obtaining information

on the carrier density levels at different points of the NC radial distribution.
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Figure 20 - Comparison of experimental data, optical modeling and numerically calculation. a)
absorbance of core-shell sample S5 (t; = 4.25 nm), as-synthesized (dotted line) and photodoped
(continue line). The fitting of the experimental data using the multi-layer optical model is depicted by the
orange lines. b) Numerical simulations of the absorbance of the same ITO-In,O3 NC with t; = 4.25 nm
(dotted green lines) and the simulation with extra electrons (i.e., photodoping, solid green line). Figure

adapted with permission from Ref.?3.

The values of carrier density and depletion layer width extracted with the multi-layer optical model from
the experimental data, before and after photodoping, are reported in Figure 19c. For all samples,
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irrespectively of t,, the primary effect of photodoping is to decrease W, effectively increasing R ctive -2
A significant variation in carrier density levels occurs in the outer parts of the NC, with ng,.;; reaching
values of ~ 5.4 - 102 m3, while the core carrier density n.,,, remains nearly constant (with variations
of less than 14%). Based on experimental data on core-shell NCs, these results confirm the predictions
discussed in Chapter V.2 and further validate this approach for the analysis of the optoelectronic
properties of MO NCs. The combined analysis performed with numerical simulations, experiments, and
empirical fitting strongly supports the thesis that dynamic control over the bending of the electronic band
profiles can be achieved post-synthetically and highlights the importance of depletion layers in the
charging processes of these systems. Furthermore, unreported plasmonic effects, such as the modulation
of bi-plasmonic landscapes and the light-induced LSPR splitting, can be understood within the same
scheme by a dynamic modulation of the NC electronic structure. Figure 20 reports a comparison between
experimental data, fittings, and numerically calculated spectra for the sample S5 (with t; = 4.25 nm)
characterized by the dual-mode plasmonic splitting induced by photodoping (see Chapter IV). More
details on the Fermi level rise and photodoping mechanism will be discussed in Chapter V. 4 .

V.31 Dynamic modulations in the multi-layer model

Thanks to the multi-layer optical model, it was possible to fit all data and explain the physics behind the
frequency splitting of the LSPR resonance observed, upon photodoping, in particularly well-segregated
core-shell NCs (Figure 21). The proposed scheme was further tested and compared to the previously
existing model by analyzing two different syntheses of core-shell photodoped NCs: with more and less
segregation of the donor atoms in the ITO core (more details on the synthesis procedure can be found in
Chapter III). The observed evolution of LSPR lineshape and position upon shell growth was reproduced
with the 3-layer optical model by keeping the total number of carriers constant (the impact of adding
In203 shell layers on the total number of free carriers of the system was assumed to be negligible), while
expanding the NC size to match the samples radii and by tuning the relative sizes and contributions of
L1 and L2 (see Figure 39 in Appendix). It was possible to reproduce the experimental trend while keeping
the core size (L1) fixed by progressively expanding the depletion layer and, in the largest NCs, filling
the shell with electrons. In particular, the multi-layer model identifies the modulations in the second layer
(L2), both in terms of physical extension (size) and carrier density, as the principal factor in the evolution
of the observed spectra. Moreover, it provides evidence that slightly different synthesis procedures can

result in significantly different radial distributions of donor atoms inside the NC and optical responses,
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with a spillover of electrons from the core into the shell during shell growth, and the related generation
of dual-mode plasmonic response, being the main source of the differences between the two sets of

samples.
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Figure 21 - Photodoping of ITO NCs simulated with multi-layer optical model. Evolution of the
absorption spectrum of ITO NCs under UV exposure for homogeneous particles (a) and ITO-1n203
core-shell segregated NCs (b). The simulated spectra of the two samples are obtained with the multi-
layer optical model by reducing the depletion layer width (DL) without increasing the carrier density
level in the core (N1). c) Ilustration of the photodoping of core-shell NCs achieved by expanding the
second layer (L2) and slightly increasing its concentration (N2). The segregated NCs undergo a two-
step process: initially photodoping causes plasmonic splitting by increasing the contribution of the
second layer (from c-i to c-ii); after that, the addition of extra photoelectrons causes the peaks to blueshift

and increase in intensity (from c-ii to c-iii). Unpublished data from Ref. 24,

By applying the multi-layer optical model to the photodoped spectra, it is possible to gather further
information on how the extra carriers redistribute in the electronic structure of MO NCs. Figure 21 shows
The evolution of the absorption spectrum under UV exposure of homogeneous and ITO-In.O3 core-shell
NCs was replicated with the multi-layer model. The simulated spectra are obtained by reducing the
depletion layer width (DL) without increasing the carrier density level in the core (N1). All kinds of
modulations of the three layers, i.e., L1, L2, and DL, has been tested to qualitatively reproduce the trends

observed with absorbance measurements in samples with different t; under photodoping (further
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information in the Appendix). Modulations in the multi-layer optical model showed that the increase in
carrier density of the second layer (L2) for large core-shell NCs and, more generally, the expansion of
the active region is a fundamental aspect in the dynamic description of the system. Depletion layer tuning
is strictly necessary, and every other kind of variation failed to reproduce the experimental trends,
simulations of the Fermi level rise included. By studying the evolution of the second layer, it is possible
to deepen the comprehension of the light-induced LSPR dual-mode splitting of sample S5. Segregated
NCs undergo a two-step process. Initially, photodoping causes plasmonic splitting by increasing the
contribution of the second layer and expanding it to a more superficial region of the NC (Figure 21e,
from i to ii). The increase of carrier density and the different electronic environment correlate to a
variation in the damping coefficient T, depicting electron scattering (more details in Chapter II). The
variation in electron scattering is fundamental to reproduce the plasmon splitting experimentally
observed and cannot be easily justified from a physical point of view without taking into account an
expansion of the active region into the NC shell, where Fermi level pinning induces a radial gradient in
the energy band profile. Due to this light-induced filling of the shell region, the small plasmonic
contribution of the shell moves from the right to the left of the main LSPR peak and the overall spectrum
resembles the one of large core-shell NCs affected by diffusion (e.g., Figure 39¢, Appendix). After that,
the addition of extra photoelectrons causes the peaks to blueshift and increase in intensity (Figure 21e,

from ii to iii), exactly as for more conventional cases.

V. 3.2 The optimal electronic structure for charge storage

enhancement

As a final step, | analyze the number of extra photocarriers introduced via photodoping and stored in
each NC. Figure 22b reports a quantitative comparison between the numerical approach and the optical
modeling by plotting the stored photocarriers (AN,) as a function of the shell thickness. AN, is defined

as the difference between the number of free carriers of the photodoped NC and of the as-synthesized

NC: AN, = NPhotodoped _ yassynthesized ‘gt anproaches agree on the finding that AN, increases
with the shell thickness with a AN, ~ t,3 trend. Values as high as 800 extra electrons per NC are found
in large core-shell NCs. Further analysis of the NC stored carriers was conducted using titration on
photodoped NCs to count the number of stored electrons, as discussed in Chapter VI. Schimpf et al.
reported the linear dependence of AN, with the volume of the NC and size effects are partially responsible

for the enhanced charge storage capability of big MO NCs.”® However, numerical simulations indicate
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Figure 22 - Comparison between the core-shell architecture and homogeneous particles. a)
Experimental comparison between the optical response of two samples with same size and doping
concentrations but different electronic structure, before (dotted line) and after (continuous line)
photodoping (homogeneous ITO in blue, core-shell 1TO-In203 in red). The sensitivity of the LSPR
modulation via photodoping is enhanced in the core-shell case. | highlight that the peak position of the
LSPR blueshifts in the homogeneous case while it redshifts in the core-shell case, due to photodoping.
b) Photoelectrons stored in the NCs as a function of the shell thickness, showing the AN, ~ t,3 trend for
values extracted from the empirical multi-layer model (black curve) and the numerical simulations
(orange curve). c) Numerical calculations of the total number of free carriers in the two cases of a
homogeneous NC (ITO — core only) and core-shell NC (ITO-In203), as a function of the shell thickness
before and after photodoping. d) Number of photocarriers stored in the two cases as a function of the

radius. Figure adapted from Ref.?® with permission from Springer Nature.

that the number of stored carriers in core-shell NCs is significantly larger than in inhomogeneous samples
with the same size (Figure 22d). In order to confirm this result experimentally and isolate the effect of
the depletion layer, two samples of the same size but different electronic structures were synthesized.

The core-shell sample S3 (with t, = 2.3 nm) was compared with a homogeneous NC (pure ITO) by
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keeping all other parameters unchanged (i.e., total NC radius R, doping density N,, experimental
conditions). Figure 22a reports the comparison between their optical response before and after the
photodoping process (homogeneous ITO in blue, core-shell 1TO-In203 in red). Strikingly, upon
photodoping, the LSPR peak energy blueshifts in the homogeneous case while it redshifts in the core-
shell case. The empirical optical model was employed to calculate AN, in these cases, obtaining that the
core-shell sample accumulates ~40% more carriers than its uniform counterpart of the same size. This
combined theoretical and experimental approach demonstrates that control over the band bending and
depletion layer engineering can improve the charge storage capability of MO NCs. Moreover, numerical
simulations predict that the charge storage capability enhancement due to the core-shell architecture

increases with the increasing of ¢;.

V.4 The photodoping process: a new explanation

The fundamental importance of depletion layer modulations clearly emerges from the combined
investigations of photodoped core-shell NCs with experiments, empirical fitting, and numerical
simulations. The two main results of this research work are, first, that the depletion layer plays a key role
in the charging and discharging process of the NC upon photodoping dominated by reductions of W
(with contractions typically higher than 30% and theoretically up to almost 100% the as-synthesized
width) in photodoped NC. In other words, the photodoping process induces a spatial expansion of the
active region, i.e., the fraction of the total volume accessible to the free electrons, into the electronically
depleted shell. As a matter of fact, the filling of the depletion layer can be considered as the distinctive
signature of the photodoping process. Higher AW values justify higher charge storage capabilities in
core-shell NCs with large shells due to the tendency of the additional photocharges to electronically fill
W . Secondly, the light-induced variations in the carrier densities profile are highly inhomogeneous. The
NC core density remains unchanged, with no detectable variations in n,. All variations appear to occur
in the shell regions, where the electronic structure is more strongly affected by surface states. The
additional charges introduced with light are stored in the more superficial regions, significantly raising
the local carrier density level. This effect becomes particularly clear for core-shell NCs with large shells

and by analyzing the evolution of dual-mode plasmonic resonances in detail.
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Fermi level rising or depletion tuning?

Up to date, the introduction and storage of multiple photocarriers in MO NCs has always been justified
within a flat-band picture as the uniform rise of Fermi energy level, with the extra photoelectrons
uniformly accumulated on the top of the conduction band. Fermi level rising has been experimentally
observed as a result of the light-induced multiple accumulations of electrons in MO NCs.1416:78.19% |n this
work, the photodoping process of core-shell MO NCs is successfully described without changing the
Fermi level energy. As a possible explanation for this apparent contradiction, | hypothesize that the
experimentally observed uniform rise of the Fermi level results from the averaging over the local carrier
densities between near-surface regions and internal regions of the NC. A similar ‘averaging’ effect would
be compatible with the Moss-Burstein effect observed during photodoping, with the optical bandgap of
the system getting wider due to the tuned electronic structure in the superficial layers of the NC. Before
deepening the analysis with the evidence in support of the new explanation and the differences between
the two approaches, | underline here one fundamental reason why the commonly accepted model for the
photodoping mechanism has to be rejected. Any explanation based on the flat-band assumption
introduces non-negligible approximations. The presence of nanometric depletion layers in MO NCs and
their impact on the optoelectronic properties are well-documented. In a flat-band scenario, a uniform rise
of Fermi level necessarily imply a blueshift of the plasmon energy (w;spr). However, photodoped NCs
exhibiting no blueshift or even a splitting of the w;spr Were observed (Figure 17). As previously
reported, w,spr is proportional to n,, the number of free charges over the active volume n, ~ N, /R3 .;;ve-
Since due to photodoping, by definition, the number of free charges increases (N, > 0), without taking
into account depletion layers (AR .tive = 0) the energy of the plasmon can only increase. The fact that
the photodoped spectrum of core-shell NCs (such as samples S1 or S2, see Appendix) does not get
blueshifted, even when multiple carriers are stored, is a strong indication that the volume in which the
electrons can freely oscillate expands after photodoping. This expansion is wide enough to compensate
or even overcompensate the increase of carriers. A redshifted photodoped spectrum (Figure 22a) is direct
evidence against the explanation of photodoping within the flat-band picture as rise of the Fermi energy
level. Moreover, even by considering the distortions induced by surface states in the electronic structure
of core-shell MO NCs, several aspects remain not explainable with a simple rise of the Fermi level
energy. For example, the bi-plasmonic response and the light-induced plasmonic splitting observed in
large core-shell samples seem to be incompatible with an increase of n, in the inner region of the NC.

Finally, it is fair to mention that, even without varying the NC’s Fermi level energy, the approach and
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the interpretation proposed in this chapter involves a local increase of carrier density in the superficial
regions. This model is particularly effective for core-shell doped MO NCs, while other approaches might
be more convenient for some degenerate cases. Further studies to completely exclude any rise of the
Fermi level energy in the system or establish the extent of a similar contribution to the photodoping
effects are warmly encouraged. The predominant and most fundamental effect identified by this study is
the expansion of the active region into the electronically depleted regions of the NC. This modulation of
the depletion layer is found to be strictly necessary for the photodoping process.

The photodoping process unveiled

Here, a new explanation for the physics at the core of the photodoping process is presented. The main
light-induced effects on the electronic structure of core-shell MO NCs are the reduction of the depletion
layer width and the inhomogeneous rise of carrier density in the outer regions of the NC. The mechanism
behind the light-induced filling of electronically depleted layers can be better understood by analyzing
the energetic band profile. In core-shell MO NCs, the observed double bending of the energetic bands
becomes more pronounced upon photodoping. In some cases, the double bending is emphasized to the
point of forming a two-step-like gradient. In this work, it has been shown that it is possible to significantly
enhance the band bending of core-shell NCs by growing a shell. With respect to homogenous particles,
core-shell systems exhibit more substantial distortions in the band profile (hence, larger W), which
amplify the extent of all light-induced modulations. Shell-tuning helped clarify the link between these
two aspects, unveiling the role of the energetic structure in the doping process. Photodoping effects, such
as variations in the carrier density distribution and related variations in the optical properties, are a direct
consequence of modulations of the NC conduction band. Ultimately, photodoping is a powerful tool to
achieve dynamic control over the energetic band profile in a continuously tuneable way. The dynamic,
photo-induced band bending is the main photodoping mechanism of MO NCs, thanks to which multiple
photocarriers accumulate inside MO NCs. Moreover, the bending of the conduction band allows the
filling of electronically depleted regions with extra carriers, reducing the depletion width. Since the NC
core is not significantly affected by light-induced band bending, the storage of extra carriers occurs
mainly, if not exclusively, in the outer parts of the MO NCs. Remarkably, this is the same part of the
system affected by distortions induced by surface states, with considerable deviations from the flat-band
regime. In addition, the observed band bending creates an energetic gradient inside the NC, which
promotes charge separation near the NC surface, driving holes towards the outside of the NC and

ultimately allowing the stable accumulation of photoelectrons. This mechanism could help prevent
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carrier recombination and further supports the thesis that depletion layers and band bending are strictly
necessary for photodoping to occur. As a perspective, further research work on the ligands chemistry and
surface states of photodoped MO NCs could be conducted to better clarify the fate of the photogenerated

positive charges surrounding the NC.

