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Abstract

Spatio-Temporal-Spectral Imaging of Photo-carrier
Dynamics in Perovskites and Two-dimensional

Semiconductors

Xuejian Ma, PhD
The University of Texas at Austin, 2023

Supervisor: Keji Lai

Laser-illuminated microwave impedance microscopy (iMIM) is a scanning probe
microscopy technique that measures the spatiotemporal and spectral responses of
photo-carriers in materials under laser illumination. In this dissertation, we use iMIM
to study the photo-carrier dynamics in perovskites and two-dimensional (2D) semicon-
ductors, which are promising materials for optoelectronic applications. We investigate
the effects of laser power, wavelength, and sample temperature on the iMIM signals,
and we reveal the underlying mechanisms of photo-carrier generation, transport, and
recombination in these materials. We also demonstrate the potential of iMIM for
imaging the spatial distribution of defects, grain boundaries, and heterostructures in
perovskites and 2D semiconductors. Our results provide new insights into the photo-
physical properties of these materials and pave the way for their optimization and

integration in future devices.

In this dissertation, I introduce the background and motivation of studying
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perovskites and 2D semiconductors using iMIM in Chapter 1. In Chapter 2, I explain
the basic principles and finite-element analysis of microwave impedance microscopy
(MIM). In Chapter 3, I describe the optical MIM systems that I have contributed
to or led their development, including systems for photoconductivity mapping, car-
rier diffusion measurement, time-resolved iMIM, and iMIM spectroscopy. In Chapter
4, T present the paper that utilized the illuminated MIM systems to reveal the dy-
namics of photo-carriers in organic-inorganic perovskites. I show how defects and
varying types of carriers influence the optoelectronic properties of perovskite solar
cells on a microscopic scale. In Chapter 5, I illustrate how our innovatively designed
iMIM spectroscopy equipment can effectively reveal the exciton properties inherent
in monolayer transition metal dichalcogenides (TMDs), with a special focus on WS,
and WSey. I discuss how exciton binding energy, lifetime, and density depend on
laser wavelength. In Chapter 6, I summarize the main findings and contributions of

this dissertation and provide some outlooks for future research directions.
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Chapter 1: Introduction

The aspiration to unravel the microscopic properties of materials has been a
long-standing pursuit. Equipped with proper toolkits, we are able to delve deeper
into the intricate world at the microscale. This pursuit has led to the development
of various tools, each with its unique capabilities and applications. Among these,
Microwave Impedance Microscopy (MIM) stands out due to its distinctive ability to
display local admittance properties of a sample non-invasively, providing a detailed

view of the material’s microscopic features.

One of the intriguing aspects that MIM can investigate is the dynamics of
photogenerated carriers. This is a critical area of study as it provides insights into
the behavior of charge carriers when exposed to light, which is fundamental in many
fields such as photovoltaics and optoelectronics. Our existing laser-illuminated MIM
(iMIM) spatial scanning has been instrumental in this regard, but the journey towards

advancing this technology did not stop there.

It was a rewarding experience to contribute to the evolution of iMIM by in-
corporating both temporal and spectral dimensions into the picture. Those advance-
ments have significantly broadened the scope of MIM, allowing for a more compre-

hensive analysis of materials at the microscopic level.

In recent years, there has been a surge in research focusing on organic-inorganic
perovskites and semiconducting transition metal dichalcogenide (TMD) materials.
These materials have shown promising properties for various applications from elec-
tronics to energy production. The enhanced iMIM tool is particularly beneficial in

these fields, with its ability to provide high-resolution images of local conductance,
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Figure 1.1: (a) Schematic structure of the MHP semiconductor family (chemical
formula, ABX3) most typically implemented in PSCs. (b) Schematics showing the
layer-by-layer device structure of a typical PSC. Panel a, b and the captions are
adapted with permission from Ref. [I].

carrier lifetime dynamics, and spectral excitonic behaviors, which is unique and cru-
cial for understanding both the electronic and optical properties of these materials in

a non-invasive manner.