V.5 Chapter summary

To summarize, full control over the band structure and their bending in the MO NCs family of materials
was demonstrated both during the synthesis stage (static case) and via photodoping. These findings are
based on a combination of theory, modeling, and experiments. The band bending of several MO NCs
was calculated with numerical simulations (COMSOL) in different architectures, indicating that double
band bending is a fundamental property of core-shell NCs. Numerical simulations served as a framework
to accurately describe the electronic structure of the NCs at the nanoscale in the static case, as a function
of surface states potentials, material composition, the thickness of the shell in core-shell systems and
multi-shell architectures; as well as to describe the evolution of the band bending under dynamic
modulations, such as after the introduction of extra photocarriers. Thanks to this scheme, it was possible
to demonstrate that complete control over the band structure can be achieved by carefully choosing
materials and modulating their structural properties, targeting a wide variety of desired features and
configurations. These results were experimentally tested using Sn-doped Indium Oxide (ITO)-In203
core-shell NCs as a case study. In order to investigate the proposed model, | systematically synthesized
core-shell ITO-In203 NCs of targeted features, fine-tuning structural and electrical properties, and post-
synthetically modified their band structure with photodoping. The light-induced formation of bi-
plasmonic energy landscapes in core-shell NCs was observed due to photodoping. A specifically
designed three-layer optical model was developed to describe the optical response of the (photodoped)
core-shell ITO-In203 NCs. Thanks to this fitting model, it is possible to resolve the electronic structure
at the nanoscale, obtaining information on the carrier density levels at different points of the NC radial

distribution.

From this combined theoretical and experimental approach, | found that, first, double bending of the
bands dominates the electronic structure of (photodoped) core-shell ITO-In,O3 NCs and that the
depletion layer predominantly affects the In2Os shell. Depletion layer engineering is a powerful tool that

provides a new degree of freedom for optimizing targeted features in MO NCs. Second, it was unveiled
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that the photodoping mechanism relies entirely on the presence of depleted regions and energetic
distortions in the outer regions of the NC. The accumulation of extra photocarriers induces the reduction
of the depletion layer width and an inhomogeneous distribution of stored charges, resulting in the
evolution of different levels of carrier density in the core and the shell. The storage of extra charges is
made possible by light-induced modulation of the depletion layer and band bendings. The electronic
rearrangement of energy bands and the filling of electronically depleted regions are the primary
mechanisms behind the photodoping process of metal oxides NCs. Third, depletion layer engineering
was exploited to enhance the number of photocarriers stored in ITO NCs. A direct comparison between
homogeneous and core-shell NCs of the same size demonstrated the importance of tuning the electronic
structure of these materials for potential energetic applications. This model could be extended to other
systems and nanostructures, further validating the proposed approach. The possibility to control energetic
band profiles and engineer depletion layers at the nanoscale opens promising perspectives for the design
of targeted optoelectronic properties in metal oxide nanostructure. I expect these studies to contribute to

the development of optimized devices based on the MO NC photodoping process.
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VI. Multi-electron transfer reactions from

photodoped nanocrystals

The light-driven charge accumulation process of MO NCs is emerging as a new route to enhance novel
photo-conversion processes.416:93.9899.188.192 geveral works have demonstrated the reversibility of the
photodoping process by using potentiometric titration methods, in which molecular oxidants were added
to the colloidal solution of MO NCs to extract the photo-chemically excited electrons.1416:98.188.192 \jany
applications which require efficient multiple charge transfers of photodoped electrons, such as the
conversion of photovoltaic energy, batteries, or the implementations in photocatalysis and
photoelectrochemistry, would benefit from this process.***-2%! Importantly, multiple charge transfer per
active unit (i.e., MO NCs) would translate in a dramatic increase in energy density, with the associated
reduction in materials employed and costs. The same energetic and economic considerations can be
applied for the redox transformations of electrochemical cells and catalytic reactions t00.2% The reported
yields and kinetics of such reactions show an improved performance due to multi-charge transfers,
independently if the reaction occurs in liquid or in solid systems (e.g., electrodes). Up to date, multi-
charge transfer reactions have been reported in several examples, such as gold nanoparticles for CO>
conversion and organic donor-acceptor systems, in which proton-coupled multi-electron transfers were
observed.?01:203204 Colloidal semiconductor NCs can accumulate multiple highly-reactive photocarriers
via light absorption and release them to react with organic compounds.?®> However, so far, only few
studies on MOs have been reported to directly address a multi-electron transfer of photo-excited
electrons. Among these, ZnO and TiO2> NCs were successfully implemented in photocatalysis and in
electrochemical reactions where multi-electron transfer processes were required, such as oxygen

reduction reactions.8:99:206-208

In this work, | investigate this remarkable opportunity in tin-doped indium oxide NCs. The ability of ITO
NCs to provide multi-transfers of electrons accumulated during the photodoping process can be
investigated via oxidative titration and monitored with optical spectroscopy measurements. The findings
of this work show that photodoped nanocrystals have the ability to trigger multi-electron chemical
processes when exposed to a frequently used organic electron acceptor. Specifically, to address multi-
electron oxidation 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ), a chemical

molecule capable of undergoing a double ionization, was employed. By following characteristic
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spectroscopic features of the FATCNQ ionized species, a quantitative analysis on their concentration can
be performed and, by this, investigate the charge transfer mechanism as single or multi-electron

phenomenon.

VI 1 Discharge of photodoped nanocrystals via oxidative

reactions
a) Photodoping b) Multi-charge transfer to FATCNQ c) Discharged NCs
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Figure 23 — Schematic illustration of the main steps of the multi-charge transfer experiment. a) ITO
NCs are photocharged with UV light and extra photogenerated electrons are stored inside the conduction
band of the nanoparticle. b) Multi-charge transfer from charged ITO NCs to FATCNQ molecules occurs
as soon as the titrants are introduced in the solution. The electron transfer, from ITO’s conduction band
(CB) to FATCNQ'’s LUMO (lowest unoccupied molecular orbital) state is energetically favoured due to
band alignment. The highest occupied molecular orbital (HOMO) state’s energy is reported next to the
valence band (VB) of ITO. ¢) In the final stage, completely discharged ITO NCs returns to the as-
synthesised condition due to the reduced FATCNQ molecules.

Here, | analyze homogeneous ITO NCs with a diameter of ~11 nm that are colloidally stable with organic
ligands (oleate molecules) in toluene. A solution of ITO NCs was carefully prepared for electro-optical
titration measurements and photodoped with a UV LED. Further information on the sample preparation
process can be found in Chapter III. Figure 23 summarizes the main steps of the multi-charge transfer
experiment from an electronic point of view. First, extra electrons are promoted and stored into the
conduction band of ITO NCs via photodoping. Secondly, a known amount of FATCNQ molecules is

introduced into the solution with photodoped NCs. Multi-charge transfer reactions between the two
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species occur due to the energetic alignment (Figure 23b). The transfer of electrons from ITO’s
conduction band to the lowest unoccupied molecular orbital (LUMO) state of FATCNQ molecules is
energetically favorable and overcomes any eventual obstacle between the two induced by surface states
or ligands. Upon multiple additions of titrants into the solution, this process could continue until —
theoretically - all photogenerated electrons are extracted from the ITO NCs, which return to the as-
synthesized conditions. In this final stage, the solution is formed by a mixture of discharged ITO NCs
and reduced FATCNQ molecules (and, eventually, unreacted FATCNQ molecules in excess).

FATCNQ is a widely-employed electron acceptor with high electron affinity (5.2 eV) and has been
extensively implemented for both a large variety of fundamental studies of charge transfer processes
(e.g., photoluminescence quenching) and for photovoltaic applications, as a p-dopant of organic materials
in hole-transporting layers.?°®?1% This titrant is particularly interesting for quantitative analysis of
multiple charge transfer due to its ability to acquire multiple electrons in its neutral form. Specifically,
F4TCNQ can form two characteristic ionized species (i.e., anion and dianion species)?!?!2 with donor-
host situations displaying lower ionization energies (< 5eV). Furthermore, the stable formation of either
the anion or dianion species shows distinctive spectral features in the absorption spectrum of the solution,
making the detection of the single and double ionization process easily accessible with conventional
optical measurement techniques. To give an example, the formation of FATCNQ dianion is detectable in
a variety of polymer-dopant systems.?!® Recent works have shown that the doping of bithiophene-
thienothiophene-based copolymers with FATCNQ resulted in a near to complete double ionization of
dopant molecules allowing an ionization enhancement of 200%.2%%14 However, up to date, double
reduction of FATCNQ was never reported for neither inorganic-dopant nor for photodoped MO NCs-

dopant mixtures.

Hence, this work focuses on the spectroscopic characterization of the absorption of ITO NCs and the
FATCNQ molecules. The typical photodoped spectrum of ITO NCs is reported in Figure 17 from
Chapter IV. In homogeneous MO NCs, upon UV exposure, the band-gap onset moves towards higher
energies (i.e., Moss-Burstein effect) while the LSPR feature increases in intensity and its peak shifts to
higher energies. Further details on the photodoping process can be found in Chapters IV and V. After the
LSPR peak signal reached its saturation, oxidative titrants were added to the photodoped solution of ITO
NCs to perform a quantitative analysis of the number of electrons stored by the material. By analyzing
the evolution of the spectra upon the addition of precisely calculated amounts of FATCNQ molecules, it
is possible to monitor the appearance of the spectral features related to the dianion formation and, in a
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second stage, the appearance of peaks related to the anion and neutral peaks. At the same time, the
photodoped NCs progressively return towards ‘undoped’ conditions. The discharge of the ITO NCs can
be detected both in the modulation of the LSPR signal and in the optical band-gap region. Interestingly,
a second signal in the band-gap region at around 3.7 eV is visible, which increases in its intensity upon
the first titrant additions (orange and red spectra in Figure 24b). This spectral signature corresponds to
the formation of the FATCNQ dianion in the ITO NCs/FATCNQ mixture, as explained below.

VI1.1.1  Plasmon resonance recovery

Figure 24 displays the experimental results of the performed titration on homogeneous ITO NCs. For
accurate quantification of the number of electrons withdrawn from the ITO NCs, a titration with
FATCNQ molecules was carried out. In these experiments, a gradually increasing amount of the titrant
was added from a 0.3 M stock solution, and subsequently, the absorption was monitored to visualize the
formation of reduced FATCNQ molecules (molar ratio between 88 and 98 mol%, see Table 1 in
Appendix). Technical details on the titration procedure are reported in Chapter III. The modulation of
the ITO NCs LSPR response in the NIR region upon the introduction of FATCNQ molecules is reported
in Figure 24a. In this case, the system seems to recover its as-synthesized conditions, with the plasmon
feature decreasing in intensity and shifting towards lower energies with increasing amounts of electron
acceptors in the solution. These features signal a reduced charge density in the NCs due to the electron
transfer to FATCNQ molecules. As a matter of fact, these titrant-induced modulations have the opposite
effect on the LSPR lineshape with respect to photodoping (i.e., blueshift and increase in LSPR intensity).
The newly photogenerated and charged-compensated electrons are more energetic than the native
electrons present in the NCs due to the aliovalent doping, due to the incorporation of tin atoms in the
indium oxide structure, even under rather mild conditions.??2'> When inspecting the UV-Vis range of the
spectrum, as displayed in Figure 24b, a second absorption effect can be identified in the ITO NCs. In a
similar manner to the LSPR peak, the absorption band edge restores its initial condition by compensating
the blueshift derived from the Moss-Burstein effect. After several additions (20 pL), the spectral
signature of unreacted FATCNQ molecules starts to appear. When larger volumes are introduced into the
solution, the neutral peak becomes predominant, indicating that (part of) the titrants do not react with the
ITO NCs anymore.
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Figure 24 — Results of the oxidative titration of photodoped Sn-doped In20z (ITO) nanocrystals. a)
recovery of the localized surface plasmon feature to the as-prepared conditions upon adding increasing
amount of FATCNQ molecules. b) Titration effects induced on the ITO bandgap absorption and energy
levels of ITO NCs and FATCNQ. Dark blue and yellow lines in panels (a) and (b) correspond to the as-
prepared and photodoped (exposure time: 20 minutes) ITO NCs absorption spectra. During titration,
Absorption spectra were recorded after adding a total sum of 2, 4, 6, 8, 11, 14, 17, 20, 23, 26, 60 and
160 pL of FATCNQ to the photodoped ITO NCs solution. ¢) Relative variation of the plasmon peak
energy after photodoping and d) plasmon peak energy squared as a function of the volume of FATCNQ
added (in pL). In panel () Awpspg is defined as wispr ticration — Wo,Lspr PEING Wispr titration AN
wo spr the plasmon peak energy after a titration step and before photodoping, respectively. At 0 L, a
blue arrow highlights the variations from the as-synthesized and photodoped cases. A linear fit is
reported for both panels, pointing towards a recovery of the undoped condition for V'~ 19 pL. Figure

reproduced from Ref.?> with permission from the Royal Society of Chemistry.

Furthermore, when large volumes of titrant are introduced in the solution (> 100 pL), dilution effects and

the related decrease in signal intensity have to be taken into account. For these reasons, it is reasonable

89



Multi-electron transfer reactions from photodoped nanocrystals

to restrict the quantitative analysis to the first additions of FATCNQ molecules. At this stage, modulations
of the LSPR peak energy, such as the titration-induced redshift of the plasmon resonance, can be
monitored as a function of the volume of titrants introduced: V;. Figure 24c shows the relative variation
of the plasmon peak energy Aw;spr/wispro after photodoping for each titration step, with Aw;spr
defined as wyspr titration — Wo Lspr- HEr® Wyspr titration aNd wq 1 spr are the plasmon peak energy after
a titration step and before photodoping (i.e., as-synthesized conditions), respectively. Figure 24 reports
the plasmon peak energy squared (w,spg?) plotted against V;. In principle, w,spr? is proportional to the
carrier concentration n, and a linear dependence with the number of electrons extracted is expected. In
both panels, a horizontal line represents the as-synthesized conditions (Aw,spr = 0, w;spro®) and a
linear fit of the titration data is provided. The intercept of these two lines point towards a recovery of the
undoped condition when a total volume V, ~ 19 uL is introduced in solution, with a good agreement in
both cases. The FATCNQ equivalents can be obtained as the ratio between the number of moles of
FATCNQ and the number of ITO NCs present in the solution. Then, this ratio is multiplied by the number
of electrons transferred to each molecule at each stage of the experiment. The knowledge about the
single- or multi-transfer is fundamental to convert FATCNQ moles into equivalents properly. Hence, the
systematic implementation of the spectroscopic analysis of FATCNQ neutral and ionized species upon

titration additions allows to accurately follow the charge extraction process.
VI.1.2  Evolution of FATCNQ spectral signatures

As previously discussed, understanding the kind of transfer reaction (e.g., single-transfer, multi-transfer)
occurring via titration allows the precise quantification of stored electrons per photodoped NC. The
different FATCNQ species show distinctive spectral features, which are linked to their photo-physics,
enabling the characterization of distinguishable oxidative molecular states. The neutral FATCNQ
molecule has a peak maximum at 3.2 eV, the anion a maximum at around 3 eV and two additional peaks
between 1.3 and 2 eV, while the dianion instead shows absorption peaks at 3.7 to 3.8 eV. Another feature
of this compound is its capability to react via integer charge transfer and/or form charge-transfer
complexes.?®?1" Due to the higher reactivity of the ionized FATCNQ species, reactions between those
species and dimerization are possible. 21821° These intermediate components can generate new optically
allowed transitions, appearing in the absorption spectrum along with the previously mentioned species.

Hence careful analysis of the data acquired is required.
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Figure 25 — Evolution of FATCNQ spectral signatures. a) Absorption spectra of photodoped ITO NCs
after the addition of increasing amount of F4ATCNQ titrant solution (0.3mM in anhydrous Toluene). In
order to isolate the absorption of the F4TCNQ dianion from the recovery of the band edge we performed
a 4th order fit of the absorption spectra. Fitting was performed by taking into account only those data
points outside the region of dianion absorption (grey shaded areas). b) FATCNQ dianion contribution
to the absorption spectra of ITO NCs/F4TCNQ mixture. Dash-dotted line are obtained by fitting dianion
contribution with a Gaussian function (a). ¢) Incremental effect of titration on the absorption spectra of
ITO NCs/F4TCNQ mixture. Differential absorbance AAbsorbance is obtained by subtracting the
spectrum from the previous titration step from each curve. d) Dianion contribution increases linearly
until the addition of 14ulL of F4TCNQ. Figure reproduced from Ref-* with permission from the Royal
Society of Chemistry.

For this reason, a contribution of all species generated from the charge transfer reaction of the FATCNQ
molecule with the electrons from photodoped ITO NCs can be visualized in the absorption spectra
recorded during the titration process. Indeed, this convolution of different species can be seen in the
spectra in Figure 24b. Both oxidant and reductant signals result in a superposition of features in the UV-
Vis range as seen in Figure 24. Subsequently, after the addition of FATCNQ molecules to the photodoped
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ITO NCs solution, the unique presence of dianions species was detected in the absorption spectrum. (see
inset of Figure 24b). For a more accurate analysis of the data, the spectral characteristics of the titrant in
the UV range were separated from those of the ITO NCs, by fitting the absorption spectra with a
polynomial function considering the ITO band-gap compensation in UV range subsequently after
titration (Figure 25a). The results of this fit can be seen in Figure 25b. After each addition of titrant
solution, up to a final addition of 14 pL, the FATCNQ dianion peak emerges and increases in intensity in
the spectrum (Figure 25d). This result demonstrates that photodoped ITO NCs are able to transfer two
electrons to the titrant, which results in double ionization of the FATCNQ molecule. This is the first

experimental evidence of such multi-charge response from ITO NCs.

Eventually, a saturation of the dianion signal can be reached after a certain amount of titrant has been
added to the colloidal solution. Figure 25c reports the sequential change of the spectra during the titration
process. By subtracting in each curve the spectrum from the previous titration step, the change in the
FATCNQ ionization regime is highlighted. In particular, the neutral FATCNQ species becomes visible
after 14 pL of the titrant was added to the solution, which is a sign of the interrupted transfer of two
electrons but also of the ionization itself. An increase of the peak correlated to the anionic species can be
observed in the visible range of the spectrum. This suggests that a single transfer of photogenerated
electrons can occur even after the double electron transfer mechanism has become saturated. As stated
before, it is possible that the FATCNQ molecule undergoes different types of reactions, ranging from
neutralization by back donations and dimerization, as suggested by the presence of an isosbestic point at
3.6 eV between the absorption region of neutral and dianion components (see Figure 25c). Hence, the
correct interpretation of this last regime of the titration in terms of the number of electrons transferred is
not trivial and the disentanglement of the precise set of reactions occurring is left as an open question at
this stage. In addition, in this regime, dilution effects can come into play and significantly affect the

overall optical response of the mixture.
Electron counting in ITO NCs

By considering the initial concentration of the ITO NCs, the concentration of the FATCNQ titrant added
to induce the appearance of the spectral signature associated with neutral molecules, and knowing that
the electron transfer between ITO NCs and titrant molecules occurs with two electrons, the number of
electrons extracted per ITO NC can be estimated. The electron counting procedure employed is described

in detail in Chapter III. Based on the spectroscopic analysis reported in Figure 25, the titration process
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of homogeneous ITO NCs results in the extraction of approximately 123 electrons per photodoped NC
unit. Interestingly, the estimate here performed agrees with estimates based on the relative variation of
the plasmon peak energy after photodoping as a function of the FATCNQ equivalents (Figure 24c). The
analysis was limited to the range between 0 and 14 pL, where it is possible to safely assume that the
double electron transfer process dominates over the mixed regime. As mentioned before, the ratio
between the number FATCNQ molecules and ITO NCs yields to the equivalents per NC; then the
obtained number is doubled to account for the double electron transfer. A linear fit of the titration data
crosses the as-synthesized conditions Aw;spr = 0) at a value of ~144 (error +17% with respect to the
number of extracted electrons obtained from the analysis of FATCNQ dianion absorption). The fitting
extrapolation of the linear dependence of w;¢pr? (Figure 24d) reaffirms the agreement regarding the
number of photoelectrons extracted (142). The results of the analysis of the spectral signatures of
FATCNQ molecules in photodoped core-shell nanoparticles, and related limitations, are reported in
subchapter VI. 2 .

Given the complexity of the final titration phase, the calculated number is possibly an underestimation
of the real number of charges transferred. Independent from this, the here obtained results signal the
extensive potential of photodoped ITO NCs as a multi-electron extraction platform. These experimental
observations motivate further investigations of these systems. Future studies could consider several
factors ranging from the optimization of the system with regards to the used materials and their
morphology (i.e. size, shape, level of aliovalent doping), to the operational conditions of the photodoping
process, and also to the stabilization of the generated charges with suitable hole scavengers.’® The
perspective of enhancing energy density via multi-charge transfer processes makes MO NCs extremely

competitive candidates for the current energy materials research.
VI.1.3  Photodoping of ITO NCs mixed with FATCNQ molecules

To verify that the results derive from the reaction between the titrant molecule and the electrons
accumulated via photodoping in the ITO NCs, a control experiment was carried out in which the titrant
was added prior to photodoping of the sample. As shown in Figure 26, this experiment clearly indicates
that the addition of the FATNCQ titrant does not cause any ionization in the as-synthesized NCs, leading
instead to the increase of the peak associated with the neutral molecule with each addition of the titrant.
It is noteworthy to mention that electrons introduced by tin doping during the synthesis stage are stable
carriers that do not participate in the titration event.
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Figure 26 — Photodoping of ITO NCs mixed with FATCNQ molecules. a) Normalized absorbance
spectra of as prepared ITO NCs, ITO NCs/FATCNQ mixture for increasing amounts of FATCNQ (0.5,
1.5, 3 uL) before any photodoping process. Absorbance spectra in magenta color scale show the effect
of photodoping on ITO NCs/F4TCNQ mixture after the addition of 3 uL of F4TCNQ. Panel (a) and (b)
show the evolution of the spectra in the plasmonic and band gap regions, respectively. Arrows in Panel
(b) display the effect of photodoping on the ITO NCs/FATCNQ mixture. Inset in panel b shows a zoom
in the spectral region of FATCNQ anion absorption. Reproduced from Ref.?> with permission from the
Royal Society of Chemistry. c-e) Illustration of a possible dynamics dominating the photodoping process
of the ITO-FATCNQ mixture. d) The kinetic of multi-charge transfer process is faster than the storage of
electrons into ITO NCs and, with the timescales used, results in no significative variations in the LSPR
lineshape under UV illumination. €) When the charge-transfer process is prohibited, either due to
saturation of the reduction power or for the photodegradation of the FATCNQ molecules, ITO NCs can

be photodoped again.

Furthermore, the mixture of F4TCNQ unreacted molecules and ITO NCs was then illuminated with UV
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light as part of a second experiment. Remarkably, under these conditions, the formation of dianionic
molecules in the solution is identified while no variation in the ITO plasmonic response is detected. This
empirical observation suggests a major difference between the kinetics of photodoping process and the
reactivity of the photodoped electrons, with the charge-transfer reaction being clearly favorable (see
Figure 26¢ and d). Unfortunately, the prolonged UV exposure needed to trigger the photodoping process
of ITO NCs also leads to a degradation process of the organic titrant, obstructing precise quantitative
analysis of the results of this experiment. Nevertheless, the accumulation of extra photocharges in the
ITO NCs can still be achieved in this configuration immediately after the suppression of the neutral peak
signal, which can be either caused by dianion formation or photodegradation of the FATCNQ molecule.
As a consequence of the absence of neutral titrant molecules, the typical LSPR evolution of photodoped
ITO NCs is detected in the NIR region, suggesting the reversibility and complementary of titration and

photodoping.

VI. 2 Charge storage capacity of core-shell nanocrystals

Here, | investigate the electron counting technique based on FATCNQ oxidative molecules and its
limitations when applied on core-shell MO NCs. In particular, electrons counting is performed on the
ITO-In203 NCs introduced in Chapter IV. Electrochemical titration has been successfully performed on
MO NCs.1410318 mportantly, while analysis based on plasmonic modulations hold for homogeneous
ITO NCs, the LSPR lineshape of core-shell MO NCs evolves in more complex ways. Other parameters
come into play (such as the frequency dependence of the damping constant and depletion layer
modulations), turning the argument more complex for a direct comparison of the number of electrons
extracted and out of the scope of this chapter. Hence, in the case of photodoped core-shell ITO-In;03
NCs exposed to FATCNQ molecules, the most precise quantitative analysis of the photocarriers stored

rely entirely on the evolution of the titrants spectroscopic signatures in the UV-VIS region.

Figure 27 reports the electrochemical titration of photodoped core-shell NCs, as a function of the shell
thickness. As mentioned in Chapter 0, the average number of photoelectrons that can be extracted from
each ITO NC can be directly measured using the titration method, with the FATNCQ molecule acting as
the electron acceptor. The number of extracted photocarriers (AN,) increases with increasing shell

thickness (t,), in agreement with what expected from numerical simulations and empirical modeling
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(Chapter V). The discrepancy observed in terms of absolute values, up to a factor two for large core-shell
NCs (Figure 22b from Chapter V), could be linked to the decreased efficiency in the carrier extraction
process for large values of t. Nevertheless, the trend AN, ~ t3 is replicated. Titration experiments
further support the empirical fit model and band structure calculations, validating the approach
previously reported. Hundreds of photoelectrons are stored and extracted in photodoped core-shell ITO-
In203 NCs, with values up to almost 400 electrons in the ITO NCs with the largest shell. The quantitative
analysis performed here further supports the possibility to optimize the capacity of MO NCs by

engineering their electronic structure with depletion layer tuning.
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Figure 27 - Charge storage enhancement in core-shell NCs. a) Number of photoelectrons extracted via
chemical titration using FATCNQ molecules as a function of t,. The AN, ~ t,3 trend confirms the results
discussed in Chapter IV. Figure adapted from Ref.2® with permission from Springer Nature. b) Multi-
charge transfer from photodoped ITO NCs. On the top, photodoping of ITO NCs after the absorption of
UV light. Charge transfer of two electrons from the photodoped NC to the LUMO (lowest unoccupied
molecular orbital) states of a FATCNQ molecule is depicted in the lower part of the illustration. Below,
a FATCNQ molecule is turned into the dianion state F4ATCNQ?. Figure adapted from Ref.®> with

permission from the Royal Society of Chemistry.

VI. 3 Chapter summary

To summarize, in this chapter, the possibility to use photodoped electrons of ITO NCs for multiple charge
transfer processes via titration with FATCNQ molecules was investigated. By employing this compound,

which can have a single and/or double stable ionization state, the evaluation of the number of electrons
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associated with the reduction process in operating conditions can be carried out. The maximum amount
of titrants the NC solution can react with was identified from the deconvolution of the optical data. It
corresponds to the saturation of the dianion spectral signature and the appearance of peaks related to
FATCNQ molecules in the neutral form. This investigation exposed a number of advantages of the
nanocrystal-based system. These results show that photodoped ITO NCs can directly double ionize the
FATCNQ through a two-electron transfer, demonstrating that these highly reactive electrons can be
effectively used as multi-electron photocatalysts. This was the first time ITO NCs have shown such an
optoelectronic reaction, with the additional benefit of using widely used molecules (FATCNQ) and not
requiring ligand-stripping procedures. ITO NCs resulted to be extremely stable upon charge transfer
process, with no degradation effects detected and the initial carrier density concentration, formed by tin
doping, is retained. | calculated the number of electrons extracted for the ITO NCs analyzed, resulting in
hundreds of electrons released from each photodoped NC, exhibiting competitive values for the next
generation high-density batteries. The electron counting technique was successfully applied to core-shell
ITO-In203 of various shell thicknesses. The results, with a number of photoelectrons extracted up to
almost 400 in the NC with the larger shell, further support the model proposed in the previous chapter
for the optimization of the electronic structure of MO NCs. Finally, the analysis developed in this work
for the evolution of spectral signatures of F4ATCNQ molecules does not rely on LSPR modulations and,
hence, it can be exploited for the quantitative investigations of charging/discharging multi-electrons
processes even in non-plasmonic NCs. The photodoping/titration inverse processes provide a non-
invasive method to charge/discharge NCs while they retain their stability, making them attractive
candidates for the efficient development of light-driven energy conversion/storage applications and for

multi-electron photocatalysis.
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VII. Light-driven 0D-2D hybrid nanostructures

So far, the photodoping process of doped metal oxide nanocrystals has been shown only in solution and
under inert atmosphere, with the additional drawback that the photogenerated holes are lost by reacting
with a sacrificial hole scavenger. However, for the efficient exploitation of this process towards the
development of an innovative nanostructured material to accumulate, store, and release solar energy,
solid-state structures are favorable. In this chapter, | present the light-induced charging of a 0D-2D hybrid
system based on Indium Tin Oxide (ITO) NCs and bidimensional Transition Metal Dichalcogenides
(TMDs). Thanks to the coupling between the two nanomaterials, all-solid-state photodoping is proven in
ambient atmosphere. The extra electrons are stored within the NC layer, while the 2D semiconductor
layer, which acts as a solid hole-scavenger, collects the photogenerated holes. After a general
introduction of the hybrid system and the results obtained on the light-driven charge separation, the
chapter focuses on the possibility of using the 0D-2D scheme for the contactless manipulation of
atomically thin 2D materials. As a matter of fact, MO NCs can be employed as all-optical charge injection
sources that allow to locally and quasi-permanently modulate the electronic structure of 2D TMDs. The
injected photocarriers can travel tens of microns through the monolayer from the excitation spot,
accumulating according to the local electronic landscape and altering the photoluminescence spectrum
of the 1L-MoS:> layer. The possibility to precisely localize the charge injection source to the micrometer
scale and in the post-fabrication stage empowers the local investigation of unperturbed electronic
structure of 2D materials. Thanks to this novel approach, the important impact of sample inhomogeneity
on the charge carrier percolation was unraveled. These studies demonstrate that local and contactless
charge injection with sub-micrometer precision delivers an alternative route for charge injection and
indicates that local 2D material electronic structure can serve as a key element for novel nanoscale device

design. Most of the findings reported in this chapter can be found in Ref.}” and Ref.8,
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VIlI.1  Photocharging of a 0D-2D hybrid nanocapacitor
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Figure 28 — Hybrid 0D/2D nanostructure. a) Illustration (not in scale) of the hybrid structure of ITO
nanocrystals and 1L-MoS». Photogenerated electrons are stored inside the NCs, while the holes are
rapidly transferred into the monolayer and diffuse. b) Typical SEM image of the hybrid, with two-
dimensional flakes of MoS, covered with a thin film of ITO nanocrystals. c) TEM image of ITO
nanocrystals. On the right, absorbance spectrum of the ITO nanocrystals in solution, before and after
photodoping. d) Typical optical micrograph of the CVD grown 1L-MoS; sample. On the right, Raman
spectroscopy of a flake without (black line) and with (red line) the nanocrystal layer, the in-plane (Ezg)
mode and the out-of-plane (A1g) mode located respectively around ~382 cm™ and ~407 cm™. Below,
micro-PL measurement of 1L-MoS; flake. Figure adapted from Ref.l” with permission from American

Chemical Society.

The hybrid 0D-2D (ITO-In203 NCs / 1L-MoSz) nanostructure analyzed in this chapter is composed of
monolayer (1L) MoSz covered by a thin film of ITO-In.03 core-shell nanocrystals. Technical information
on the nanofabrication of the heterostructure can be found in Chapter III. Light with energy beyond the
bandgap of ITO generates multiple electron-hole pairs in the NC, via photodoping. The photogenerated
holes are rapidly quenched at the surface of NC and transferred to the 2D layer, which acts as solid hole-
collector, ensuring a stable charge separation between the two materials (see Figure 28a and b). The
extra photoelectrons are stored within the NC volume, leading to n-type doping of the ITO NCs, while
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the corresponding holes are injected into 1L-MoS; layer, altering its optoelectronic properties. Multiple
charges can be permanently stored with light in the two nanomaterials, effectively photocharging the
hybrid system. Figure 28c shows a typical TEM image and absorption spectrum of the nanocrystals in
solution, before and after the exposure to UV light. Further details on the photodoping of metal oxide
NCs, and in particular on ITO-In20O3 core-shell NCs, can be found in the previous chapters of this
dissertation. Figure 28d reports an optical image of the CVD 1L-MoS; used, a hyperspectral map of the
photoluminescence of a typical flake, and the Raman spectra of the 2D material before and after the

deposition of the NCs via spin-coating.
VII. 1.1 All-solid-state photodoping

The 0D-2D hybrid induces the formation of a staggered, type Il heterojunction. From an energetic point
of view, the coupling between the two materials is fundamental for the charge-separation process,
suppressing electron-hole recombination and, ultimately, allowing the light-driven charging of the
hybrid. The 2D material acts as an efficient hole collector due to the favorable energetic alignment, with
positive charges being spontaneously transferred from the NCs to the 1L-MoS> monolayer (see Figure
29a). On the contrary, the photogenerated electrons cannot be easily promoted to the CB of MoS: and
remain constrained within the NC’s volume, where they accumulate. Thanks to this coupling, all-solid-

state photodoping of MO NCs is achieved.

The light-induced modulations in the 1L-MoS; carrier density are monitored via photoluminescence (PL)
spectroscopy. Two-dimensional TMDs present unique excitonic properties as a result of greatly enhanced
Coulomb interactions and reduced dielectric screening (further details can be found in Chapter 11).1%
Electrons and holes are tightly bound together by Coulomb attraction with large binding energies of the
order of ~ 550 meV and, at the same time, large exciton radii (9.3 A for MoS,).2%13%.15315 Trjons, i.e.,
charged excitons bounded to an additional electron (negative trion) or hole (positive trion), play an
important role in the emission of TMDs at room temperature. Remarkably, the system displays the
possibility of selective excitation, being the bandgap energies of 1L-MoS; and ITO significantly
different. The characterization of the system is performed by probing the MoS; layer with green light
(Aex= 500 nm, or E,,= 2.48 eV). Under these conditions, it is possible to measure the 1L-MoS, PL
emission without exciting the NCs. When UV light is employed (4,,= 350 nm, E,,= 3.54 eV), it triggers
the photodoping process in the hybrid and — at the same time — it allows to detect light-induced variations

in the 2D material. To conveniently describe the evolution of the PL spectrum, both in terms of energy
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Figure 29 — All-solid-state photocharging of the hybrid nanostructure. a) Scheme of the energetic
alignment of the system. Photoexcited holes generated with light beyond their bandgap inside the ITO
nanocrystals are rapidly transferred to the 2D material, while photo-electrons accumulate in the
nanocrystal. b) Photoluminescence (PL) spectrum of the 1L-MoS; (in red). Spectrum collected with an
excitation energy of 2.48 eV (500 nm, no ITO excitation). c) Temporal evolution of the PL spectra of the
monolayer MoS; with time of photodoping (PD). After photodoping with 3.54 eV (355 nm, above the
bandgap of both, the 1L-MoS; and the ITO nanocrystals) an immediate blue shift to higher energy is
observed (purple curve), which further blue shifts and intensifies with increasing exposure up to 10 min
(compare green to yellow spectra). The PL spectra are fitted by the sum (black curves) of two Lorentzian
line shapes, which are assigned to emission from the exciton (blue curves) and trion (green curves) states.

Figure adapted from Ref.}” with permission from American Chemical Society.

shift and asymmetric variations of the lineshape, I introduce here the spectral median (SM). The spectral
median is defined as the energy that divides the PL spectrum into two regions (high- and low-energy
emission) of equal area and can be implemented as a useful indicator of the trion/exciton ratio during the
photodoping process. Figure 29b and ¢ show the 1L-MoSz PL spectrum modulation due to photodoping.
Upon UV exposure, the PL spectral median blueshifts continuously to higher energies over the course of
~10 minutes. After reaching a maximum shift of 29.4 meV, no further variations in the PL lineshape are

detected. Notably, in the first few seconds, a large blueshift (15.9 meV) of the spectral median is observed
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(purple line, t = 5 seconds). Control measurements were performed on 1L-MoS; without the ITO

nanocrystals, showing no variations in the PL spectrum of the 2D material (Figure 42 of Appendix).

The comparison between the initial 1L-MoS> PL spectrum (panel b) and those after 10 minutes of UV
exposure (panel ¢) highlights that the emission spectrum increases in intensity, its energy blueshifts, and
the spectral lineshape changes. Variations in the shape of the PL emission induced by photodoping are
compatible with what observed when the free electron density is reduced in electrostatically gated
devices®®168.220 or py Jocally inhomogeneous dielectric environments.>*146167 These light-induced
variations are linked to the reduction of the n-type carriers in the TMD monolayer (i.e., p-type light-
induced doping) due to the photodoping of the NCs. More precisely, the injected photoholes recombine
with the electrons in excess that are naturally present in the TMD layer, suppressing the negatively
charged trions. The lineshape of the PL emission evolves asymmetrically due to this variation in the
excitonic features. The relative weight of the trion state is immediately suppressed in the very first
seconds of the process, indicating rapid and intense initial transfer of photocarriers in the hybrid. The
suppression of the trion population is a fingerprint of the MoS> photodoping process. These results
proved possible, for the first time, an all-solid-state photodoping of doped MO NCs, overcoming the
need for an inert atmosphere environment and, at the same time, providing a convenient channel to collect
the photogenerated holes. From the deconvolution of the emission peak with two Lorentzian fits it is
possible to quantify the exciton and trion contributions to the photoluminescence (Figure 29). As
discussed in Chapter II, the relative spectral weight of the trion state relative to the neutral exciton is
acutely sensitive to free carrier density levels of the 1L-TMD.139146.167.168 A modified mass action model
can accurately describe the dynamic equilibrium of free electrons in bidimensional materials, allowing
the quantification of photo-induced variations of the carrier density (n,) via the spectroscopic analysis
of the PL emission (further information on the model can be found in Chapter III). By applying this
model to the photodoping process reported in Figure 29, a decrease in carrier density of ~6-10'2 cm™ is
obtained. With this 0D-2D scheme even greater suppressions of n,, in the order of ~10*3 cm™, can be
achieved, rivalling the charge density variations observed in single layers of MoS; via electrostatic
gating.3®??! The behaviour of the 0D-2D hybrid structure can be modelled as an ideal capacitor
consisting of two layer oppositely charged, the NC layer negatively charged and the MoS. layer
positively charged, separated by an insulating region, e.g., the NC ligands (see Appendix for further
details). With this approach, the capacitance of a NC-MoS; junction results ~6.8 fF and the areal

capacitance ~0.86 puF cm, with a generated voltage of ~1.18 V in the heterostructure. The photodoping
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dynamics of the hybrid structure were investigated beyond the temporal resolution of Ref.!?, as reported
in the Appendix, showing clear signatures of a two-step process (with a fast and a slow kinetic) in the
charging mechanism. Finally, the long-term stability of the light-induced effects in the hybrid were tested
(see Figure 46 in the Appendix), showing that the photodoping process is stable up to, at least, 72 days

after the transfer of photocharges.

VII.2  Contactless manipulation of atomically thin 2D

materials

Here, | present 0D MO NC:s as effective localized light-driven charge injection sources for the contactless
manipulation of charge densities in monolayer TMDs, extending theall-solid-state photodoping process
to observe the diffusion of the photogenerated holes within the 2D material. Indium tin oxide NCs can
be excited locally, within a diffraction-limited excitation spot, transferring photocharges into the 1L-
MoS;. Hyperspectral imaging techniques were employed to spatially resolve variations induced by the
photocharging process in the monolayer TMD, with sub-micrometric resolutions. By mapping the hybrid
before and after the injection of charges and analyzing the 1L-MoS; emission modulations, it is possible
to follow the relocation of holes into the 2D materials. This technique allows both the investigation and
the manipulation of carriers in 2D transition metal dichalcogenides in a contactless way. Carrier diffusion
effects are unveiled and investigated, showing that the vast majority of injected carriers travel long
distances away from the micron-sized excitation spot. This work demonstrates a new possibility to
manipulate the electronic structure of unperturbed 2D TMDs via photodoping without the need for
invasive and broad physical contacts.

VII. 2.1  Spatially-resolved effects of photo-injected carriers

To visualize the impact of photodoping, spatially-resolved images were generated from hyper spectral
maps by plotting for each position of the map (i.e., each pixel of the image) the local spectral median
(SM) of the 1L-MoS; PL. Prior to photodoping, a first hyperspectral map was collected measuring the
local 1L-MoS; PL emission over the entire extent of the 2D flake (Figure 30a) with energy below the
bandgap of ITO (i.e., E,,= 2.48 eV). As reported in several works,142143145149,150.222.223 the P|_ gmission

of CVD-grown monolayer MoS: is spatially inhomogeneous and, initially, the edge regions of the 2D
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Figure 30 — Spatial effect of photo-induced carrier extraction in a hybrid NC/MoS2 flake. a) Variation
in the spectral median of the PL over a 1L-MoS2/ITO NC hybrid flake a) before and b) after exposure
to a focused UV laser spot for 5 minutes at the location marked with a star. Substantial differences in
the spectral median between the edge and core region of the flake (illustrated by black contours in the
plots as guide to the eye) are obvious already before photodoping. c) Upper panel: histograms of the PL
peak position before (red) and after (blue) photodoping. Lower panel: Statistical summary of the
difference in spectral median before and after. d) Hyperspectral map of the difference of the spectral
median before and after exposure to UV light. The most striking changes are observed towards the edges
of the flake with peak shifts reaching 30 meV, while the core region remains fairly unchanged. e)
Illustration of the contactless injection of carriers into the 2D material. Figure adapted from Ref.'® with

permission from John Wiley & Sons.

flake present a redshifted spectral median with respect to the inner region. A similar redshifted PL
spectrum can be locally caused by higher carrier density values as well as increased strain or defect
densities in the edge.!421%0222224 The initial characterization of the 0D-2D flake was followed by the
photodoping of the hybrid. A localized spot in the center region (indicated by a purple star symbol in
Figure 30) was irradiated with focused (r <2 um) UV light for 5 minutes, triggering the photocharging
of the ITO NCs and the charge separation process. Then, a second map of the hybrid, analogous to the
initial one (E,, = 2.48 eV), was collected to investigate the spatially-dependent light-induced variations.
As reported in Figure 30b, after the photodoping process, an increase in spectral median energies of the

2D layer is observed in regions that are several micrometers away from the excitation spot. These parts
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of the sample are not directly illuminated and the variations in their carrier density are attributed to
diffusion mechanisms. . A summary of the local PL properties of the flake is reported in Figure 30c as
spectral median histograms. Before photodoping, the 2D layer exhibits a broad distribution of different
spectral median (red histograms), with an average value of around ~1.81 eV. After photodoping, the
average position shifts to ~1.83 eV (blue histogram) and the distribution of PL emissions significantly
narrows. A statistical summary of the difference in spectral median (green histogram) show an average
shift in energy of 17 meV, with maximum values reaching up to 30 meV. Figure 30d reports the spatially-
dependent variations in the spectral median energy of the 1L-MoS; PL. Remarkably, the most intense
changes in the photoluminescence spectrum occur in the edge region, in parts of the 2D layer that were
never exposed to UV light. The localized spot in which the NCs were photoexcited was close to the
center of the flake. Nevertheless, the internal region remained unaffected from the photodoping process
and the PL spectrum of the spot position itself did not shift significantly (Figure 42 of Appendix). These
findings demonstrate that the positive carriers photogenerated within the ITO NCs are not confined to

the excitation spot size and they relocate over the entire extent of the MoS; flake.
VII. 2.2 Light-induced carrier density manipulation

The relative contributions of excitons and trions to the PL emission of the 1L-MoS: is extracted from the
fit of each spectrum at each point of the hyperspectral map. Initially, the PL emission of the 2D flake is
characterized by a wide distribution of exciton and trion spectral weights (Figure 31a and Figure 31b,
red histograms), owing to the inhomogeneity of the sample. After the photodoping process of the hybrid,
the same histograms show an increase in the exciton spectral weight (with the relative decrease in the
trion spectral weight) and a generalized narrowing of the distribution (Figure 31a and Figure 31b, blue
histograms). The mass action model introduced above can be applied to analyze the spatially-resolved
variations of carrier density over the entire extent of the 2D flake. Thus, for each point of the map, 1L-
MoS: carrier density levels were calculated before (Figure 31c) and after (Figure 31d) the light-driven
doping process. In the hybrid 0D-2D system, the light-driven hole transfer from the photodoped ITO
NCs to the 1L-MoS; leads to a strong suppression of the extra carriers in the 2D material. The photodoped
flake exhibits a more spatially-homogeneous distribution of carrier concentrations with respect to the
initial case, as highlighted by the comparison between the two density maps. A statistical summary of
the local carrier density levels of the flake before and after photodoping is reported in Figure 31e. After

the UV exposure, the initially broad distribution of carrier densities becomes sharper (i.e., more uniform
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Figure 31 - Carrier density reduction in MoS2 monolayer due to UV photo-doping. a) Statistical
summary of the spectral contributions of excitons and trions to the PL over the entire hybrid NC/MoS2,
before (in red) and after (in blue) the photo-doping. Quasiparticle contributions are calculated by fitting
the PL emission with two Voigt line profiles and by separately plotting the spectral weight of the exciton
(a, upper panel) and trion (b, lower panel). c) Illustration of the electron carrier density in the 1L-
MoS2/ITO flake before (c) and after (d) exposing the hybrid system to UV light. The impact of the
photodoping is evident in the sharp reduction of carriers in the 1L-MoS2 flake, leading to a more smooth
spatial distribution of the carrier density. e) Variation in the electron carrier density before (red) and
after (blue) the photodoping. The initial broad distribution shifts significantly and flattens onto low
carrier density values (n<1012 cm-2) due to the injection of photo-holes in the system. Reproduced from

Ref.*® with permission from John Wiley & Sons.

flake), and the free-electron levels drop to low values (n, < 10'2 cm2). The resulting average variation
in carrier density is An,~-2.3-10'2 cm with peaks in the order of 1-10'® cm™. Similar results were
observed by varying the illumination spot position in several flakes of the hybrid system (Figure 43, in
the Appendix), showing that the photodoping process and the consequent carrier density manipulation of
the 2D TMD do not depend significantly on the local injection point. As summarized in Figure 44
(Appendix), the photodoping process induces spatially-inhomogeneous variations in the PL intensity
too. While the average intensity increases in terms of absolute counts almost in every part of the 2D
material, the greatest variations (in percentage terms) occur in regions initially rich in trion
concentrations. This can be explained by the higher quantum yield of excitons with respect to trions, %168

The photo-injected holes tend to recombine with the extra electrons naturally present in the 1L-MoSy,
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hindering the formation of negatively charged excitons (i.e., trions). In this context, trion suppression via
photodoping is reported as an effective tool for PL intensity enhancement, increasing the overall emission
efficiency.

VII. 2.3 Long-range diffusion of photo-injected carriers
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Figure 32 — Long-range diffusion of photo-injected carriers. a) Spectral median of a large area of the
1L-MoS2/ITO hybrid with multiple connected flakes before (left) and after (right) the exposure to the
UV laser source. Photo-doping was performed at the purple colored star in a micrometer-sized spot.
Scale bar = 10 um. b) Map of the photo-induced variations of the spectral median of the 1L-MoS2 PL,
reaching changes of more than 30 meV. The impact of the photo-injected carriers into the 2D material
is not spatially uniform and it is stronger along edges and grain boundaries of the flake. Figure adapted

with permission from Ref.!® with permission from John Wiley & Sons.

Further study to clarify the spatial extent of the relocation of photocarriers in the 0D-2D hybrid was
conducted in a large area (~ 40x60 pum?) of polycrystalline 1L-MoS,. This part of the heterostructure is
formed by a continuous monolayer TMD film composed of multiple 2D flakes that have merged together
during the CVD growth process. This network of micron-sized crystalline domains is characterized by
internal grain boundaries between flakes. In analogy to what was described before, hyperspectral maps
of the 1L-MoS; area were collected before and after the photodoping process, which was triggering only
in a localized spot with a focused UV laser (purple star in Figure 32a and b). Variations in the 1L-MoS;
PL spectral median energy up to 30 meV were observed over impressive distances, farther than 40 um
away from the micrometer-sized excitation spot (Figure 32c). Interestingly, the light-induced variations
are not spatially uniform. Greater values of blueshift in the spectral median spatially coincide with the

grain boundaries of the MoS; flakes network, suggesting the photo-injected carriers tend to accumulate
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in these regions. Grain boundary regions are found to be also the areas with the highest trion populations

pior to the photodoping process, characterized by an initially low spectral median energy.
Driving force of the relocation

More generally, larger variations in the 1L-MoS; PL emission are observed in areas with higher ratios of
trion spectral weight, regardless of the distance from the excitation spot. Further analyses on the light-
driven effects over long distances were performed by extracting the local carrier concentrations before
and after the injection of additional photocharges. A statistical analysis of the magnitude of carrier
modulations (normalized counts) plotted against the distance from the charge injection location is
reported in Figure 33a. Remarkably, charge density variations in the order of ~1-10' cm™ are detected
at more than 40 um of distance from the excitation spot. Furthermore, no evidence of correlation between
An,, (carrier density changes) and the distance from the injection source is found, indicating that distance
is not the limiting factor in the relation and accumulation of photocarriers into the 2D layer. Figure 33b
shows the modulation in the carrier density levels (after photodoping) plotted against the initial carrier
density for each point of the map. The large area involved in the analysis, composed of several flakes
merged together, provides a broad set of structural and electrical conditions (e.g., different natural levels
of doping, strain, defects), strengthening the study. Notably, the maximum variation in carrier density
that can be achieved exactly coincides with the initial carrier density for all values of carrier
concentrations. The striking 1-to-1 linear relation between the maximum variations in carrier density and
its initial concentration (highlighted with a dashed line in Figure 33b ) suggests that each point of the
1L-MoS:> tends to return to intrinsic doping conditions, irrespective of the distance from the excitation
spot. With this scheme, by triggering the photodoping process in a micrometer-sized excitation spot, it
was possible to lower the carrier density of 2D material back to intrinsic conditions (~n, <
2:1012)183:225.226 in an area larger than 2200 um?. In classical electrostatic devices, the diffusion of charges
is driven by an electric field generated by a back-gate (in electrostatic gating) or with physical electrodes
(for electrical contacts). In this case, however, carriers are injected without a pre-determined driving
force (i.e., in the absence of a generalized electric field). Moreover, conventional transport techniques
introduce averaging effects over the volume of the contacts or the area of the back-gate. The lack of a
pre-determined current path presented in this scheme might allow to extract local values of resistivity in
real time, going beyond what is possible with traditional transport measurements. Here, | hypothesize

that the relocation of the photodoped charges in the hybrid is driven by the initial 1L-MoS: local carrier
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concentration. In this picture, the photo-injected holes diffuse in the 2D layer until they annihilate the

extra electrons naturally present in the hybrid.
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Figure 33 — Annihilation of naturally present extra charges via photodoping. a) Normalized statistical
correlation of the magnitude of the change in the initial carrier density (1) with the distance from the
excitation spot. Significant variations reach distances of more than 40 um, and that the magnitude of A
is not strongly correlated to the distance from the point where photodoping was conducted. b) Reduction
in the carrier density as a function of the initial carrier density of the 1L-MoS2. The striking 1-1 linear
relation between the maximum charge density variations induced and initial concentration of extra
charges suggests that it is possible to completely undope the monolayer and restore a zero-doping
condition in the semiconductor, regardless of the initial carrier concentration or of the distance from the
excitation source. Dashed line shows the y = x function, as a comparison. Figure adapted with

permission from Ref.!8 with permission from John Wiley & Sons.

This theory consistently explains most of the experimental results presented. However, some aspects of
the dynamic of the system are yet to be clarified. Ideally, a perfectly smoothed carrier density landscape
could be expected in the 2D flake after photodoping. In practice, inhomogeneities in carrier density (and
spectral medians) remain present. Several contributions could lead to the observed deviations, given the
acute sensitivity of 2D-TMDs to the local effects such as defect densities (e.g., S vacancies), variations
induced by the substrate, and strain.**>'% Lower values of tensile strain are identified via micro-Raman
spectroscopy in the edges and other regions of the 2D sample (Figure 45 in the Appendix).}**1"® Several
works in literature investigated the effect of strain on the band structure of TMDs, 145173.174223.224
indicating that tensile strain relaxation leads to an increase in the energy of the quasiparticles.*”® While a

similar increase in the VB energy would provide a driving force for electrons in correspondence of edges
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and grain boundaries,'**

the variations in the SM energy observed in this work involves significantly
larger areas than those affected by sharp variations of mechanical strain. This suggests that the electronic
structure of 1L-MoS, changes more gradually, not only in the proximity of edges. An additional
explanation for the inhomogeneity observed is the possibility that the photodoping process of the hybrid
was not completely saturated after the 5 minutes of UV exposure. This would also explain the deviations
from the 1-1 linear relation of Figure 33b, between initial carrier density levels and maximum variations
achieved, indicating that the number of photo-holes introduced was not sufficient to compensate for all
extra electrons initially present in the 2D layer. Hence, the time of UV exposure and the power employed

could represent a limiting factor to the maximum area affected by photodoping.

Finally, the number of carriers injected from the ITO NCs into the 1L-MoS> was estimated (further details
on the quantitative approach employed can be found in the Appendix). For the area reported in Figure
32 an average number of gN® = 75 photocarriers per nanocrystal was calculated, corresponding to 75
photoelectrons stored in each NC and 75 holes injected into the 2D layer. The previous work introduced
in Chapter VIL. 1 estimated an average of only ~5 carriers stored per NC by analyzing the light-induced
variations at the excitation spot, considering only the region of the sample directly probed by the focused
UV laser.!” This indicates that the vast majority of the transferred carriers relocate far from the excitation
spot and further supporting the importance of charge diffusion in the system. By further optimizing the
0D charge injection sources (for example, by optimizing the electronic structure of core-shell ITO NCs)

higher values of injected carriers and doping could be achieved with this contactless scheme.

VII.3  Chapter summary

In this chapter, a novel 0D-2D hybrid heterostructure displaying light-driven capacitive charging was
reported. The coupling between ITO NCs and 2D TMDs allows to absorb and convert the energy of the
incoming light in extra charges confined within the ultrathin heterostructure. All-solid-state photodoping
of MO NCs was achieved in ambient atmosphere, with the additional benefit of collecting photogenerated
holes. Upon illumination, the TMD layer collects the positive charges and the MO NCs the negative
ones, showing capacitor-like charging behaviors with capacitances values in the fF range. By employing
ITO NCs as 0D charge injection sources, it was possible to transfer into the 1L-MoS, more than 75

photoholes per NC, reaching unprecedented charge transfer capabilities. Furthermore, the charge transfer
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process was proven to be stable for at least 72 days, a timeframe not observed in other photodoping
techniques.??’2% Charge density variations in the order of ~1-102*cm™ were achieved, proving the
photodoping scheme as an efficient and competitive alternative to electrostatic doping. The light-induced
variations were detected at surprisingly long distances, up to more than 40 um from the injection source.
By triggering the photodoping process in a micrometer-sized excitation spot, it was possible to lower the
carrier density of 2D material back to intrinsic conditions (~n, < 2:10*? cm™) in an area of more than
2200 pm?. The 1-1 linear relation between the initial carrier density and its maximum variation indicates
that every part of the 1L-MoS> uniformly tends to return to intrinsic doping conditions, regardless of the
distance from the injection source. The scheme presented in this work is an effective all-optical tool to
locally induce p-type doping in 2D TMDs semiconductors. The importance of local inhomogeneities in
the charge relocations and in the PL emission of 1L-MoS, was reported, showing that the impact of
strain, defects densities, and the presence of charge localization effects, which might negatively impact
device performance, can be examined via the photodoping of MO NCs. Along this direction, the local
manipulation of 2D semiconductors could lead to the design of novel nanoscale devices to target specific

materials features.

The proposed tool for the light-induced injection of photocarriers opens the possibility to locally
investigate transport processes in 2D semiconductors and remotely manipulate their electronic structure.
The key innovation introduced from this work is the contactless nature of the scheme, as the charge
injection is provided with light by exciting the ITO NCs in a localized spot. | identify here some of the
main advantages of this approach. First, the fabrication step of bulky contacts and electrodes can be
avoided. The diffusion and accumulation of charges reported in this work occur freely according to the
unperturbed electronic structure of the material, a feature unique to this technology. Second, the injection
of carriers is localized to a single spot with micrometric precision, determined by the positioning of the
laser anywhere on the sample after the fabrication stage is completed. Third, the charges introduced into
the 2D layer are not forced to any pre-determined current path. This all-optical scheme could allow the
study of carrier diffusion effects and optoelectronic properties in native, undisturbed bidimensional
materials. Future work could further investigate light-driven dynamics in solid-state, from the
photocharging and transfer dynamics of the nanocrystals to the diffusion of the injected extra carriers
into the 2D material. Further p-type doping could be achieved by using a combination of optimized
materials systems (e.g., optimized ITO NCs) or by externally tuning the 2D material. For example,
experiments conducted with electrostatically gated devices could provide control over the electronic
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landscape of the 2D TMD and its trion concentrations, creating a favorable environment for the detection
of even greater modulation in the carrier density upon photodoping. Furthermore, the reversibility of the
photocharging process and the recovering the original state of the monolayer could be experimentally

investigated.
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VIIl.  Perspectives of photodoping towards applications

VIIl. 1 Light-driven energy storage solutions and future

applications of photodoped MO NCs

The ability to integrate both energy harvesting, energy conversion, and energy storage into a single
nanosized material system could lead to disruptive innovations in the field of light-driven energy storage
and self-powered devices. Currently, light-driven rechargeable devices rely on the incorporation of solar
cells or photoelectrodes for the conversion of photons and separate units for the accumulation of charges.®
Metal oxide nanocrystals are promising platforms to combine all these aspects in a unique nanomaterial,
including light absorption, stable charge separation, and multiple charge accumulation processes.®
Moreover, the photocharging process could be exploited in combination with additional features of MO
NCs, such as tunable NIR plasmonic resonances and the capability of triggering multiple charge transfer
reactions. Multiple technical analyses have been conducted over different energy storage schemes and
technologies, comparing the advantages and criticalities of various solutions.?°2%® Two major
complementary approaches have arisen in recent years, depending on the timescales involved and the
underlying technical necessity. High-performance devices have been engineered to store energy for
extended periods of time, such as batteries, and to provide great amounts of power concentrated in short
times, such as supercapacitors. Several aspects are taken into consideration while evaluating their optimal
design for each configuration. Their performances can be evaluated in terms of efficiency, energy
capacity, energy density (i.e., energy stored per volume or mass unit), power density (i.e., speed of the
energy transfer per volume or mass unit), response time, operational lifetime (e.g., in years and cycles),
and self-discharge.?1:234237 Batteries have become a fundamental part of modern electronics and several
technologies have been developed, ranging from lithium-ion (Li-ion), sodium-sulfur (NaS), nickel-
cadmium (NiCd), lead-acid (Pb-acid), lead-carbon batteries, to zebra (Na-NiCl.) batteries and redox flow
batteries, which hold promising perspectives for large-scale energy storage solutions.?3?3 On the other
side, it is possible to categorize capacitors as electrostatic capacitors, electrolytic capacitors, and
supercapacitors (SCs), with SCs having the highest capacity per unit volume due to their operational
principles (further information can be found in Chapter I1).272% The previous chapters of this work

extensively discussed the photocharging properties of MO NCs, both from a theoretical and experimental
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Figure 34 — Possible architectures for light-powered energy storage solutions and light-driven
nanodevices based on the photodoping of doped MO nanocrystals. On the left side: All-solid-state light-
driven capacitor based on the coupling between MO NCs and a monolayer 2D Transition Metal
Dichalcogenides (TMDs). Center: IHlustration of photodoping in the presence of a hole collector with
proper band alignment. Light triggers the photodoping process and photo-generated charges are
transferred to the hole collector. On the right side: possible application of MO NCs in solution
illustrating a light-driven flow cell battery architecture (on top) and light-charged MO NC-based

electrolytes. Figure reproduced from Ref.!® with permission from the Royal Society of Chemistry.

perspective, highlighting their potential as light-driven supercapacitors. Owing to the novelty of these
findings, the photodoping scheme still has to be converted to fully-operating supercapacitive
technologies and, up to date, only a limited number of proof-of-concept MO NCs-based devices have
been investigated. | anticipate significant advancements in the upcoming years, with critical
breakthroughs in the development of optimized devices for high-performance and long-lasting light-
driven energy storage solutions. Research works conducted in the last decade highlighted the benefits of
employing nanomaterials in the energy sector, with energy storage advantages rising from high packing
density, high surface-to-volume ratio, and short diffusion pathways.'*#143230.232 |n particular,

nanocrystals could be implemented to achieve simultaneously high energy and high power densities.*!
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This promising perspective, combined with the possibility of light-driven charging, can open avenues to
novel renewable energy storage designs. Here, | delineate possible architectures for light-powered energy
storage solutions based on the photodoping of MO NCs, both in liquid-phase and solid-state

configurations (Figure 34).
Liquid-phase energy storage applications of photodoped MO NCs

A first promising opportunity arising from the photodoping process of MO NCs is the possibility to
develop light-driven electrodes (Figure 34, right panel). The electrode’s design is a critical aspect for the
efficient storage functionality of liquid-phase systems. In particular, by increasing the
electrode/electrolyte interface area is possible to reach high specific capacitance values. The
implementation of MO NCs as electrodes would benefit from the high surface-to-volume ratios and
atomically-thin charge layer separations occurring at the SC’s surface and, hence, high energy density
values are anticipated.3427 For the efficient implementation of supercapacitors, state-of-the-art devices
often involve the design of 3D architectures where micro-supercapacitors are incorporated in a three-
dimensional matrix to maximize the total active surface. In opposition to traditional flat systems, a 3D
structure of anodes and cathodes would further benefit from nanostructured morphologies, such as
nanocrystals, nanowires, nanotubes, nanosheets, and nanowalls.® The same principle could be exploited
in the development of MO NC-based electrodes to design specific capacitances after light absorption.
For the successful implementation of MO NCs as electrodes, further advancements in material design
are needed to address additional requirements of this configuration, including high ionic adsorption
capacity at the solid-liquid interface, fast and reversible surface redox reactions, fast charge transfer, as
well as high conductivity.® The ability of photodoped MO NCs to trigger multi-charge transfer reactions
is a valuable advantage of this scheme. In detail, the specific capacity (Q) directly correlates to the
number of electrons N, involved in the reaction: Q = NF / M (where F is the Faraday constant and M
the low molecular weight). Multiple charge transfer processes are widely regarded as key tools for the
achievement of high energy density in batteries. Hence, MO NCs, exhibiting multi-charge transfer
capabilities and supercapacitive photocharging dynamics, are promising high energy density candidates
for the next-generation of energy storage devices. Currently, stability issues and the formation of highly-
reactive species during charge transfer limit the development of multi-charge transfer components, 21240
Owing to the delocalization of the photoexcited carriers,%>'?? superior stability properties could be

achieved in MO NCs. Long service-life devices could be particularly valuable when operating in remote
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places is needed. Another interesting perspective for the photodoping of MO NCs in solution is the
development of functional light-driven nano-inks. In a similar technology, the colloidal solution of MO
NCs would act as a light-driven energy-carrying electrolyte.?

The implementation of light-driven MO solutions in flow batteries would open avenues to visionary
applications, such as the development of solar rechargeable flow-cell systems.?*2 In flow cell systems,
the electrode and the charge-bearing electrolyte are spatially separated, allowing the individual tuning of
energy and power densities (Figure 34, right panel). Depending on the architecture designed, MO NCs
could be employed both as light-driven electrolyte (e.g., MO nano-inks), constituting the charged liquid
moving through the well-established device compartments of flow battery systems, or as light-driven
electrodes, charging the moving electrolyte via photodoping. As shown in this work, the electrons stored
in photodoped ITO NCs can be efficiently extracted by widely-employed oxidative molecules, such as
FATCNQ. Non-invasive charge-transfer reactions can be implemented simply by the mixing of the two
solutions. In flow batteries, this process could occur at the interface between the two charged liquids.
Given the stability of the nanocrystals, the implementation of multiple reversible charge/discharge cycles
is foreseen in liquid setups based on the coupling between charged MO NCs and similar molecules.
However, the liquid-phase approaches proposed so far display a significant drawback: the loss of the
photogenerated hole during the photodoping process. By reacting with sacrificial hole scavengers, half
of the photogenerated carriers are not allowed to contribute to the stored energy, corresponding to a loss
of half of the light energy converted. This important aspect could be solved with the design of appropriate
hole collection mechanisms. For example, adequate molecules or nanostructured materials could be
employed to capture the photogenerated holes in solution and, in a second stage, release the stored
carriers to appropriate electrodes when energy is needed. Another strategy for the collection of both
photocharges in a fully functional light-driven device comes from the incorporation of MO NCs in solid-

state architectures.
Solid-state photocapacitor based on MO NCs

As reported in Chapter VII, two-dimensional transition metal dichalcogenides (2D TMDs) were
successfully employed as hole-collector in an all-solid-state heterostructure, facilitating the charge
separation and photodoping process of ITO NCs. This work showed the stable accumulation of multiple
photogenerated electrons in the NC film, acting as a negative electrode, and the accumulation of the

corresponding holes in the 2D layer, representing the positive electrode. By applying a capacitor model,
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promising capacitance values and areal capacitances in the range of femto Farads and pF cm 2 were
reported, as well as energy and power densities of the order of pJ cm 2 and uW cm 2. Remarkably, these
values were estimated without considering diffusion effects; hence, greater values are expected. A
detailed discussion of the hybrid system can be found in Chapter VII. The practical realization of a light-
driven nanocapacitor based on MO NCs is foreseen. However, for a fully functional, photocapacitor
device the implementation of functional charge extraction electrodes is required (Figure 34, left panel).
Additional layers of conductive materials, such as transparent conductive oxides (e.g., bulk ITO) or gold
contacts, could be integrated into the final structure, optimizing the carrier extraction process of both
photoholes and photoelectrons. The relative energetic alignments between the conduction band minimum
and the valence band maximum of the electron and hole collectors, respectively, define the potential
achievable in the device. In this case, an expected cell voltage of around ~1.2 V was reported. This first
estimate raises important considerations on the role of the hole collector’s electronic structure and its
desired properties. More specifically, the potential output of the fully-operating photocapacitor device is
expected to depend significantly on the relative band alignment. As a strategy to achieve efficient light-
driven charge separation, the engineering of the band offsets of the materials involved is foreseen (Figure
34, central panel). For example, single layer TMD can be engineered by several means (e.g., changing
dopant concentrations, material, applying electric fields or mechanical strain) to enhance the energetic
alignment responsible for the permanent charge transfer from the NCs. More generally, multiple
semiconductors could be employed to generate a type 11 heterojunction in the hybrid system and the full
library of suitable materials still requires thorough investigation, highlighting the importance of further

materials’ research on photodoped MO NC:s.

The implementation of a MO-based photocapacitor would stand on the recent discovery and optimization
of light-driven supercapacitors (see Chapters IV-VI). The development of a first proof-of-concept device
could definitively demonstrate the feasibility of such innovative technology, allowing the
characterization of the performances of this new type of circuitry element in terms of charge/discharge
cycles, efficiency, and storage capacity, reaching a broader audience and igniting further research on the
topic. Performance analyses on the light-driven nanocapacitor have to be performed to test critical
parameters such as areal and volumetric capacity, the efficiency of the light conversion process, life
cycles, speed of the charging and discharging processes, and robustness to different environmental
conditions. According to the performance results, different geometries can be fabricated, such as flat
multi-layered structures or more complex architectures involving 3D matrices of NCs. Here, the proposed
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perspectives display the implementation of the photodoping process of MO NCs in proper device

architectures as a promising and viable pathway for novel light-driven energy storage solutions.

VI1II. 2 Further perspectives of photodoping and open issues

Apart from energy-related applications, the photodoping process of MO NCs presents a rich variety of
opportunities for several different applications. For example, the capability of photodoped MO NCs to
trigger multiple charge transfer reactions with light is a valuable feature in the field of photocatalysis. As
a matter of fact, metal oxide NCs such as ZnO and TiO2 have been widely employed for heterogeneous
catalysis®?%® and, hence, the optimization of the photodoping process (e.g., via depletion layer
engineering) would have beneficial implications on existing photocatalytic applications. Furthermore,
MO NCs could find implementation in the field of nanomedicine. Due to the possibility to non-invasively
target biological tissues and interact at the sub-cellular level,2*® nanoparticles have been extensively
investigated for biomedical applications ranging from diagnostics (e.g., imaging, detection) to therapy
(e.g., hyperthermia treatments, drug delivery).*>% Only recently first results showed that NCs have the
potential to electrically charge the cellular environment and to alter the excitability of single neurons.3*
The wireless charging of MO NCs could find unexpected applications in the field of electrophysiology,
with the perspective of developing light-driven control over the activation of neurons. More
conventionally, MO NCs can be exploited within existing strategies for hyperthermia treatments, due to
the strong plasmonic resonances, or functionalized for drug delivery techniques. Optoelectronic
nanodevices would strongly benefit from the incorporation of photodoped MO NCs. Their ability to
dynamically modify carrier density levels in doped semiconductors could be employed for modern
transistor designs, replacing the gate input with light or even for the fabrication of all-optical-input
transistors.?** In Chapter V, dynamic control of electronic band profiles and depletion layer engineering
was presented, allowing the design of MO NCs with targeted optoelectronic properties. | anticipate
multiple practical applications of this technique for metal oxide nanocrystals-based devices. Light-driven
control over the plasmonic properties could be beneficial for sensing, signal enhancement, surface-
enhanced infrared spectroscopy, and smart window technologies. Since depletion layers strongly affect
the resistivity of MO-based films with detrimental effects, photodoping could be exploited as a post-
fabrication, last-stage tool to improve device performances, enabling conductivity enhancements in thin

films via the photo-tuning of depletion layers. A recently published work seems to confirm this effect.*?°
120



Light-driven OD-2D hybrid nanostructures

Lastly, the coupling between 2D TMDs and MO NCs enables the manipulation of the monolayers’
properties, with possible implications for exciton funneling and quantum optics. Doped MO NCs (such
as ITO NCs) can be utilized as light-driven injection charge sources. The optical scheme proposed in
Chapter VII delivers a tool to locally investigate transport processes in 2D semiconductors and remotely
manipulate their electronic structure. While in classical electrostatic devices the current is forced to flow
between two electrodes, introducing averaging effects in transport measurements, by implementing MO
NCs as active injection elements charge diffusion is observed with the lack of a pre-determined current
path. As a perspective, | foresee a new all-optical technique to measure the local resistivity of conductive
materials in real-time, without external perturbations nor averaging effects. This together displays the
photodoping process of MO NCs enables horizons for innovative application spaces in light-powered
optoelectronics and nanoelectronics. The progress achieved in these works marked milestones in the field
of photodoping of MO nanocrystals and of the wireless manipulation of 2D materials. The reported 0D-
2D heterostructure could become the fundamental working unit for the next-generation energy
conversion and storage devices and currently my research group is working on the development of the
first fully-operating MO-based photocapacitor.

Finally, I remark some open questions and delineate some aspects discussed in this dissertation that could
benefit from future and more extended work. Regarding the dynamics of the photodoping process, the
role of the surface states and ligands during charging has to be further investigated, and might provide
useful insights on the fate of the photogenerated holes in solution environments. As reported in Chapter
11, the kinetic equilibrium between recombination processes, such as Auger recombination, and the
competing hole-capture processes is of fundamental importance for the accumulation of photogenerated
carriers in the system. Further studies on the charge recombination dynamics (for example, with ultra-
fast transient absorption measurements) could highlight new ways to hinder radiative and non-radiative
recombination mechanisms, with semi-permanent effects in terms of amount of stored carriers in
photodoped MO NCs. In hybrid O0D-2D systems, charge transfer and charge recombination could be
either promoted or limited with the introduction of intermediate materials with different energy levels.
In the case of the ITO-MoS> heterostructure (more details in Chapter VII), the stability of the charge
separation process between the two materials is guaranteed by the energetic alignment, with the energy
bending of the superficial layers of core-shell ITO-In,O3 NCs promoting hole transfer and preserving the
extra electrons within the NC volume. Additionally, the long-range diffusion of photo-holes from the
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injection spot in hybrid systems further limits carriers recombination and could be artificially targeted

via dopants or strain engineering of the 2D layer.

Some of the effects reported in this work were limited by experimental conditions. Hence, superior results
could be achieved under the right conditions, further proving the capability of these materials for energy-
related applications. This was the case for multi-electron transfer reactions from photodoped ITO NCs
to FATCNQ molecules. It is reasonable to assume that oxidative molecules capable of accepting more
than two electrons could unveil even larger multiple transfers. Furthermore, a replica of the photodoping
experiment of the 0D-2D hybrid would benefit from the implementation of electrostatic gating. This
would allow control over the initial charge populations of the 2D layers, proving that even greater
variations in carrier density can be induced by light (since the drop in electron density was limited by the
initial conditions) and testing the reversibility of the photodoping process in solid-state structures.
Another aspect worth considering, in sight of future developments, is control over the bandgap energy
of MO NCs. The most-studied MO NPs are transparent in the visible and absorb UV light. The practical
implementation of the proposed would benefit by avoiding the ultraviolet radiation to promote electrons
via photodoping. For example, for competitive solar conversion efficiency, the absorption of the active
materials needs to be redshifted to the visible part of the spectrum. Alternative materials with a lower
bandgap could be employed to achieve this goal, such as CuO (1.5 eV) or InN (1.2 eV) NCs. The
capacitive properties of InN NCs have been recently reported,?*246 and further investigations in this
direction are encouraged. Other strategies to achieve this goal include the introduction of optically-active
states within the bandgap and multi-photon absorption techniques, in order to photodope MO NCs with
NIR radiation.?*” The additional participation of an active hole collector would contribute to the system's
overall efficiency and might enable the further extension of the absorbed spectrum. Moreover, light-
driven applications of MO NCs could be exploited in combination with existing technologies, providing
additional features. For example, doped MO NCs could be incorporated in multi-layered third-generation
photovoltaic cells. Furthermore, environmentally benign and non-toxic chemical elements are a key
aspect to consider for all future technologies. Currently, the investigation of the photodoping dynamics
was limited to a few metal oxide materials. Additional materials research is encouraged to fully exploit
the richness of chemical synthesis techniques and expand the list of materials capable of photodoping to

low-cost, environmentally friendly, and abundant light-driven materials.
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IX. Conclusions

As shown in the previous chapter, the photodoping process of MO NCs is an extraordinarily effective
tool to dynamically manipulate the electronic properties of nanomaterials and accumulate multiple
charges in an entirely contactless manner, with potentially disruptive implications for innovative light-
driven energy storage solutions. In this PhD thesis, | took a step towards understanding the photo-
physical fundamentals of the light-driven charging process and | investigated the implementation of these
photoactive nano-units in a combination of different environments and material configurations,
contributing to the development of proof-of-concepts devices towards implementation. The main results

achieved in this experimental work are summarized here.

Full control over the electronic structure of MO NCs was demonstrated both in the static case, by the
tuning of the material’s composition and structures (e.g., core-shell, core-multishell architectures) at the
synthesis stage, and in the dynamic case, with post-synthetic modulations induced by light (photodoping)
or oxidative molecules (titration). These findings have been validated by a combination of experiments,
theory, optical modeling, and numerical simulations. In particular, a specifically designed optical model
was developed to describe the optical response of core-shell NCs upon photodoping, allowing to resolve
their electronic structure and carrier density profiles at the nanoscale. In the static case, for Sn:In2Os-
In203 core-shell NCs, the fine-tuning of the shell thickness is a powerful tool to engineer the depletion
layer width (W) and modulate the band bending of the conduction band. The introduction of the shell
material with distinctive energy and doping levels induces a double bending of the electronic bands, with
the formation of three different regions of distinctive features in the electronic profile of the NC: an active
core region characterized by the unperturbed carrier density, an active transition region with an order of
magnitude lower carrier density, and a depletion region in which the metallic behavior is completely
suppressed. Notably, the electronic band profile and the physical core-shell structure do not coincide.
Due to the enhanced band bending, the growth of the undoped shell around the ITO core results in a
significant increase in W (in the nanometric regime) and the possibility to induce step-like profiles in the
CB, with the consequent formation of biplasmonic responses in the NIR spectrum. Depletion layer
engineering is a powerful tool that provides a new degree of freedom for optimizing targeted optical and
electrical features in MO NCs. Core-shell MO NCs with large depletion layers exhibit an enhanced
sensitivity of LSPR modulations to external stimuli (e.g., UV light) and, noteworthy, a significant

increase in the capability of storing carriers.
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In the dynamic case, modulations in the electronic structure can accurately describe the LSPR response
of MO NCs and the accumulation of extra charges via photodoping. Specifically, the introduction of
extra photocarriers leads to the light-driven band bending and the rearrangement of the electronic profile,
with n, increasing mainly in the shell regions. This work investigated the physics of the photodoping
process, unveiling that depletion layer tuning and band bending are the primary mechanisms behind the
photocharging of MO NCs. From these new insights, depletion layer engineering was exploited to
enhance the charge storage capability of ITO NCs. A direct comparison between homogeneous and core-
shell NCs confirmed the importance of depletion layer tuning for potential energetic applications of these
materials. This model could be extended to other systems and nanostructures, further validating the
proposed approach and enabling new features. For example, the light-driven dynamic formation of bi-
plasmonic energy landscapes was observed in core-shell NCs. Control over the energetic band profiles
and nanometric depletion layer open promising perspectives for the design of targeted optoelectronic
properties in metal oxide nanostructures. | anticipate these studies to contribute to the optimization of the

performances of MO NCs-based nanodevices.

Multiple charge transfer processes from photodoped MO NCs were proven via titration with FATCNQ
molecules. The photodoped electrons are able to ionize the FATCNQ molecules with a transfer of two
electrons, which highlights the capability of these highly reactive charges as efficient multi-electron
photocatalysts. Electron counting procedures were developed successfully applied to core-shell ITO-
In203 of various shell thicknesses, resulting in hundreds of electrons released from each photodoped
nanocrystal, exhibiting competitive values for the next high-density battery generation. A number of
photoelectrons extracted up to almost 400 was obtained in the NC with the larger shell, further supporting
the depletion layer engineering model proposed for the optimization of the electronic structure of MO
NCs. Furthermore, the technique developed in this work can be extended for the quantitative
investigations of charging/discharging multi-electron processes in non-plasmonic NCs, being based only
on the analysis of spectral signatures of FATCNQ molecules in the UV-VIS region. Photodoping and
oxidative reactions provide a non-invasive method to control the optoelectronic properties of MO NCs,
without inducing degradations effects. The stability of MO NC involved in multi-charge reactions could
be employed for multiple charging/discharging cycles in light-driven energy conversion/storage

applications and for multi-electron photocatalysis.

Finally, the photodoping process of MO NCs was proven possible in all-solid-state configurations and
ambient atmosphere conditions, thanks to the coupling between core-shell ITO NCs and single-layer
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MoS,. This 0D-2D hybrid heterostructure displays light-driven capacitive charging dynamics with
capacitances values in the fF range. In this scheme, it was possible to store in the ITO layer and transfer
to the 2D TMD more than 75 photocarriers per NC, reaching unprecedented charge-transfer capabilities.
MO NCs can serve as efficient charge injection sources, inducing charge density variations in the 2D
materials in the order of ~1-102cm™ and proving photodoping as a competitive alternative to
electrostatic doping. Remarkably, light-induced variations and long-range diffusion effects were detected
at up to more than 40 um of distance from the injection source. The charge transfer process and the long-
range diffusion of carriers, driven by the relative energy alignment, is further suppressing charge
recombination and the charge separation was proven to be stable up to more than 70 days, with no
theoretical time limitations. The linear relation between the light-induced variations and the initial carrier
density of the 1L-MoS: suggests that the photoinjected carriers tend to travel freely in the monolayer
until recombination with naturally-present extra charges occurs. By triggering the photodoping process
in a micrometer-sized excitation spot, it was possible to achieve intrinsic doping conditions (~n, < 2-10*?
cm) in the 2D TMD in an area of more than 2200 pm?. The all-optical scheme proposed allows the
precise investigation of local inhomogeneities in unperturbed 2D TMDs semiconductors, with
submicrometer precision, exposing the impact of strain and defects densities. Along this path, the ability
to locally manipulate 2D semiconductors via p-type photodoping could lead to the design of novel
nanoscale devices to target specific materials features. Further details on future proof of concept devices
for energy storage and light-driven applications based on the photodoping process of MO NCs were
reported in the previous chapter.

All the above findings add to the unique properties of metal oxide nanocrystals, further demonstrating
this materials system as an extremely promising alternative to current optoelectronics devices and
energy storage solutions. In summary, MO NCs combine record-high capacitance values and
multi-transfer capabilities with the novel opportunity of photocharging. In addition to
technological implementations, such as light-driven supercapacitors and self-powered
nanoelectronics, the photodoping process of these emerging nanomaterials may also offer new
research avenues in the fields of solid physics, materials chemistry and nanoscience.
Fundamentally new approaches to solar energy conversion and storage can be conceived and
experimented on these material-platforms. The research of the incoming years could demonstrate the
integration of energy harvesting, conversion, accumulation, and release into a unique nanostructured

device with high energy density features. Therefore, with the proper architecture and photocharging
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scheme, doped metal oxide nanocrystals have the potential to contribute to the transition towards a

sustainable future.
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X. Appendix

X. 1 Appendix to Chapter 111

Table 1 — Amounts of FATCNAQ titrants in terms of microliters and number of moles added to the
photodoped ITO NCs solution. Molar ratio percentage is defined as mol % = 100 x moles of FATCNQ
/ (moles of FATCNQ + moles of ITO NCS). n,eqcteq 1S the number of FATCNQ molecules that reacted

with each ITO NC. Reproduced from Ref.® with permission from the Royal Society of Chemistry.

Moles of ITO NCs (ny¢)

[10°° mol]
0.08
Added Volume of  Moles of FATCNQ (npsrcng) ol % Nyeacted
FATCNQ [uL] [10° mol] = Npareng/Mne
2 0.62 88.3 7.6
4 12 93.8 15.2
6 1.8 95.8 22.7
8 2.5 96.8 30.3
11 3.4 97.7 41.7
14 4.3 98.2 53.1
Vmid = 15.5 4.8 98.3 58.8
17 5.2 98.5 64.4
20 6.2 98.7 75.8
23 7.1 98.9 87.2
26 8.0 99 98.6
60 18 99.6 2274
160 49 99.8 606.5
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Parameters used in the numerical simulations

Table 2 — Parameters used in the simulations. Table reproduced from Ref.2® with permission from

Springer Nature.
e € kg T my me h
1.602-1071° | 8.854-101% | 1.381-10% | 293.15 K 5.466 - 103! | 3.644 - 10! | 6.626 - 10
C Fm™ JK? kg kg Js

For the numerical simulations, the parameters introduced in Table 2 were used. In the case of
homogeneous NCs, energy levels, the number of donor atoms, and relative dielectric permittivity are all
constant. For core-shell systems, the radius-dependent non-equilibrium potentials profiles, donor
distribution profile (N, = Np(r)) and relative dielectric profile (¢(r)) have to be defined according to
the materials architecture. Figure 35 reports the radius-dependent non-equilibrium potentials profiles and
donor distribution profile employed to solve Poisson’s equation for ITO-In,O3 core-shell NCs.!

Different distributions and energy levels can be found for other metal oxides, such as ZnO and CdO.24%
250
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Figure 35 — Potential and donor distribution in 1TO-In203 nanocrystal with 6 nm core and a 5 nm
shell. a) Input band diagram for a core-shell ITO- In,Os structure. The system reference is the intrinsic
level of the core material. b) Input donor distribution as a function of the nanocrystal radius. c) Relative
conduction and valence band levels for ITO, In2O3, ZnO and CdO nanocrystals. The energy levels are
referred as non-equilibrium states. Dashed lines represent the intrinsic level. Figure adapted from Ref.?3

with permission from Springer Nature.
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Table 4 - Extracted parameters for three-layer model fit for the as-synthetized samples. Table

reproduced from Ref. 2 with permission from Springer Nature.

As- co s1 S2 S3 sS4 S5
synthetized
Necore 703 911 912 916 914 937
Ne shen 0 0 0 49 75 250
Rore (Nnm) | 5.3 5.32 5.45 5.62 5.7 5.6
Rgctive (NnM) | 5.3 5.32 5.45 5.83 6.03 6.56
¥ (cm™) 2.08-10° 1.62-10° 2.04-10° 1.88-10° 2.35-10° 1.66 - 10°
¥, (cm™?) 10 - 103 10 - 103 10- 103 3.19-10° 3.62-10° 4.60-10°
p 3.40-10° 5.68-10° 7.87-10° 11.98 - 10° 11.73 - 10° 11.71-10°
W (nm) 0.2 1.33 1.95 1.97 2.37 3.19

Table 3 — Extracted parameters for three-layer model fit for the photodoped samples. Table

reproduced from Ref. 2% with permission from Springer Nature.

Photodoped | CO S1 S2 S3 S4 S5
N, core 823 1136 1171 1177 1111 528
Ne sheu 0 0 0 99 327 1365
Riore (M) 5.5 5.73 6.02 6.38 6.39 4.59
Ryctive (nm) | 5.5 5.73 6.02 6.62 7.26 9.45
¥y, (cm?) 1.91- 103 1.53-10° 2.12-10° 2.01-10° 2.87-10° 1.36-10°
¥ (cm™) 10-10° 10-10° 1.97-10° 5.67-10° 2.60 - 103 2.58-10°
p 3.4024-10° | 5.68-10° 7.87 - 10° 11.98 - 10° 11.73-10° 11.71-10°
W (nm) 0 0.92 1.38 1.18 1.14 0.3
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X.2 Appendix to Chapter V
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Figure 36 — Effects of dopants diffusion on the band profile numerically simulated. a) The diffusion
effects on the NCs are investigated by modifying the donor distribution profile N (1) by using a sigmoid-
like function: Np(r) = 102 + [1026/(1 + ek("=Reore)y] By varying the shape factor (k = 5, 25, 100),
it is possible to induce a symmetric variation of the dopant distribution within the core-shell nanocrystal
to simulate diffusion effects in three very different cases. The Poisson’s equation was solved and the band
diagram was analysed finding that the double bending of the conduction band is not significantly affected
by moderate amounts of diffusion. b) The numerically calculated energy levels of an ITO-In>O3 core-
shell NC with the donor profiles input as shown in panel a. Figure adapted from Ref.?* with permission
from Springer Nature.
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Figure 37 - Depletion layer width and its modulation as a function of the shell thickness. a) Depletion
layer width as a function of the shell thickness t,. A linear fit is reported in orange. b) The contraction
of the depletion layer width (AW) in core-shell ITO-In,03 NCs follows a t3 law (linear fit showed in

red), with t, being the shell thickness. Figure adapted from Ref.?® with permission from Springer Nature.
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Figure 38 — Fitting of the absorbance spectra of samples C0-S5. Spectra in the as-synthesized (dotted
line) and photodoped (continue line) cases, with values of shell thickness from zero to 4.25 nm. The fitting
of the experimental data using the multi -layer optical model is reported with the orange lines. Figure

reproduced from Ref.23 with permission from Springer Nature.
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Figure 39 - Growth of core-doped-shell NCs and multi-layer model simulations. a) Normalized
absorption spectra of the two sets of samples (a and b), obtained employing two different synthesis
techniques: subject to Sn-atoms diffusion and segregated particles. Respectively, the first set of ITO-
In203 core-shell samples has a shell thickness going from 0 nm up to 4.95 nm (diameters: 10.1, 14.4,
16.1, 19.6, 20.0 nm), while the second set of samples is the already analyzed set CO-S5 with t; up to 4.25
nm (diameters: 11, 13.3, 14.8, 15.6, 16.8, 19.5 nm). The plasmon peak position shifts to towards the red
during the growth of the In2O3 layer. c) Simulated normalized absorption spectrum of ITO-In203 core-
shell NCs, of growing shell thickness, for particles subject to donor diffusion (c) and for segregated
particles (d). Scheme illustrating the procedure followed to replicate the experimentally observed trend.
In the diffusion case (d), a spill-over of electrons from the core into the shell is simulated by the multi-
layer model with the appearance of a second layer (L2), responsible for the second plasmonic mode and
which then expands upon shell growth. In the segregated case (e), initially shell growth corresponds
only to an increase of the depletion layer width, with the formation of a second layer (L2) occurring only

in the latest stages and with low carrier density values (N2). In both cases, the total number of electrons

was kept constant. Unpublished data from Ref. 24,
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Figure 40 - Photodoping of ITO NCs simulated with multi-layer optical model. Evolution of the
absorption spectrum of 1TO-In203 core-shell NCs under UV exposure for segregated particles (a) and
particles subject to donor diffusion (c). The simulated spectra of the two samples (b and d) are obtained
with the multi-layer optical model by expanding the second layer (L2) and slightly increasing its
concentration (N2). The segregated NCs undergo a two-step process: initially photodoping causes
plasmonic splitting by increasing the contribution of the second layer (from e-i to e-ii); after that, the

addition of extra photoelectrons causes the peaks to blueshift and increase in intensity (from e-ii to e-
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X.3 Appendix to Chapter VIl

The photocapacitor model

The hybrid 0D-2D system can be modeled as an ideal capacitor composed of two oppositely charged
layers (i.e., the ITO NC layer and the 1L-MoS> layer) separated by an insulating region of thickness d.
In this case, the dielectric layer is composed of the packed ligands and the depleted shell of the core-shell
particle. By using a ligand shell thickness of ~0.8 nm (estimated from ligands of length ~1.5 nm)?! and
an In20s3 shell thickness of 1.25 nm, the total dielectric thickness is estimated as d =2.05 nm. An effective

refractive index &r = 2 accounts for the dielectric materials and the intra-NC space. The capacitance (C)

of the system is then C = ¢,.¢ 2 and the voltage difference as AV = % By applying this model with the
values of charge transferred a capacitance of ~6.8 fF is obtained for a single nanocrystal-1L-MoS>
junction, corresponding to an areal capacitance of ~0.86 uF cm™. The calculated voltage potential is
~1.18 V, which is compatible with a potential difference of 1.27 eV between the ITO CB (e.g., -4.6 eV,
from Ref. ®2) and 1L-MoS; VB (e.g., -5.87 eV, from Ref.?*3). The overall thickness of the hybrid
nanocapacitor results to be approximately 12 nm, exhibiting a store energy density in the range of 1 pJ

cm. By considering the fast timescale of the charging process reported from kinetic investigations,

power densities up to the nW cmrange were calculated.
Photo-charging kinetics

By analyzing the kinetics of the spectra and the shape of the photoluminescence peak it is possible to
extract useful information on the physics of the photodoping and of the processes involved. The intensity
of the photoluminescence variates over time in a non-trivial way which is yet to be fully unveiled. To
further investigate photodoping dynamics of the hybrid structure beyond the temporal resolution of
Ref.}’, the PL spectrum of 1L-MoS; was measured over the course of 10 minutes of photodoping with a
step resolution of At ~ 0.3 seconds. As previously explained, the photoluminescence peak was fitted by
two Lorentzian functions, taking into account the exciton and the trion contribution (in blue and green in
Figure 41, respectively). The photodoping process of the hybrid system can be separated into two main
phases: with a fast (A) and a slow (B) kinetics. The first phase takes place in the first 10 seconds of UV
exposure (Figure 41a-c). The spectral median of the PL quickly shifts to higher energies, the trion

population decreases significantly, and simultaneously the intensity of the photoluminescence decreases.
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The second phase (B) involves a slower process that takes place from 30 seconds to 10 minutes (Figure
41d-f). The trion population remains virtually constant while the exciton contribution gets progressively
enhanced. The intensity of the PL emission increases over time, recovering and exceeding the initial
value. The increase in intensity can be explained by the greater quantum yield associated with the exciton
emission (compared to the trions). The suppression of the trions is consistent with the thesis that photo-
excited holes injected into the monolayer from the nanocrystals can annihilate the extra electron present
in the 1L-MoS,. Further experiments would be needed to better clarify the origin of the mechanisms

involved and the dynamics of the photodoping in the heterostructure.

Figure 41g and h report the typical evolution of the spectral median and of exciton and trion contributions
to the 1L-Mo0S2 PL spectrum as a function of the photodoping time of the hybrid system. The 0D-2D
hybrid was being exposed to UV light (350 nm) continuously for more than 10 minutes. Remarkably, the
trion peak is almost entirely suppressed via photodoping while initially being the predominant
contribution. In addition to the steady-state analysis, the temporal response of the system can also be fit
to a capacitor model, as shown in Figure 41i. Immediately after illumination, the temporal evolution of

the charge density in the 1L-MoS; strongly resembles the transient response of a capacitor, which, in first
approximation, can be fitted by: Q = A, - [1 — e_t/Tl] = CAV - [1 — e_t/RC]. However, a similar fit
deviates from the experimental data in the first minute of the charging kinetics. As a matter of fact, the
initial charge transfer from the ITO nanocrystals to the 1L-MoS; accounts for more than half of the total
carriers transferred in just 5 seconds. To overcome this, | introduce another term with a second time
constant (T, = R, C,) in the capacitor-like dynamics:

e 1o o] o

This second term is justified from the experimental observation of two distinct phases in the evolution
of the PL spectrum, as described above. By implementing this new equation into the analysis, the fit can
perfectly reproduce the evolution of the data. The second dynamics of the photodoping process exhibits
a slower charging time constant RC ~* that is more than 8 times larger than the time constant T, extracted
from the fit for the first phase. Given all the assumptions, this simple model confirms the hypothesis that

the photodoping of the heterostructure evolves in two different phases with different timescales.
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Electron counting in solid-state photodoping

Quantitative analysis of the number of electrons injected was performed considering the carrier density
variations observed over the entire flake. The mass action model was applied only to the regions of the
flake in which the SM change was larger than 10 meV, to avoid noise in the analysis. Hence, g*°t was
obtained from the measured variations in n,. To estimate the number of charges injected per NC (g"°),
the total amount of carrier transferred (q*°t) was normalized over the total number of NC excited with
the UV laser (N excited):

tot tot

e 4 _ q
~ Nexcited n-(dspot/z)z . pNC

q

Where dSP°t =5 um is the diameter of the area illuminated by the laser spot (approximated with a
circle) and pyc is the density of the layer of ITO NCs in the hybrid. Due to inhomogeneities in the
monolayer of NCs, pyc Was estimated from SEM images in three different areas of the hybrid
characterized by a low, average, and high packing density of NCs. From these estimates, an upper value

of g¢ = 100, a minimum value of g¢ = 50, and an average value of ¢g"¢ = 100 were obtained.®
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Figure 41 — Spectral evolution of the MoS2 photoluminescence over time during the photodoping.

The spectra were continuously collected with UV light (Zex = 350 nm) every 0.3 seconds for 10 minutes.

The grey dashed line reports the first spectrum acquired at t = 0 s, immediately after the exposure to

UV light, as a comparison. The fits indicate the trion (green) and exciton (blue) contribution to the PL

peak. It is possible to detect two processes separated in time involved in the blue-shift of the PL: in the

first 10 seconds (from a to c) the trion population is suppressed together with the overall intensity; from

30 seconds to 600 seconds (from d to f) the exciton population increases as well as the intensity of the

PL, recovering the initial magnitude at t = 350 s and increasing even more after. g) Typical spectral

median of the MoS, photoluminescence as a function of time. h) Temporal evolution of the excitons (in

blue) and trions (in red) during the photodoping. i) Evolution of the ratio between trions and excitons

over time, proportional to the number of free carriers in the monolayer of MoS,, fitted with a capacitor

charging dynamics. By using two different time constants it is possible to reproduce faithfully the kinetics

of the heterostructure, consistently with what previously hypothesized. Unpublished data.
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Figure 42 — Effects of UV exposure on 1L-MoS: emission. a) Photodoping of a reference sample
without ITO nanocrystals. Plot of the spectral median of the PL spectrum scanned over a single MoS;
flake without 1TO nanocrystals before and after exposure to UV light. b) No significant variations are
observed as demonstrated by the difference map. The pink star illustrates the location at which the UV
(350 nm) laser was focused (with a radius of circa 2.5 um). c) Emission before (upper panel) and after
(lower panel) the photodoping of the flake investigated in Figure 30 collected directly at the UV
excitation spot. d) Temporal evolution of the PL emission over a time scale of 5 minutes of UV exposure
showing representative spectra. Strikingly, barely any changes are observed in the PL, indicating that
most of the photo-injected charges diffuse from the excitation spot to farther regions of the hybrid system
leaving almost unaffected the area directly illuminated with the laser. Figure reproduced from Ref.'8

with permission from John Wiley & Sons.
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Figure 43 — Photodoping effects in various flakes with different excitation spots. Variation of the
spectral median of the PL due to the photodoping for three different flakes (a-c). The laser position is
indicated by a purple star for each flake. d) Statistical summary of the carrier density distribution in the
same three flakes (d-e) before (red) and after (blue) the injection of photo-charges. Photodoping effects
depend on the initial carrier density distribution and occurs irrespectively from the injection location.

Figure reproduced from Ref.*® with permission from John Wiley & Sons.
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Figure 44 — Photo-induced variations in the photoluminescence intensity. a) PL intensity before and
after the photodoping of the Flake reported in Figure 30 and b) illustration of intensity increase (in
percentage) normalized with respect to the initial intensity. A Intensity (%) = 100x (|31 - |before)before
c) PL intensity before and after the photodoping of the area reported in Figure 32 and d) illustration of
the normalized intensity increase A Intensity (%). While the overall PL intensity tend to increase almost
everywhere in term of absolute counts, the biggest variations in intensity percentage are localized in the
areas that initially present a high concentration of trions. This is consistent with what is expected as the
PL emission generated from the recombination of excitons is brighter than the same trion-based process,
and it is another indicator that the formation of trions is hindered and the formation of excitons is
enhanced increasing the overall photoluminescence efficiency of the 1L-MoS,. Figure reproduced from

Ref.28 with permission from John Wiley & Sons.
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Figure 45 — Raman measurements illustrating relaxed strain along grain boundaries. A measure of
strain in monolayer MoS; is the Raman shift of the E’ and A1’. Lower A Raman shifts of E’ and A1’
indicate relaxed tensile strain. In fact, in our Raman map of the same area of investigation grain
boundaries of the individual MoS; flakes are highlighted by lower 4 Raman shifts, i.e. relaxed tensile
strain, and coincide with the largest photo-induced electron extraction. a) The difference map of the
spectral median of a larger area of MoS; flakes illustrating variations of the spectral median of the PL
of more than 30 meV. Photodoping was induced at the blue colored star in a diffraction limited spot. b)
A Raman map of the difference of A1’ and E’ modes showing lowest A Raman shift along the grain
boundaries, correlated to regions with decreased strain. ¢) Example of two Raman spectra in the core
(red) and edge (blue) region, illustrating that only the E’ mode is affected by strain. Figure reproduced
from Ref.!8 with permission from John Wiley & Sons.
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Figure 46 — Long-term stability of the photodoping effect. The photoluminescence spectrum of the
monolayer MoS; before photodoping (black curves), directly after photodoping (blue curves), (a) 38
days later (red curve), and (b) 72 days (red curve). Care was taken to measure the same region of the
monolayer MoS; and the results in (a) and (b) are on independent samples illustrating the robustness of
the effect. For both samples, the photoluminescence peak position and line shape are altered significantly
during the initial photodoping process as a result of the injection of holes from the ITO nanocrystals to
the monolayer MoS; (from black to blue curves). These changes persist near perfectly after measuring
again the same spot after several days, indicating that the charge transfer after photodoping is
permanent on the timescales of months. c) Spectral median map of a portion of the MoS2/ITO hybrid
before (left) and after (right) the photodoping. d) Spectral map of the same area of the system collected
38 days later. The photo-induced effects of few minutes of UV exposure are still clearly visible in the
hybrid, proving that the transfer of photo-holes is permanent and stable on a timescale of months. Figure
adapted from Ref.}” with permission from American Chemical Society and from Ref.!® with permission

from John Wiley & Sons.
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