1.1 Organic-inorganic Perovskites

Perovskite solar cells (PSCs) have emerged as a revolutionary technology in the
realm of photovoltaics, demonstrating extraordinary optical and electrical properties
that distinguish them from other existing photovoltaic materials. Organic-inorganic
lead trihalide perovskites, a type of perovskite, have become a focal point in the
field due to their extraordinary performance in solar cells. Over the past decade,
the efficiency of PSCs has seen a rapid increase from 3.8% to over 25%, making
them a compelling area of research for both academic and industrial sectors. [3] [6]

Those PSCs are typically composed of metal halide perovskites with the chemical

15



structure ABX3, where 'A’ is a monovalent cation such as methylammonium (MA),
formamidinium (FA), or cesium (Cs), ‘B’ is a metal ion like Pb or Sn, and 'X’ is a

halide ion like I, Br~, or Cl~, as shown in Figure [l.1(a). [6]

The unprecedented increase in the power conversion efficiencies (PCEs) of
PSCs has been driven by their unique material properties including high absorp-
tion coefficients, low exciton binding energy, bandgap tunability, ambipolar transport
characteristics, and long charge-carrier lifetimes, among others. [6] These character-
istics are testament to the robust photo-physical properties of PSCs and underline
their potential in photovoltaic applications where both electrons and holes are active

in the photoconduction process.

Typical structure of PSCs involves a transparent conductive oxide, an electron
transporting layer, a perovskite absorption layer, a hole transporting layer, and a
counter electrode. [6] The operation of these cells is relatively straightforward; upon
light absorption, electron-hole pairs are generated in the perovskite layer and are then
extracted through the charge-selective hole and electron transporting materials to the

corresponding conductive electrodes, as shown in Figure [I.1|(b). [0]

One of the major advantages of PSCs, is their cost-effectiveness and simplicity
of fabrication compared to other types of solar cells. Unlike silicon solar cells, which
require pure silicon produced by heating sand at high temperatures and complicated
manufacturing processes, perovskite materials can be solution-processed, significantly

reducing the energy and cost of production. [6]

The promise of PSCs extends beyond traditional photovoltaic applications.
Motivated by the significant advancements in PCEs, researchers are now beginning
to explore the use of PSCs as an energy source for integrated systems such as energy
conversion and storage devices, unlocking a wide range of potential applications. [6]
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Despite the challenges that still need to be addressed, including stability issues and
the environmentally impactful presence of lead in these perovskites, the future of PSCs
in photovoltaic research and applications appears bright. [5] The rapid progress and
the possibilities that they hold for the future of sustainable energy make perovskites,
and more specifically organic-inorganic lead trihalide perovskites, an exciting frontier

in photovoltaic research.

iMIM can be extremely beneficial in perovskite research as it provides high-
resolution spatial mapping of the local photovoltaic response, enabling the study of
charge transport and recombination processes in perovskite solar cells on a micro-
scopic scale. Furthermore, it offers the potential to probe the dynamic processes
under light illumination, yielding insights into the operational mechanisms and per-
formance limitations of perovskite solar cells, thus guiding the design of more efficient

devices.

1.2 Semiconducting Transition Metal Dichalcogenides

Semiconducting TMD materials are transition metal dichalcogenides of the
type MXsy, where M is a transition metal (i.e. Mo, W) and X is a chalcogen (i.e. S,
Se). They have a layered structure with a hexagonal plane of metal atoms sandwiched
between two planes of chalcogen atoms. Four typical family members WSy, WSe,,
MoSs,, and MoSey have trigonal prismatic coordination. [7HIO], as shown in Figure
T2a).

TMD monolayers are atomically thin semiconductors that can be obtained by
exfoliating bulk TMD crystals or by other methods such as chemical vapor deposition,
molecular beam epitaxy (MBE). TMD monolayers have properties that are distinctly
different from those of the bulk crystals or other 2D materials such as graphene, which
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Figure 1.2: (a) Monolayer transition metal dichalcogenide crystal structure. The
transition metal atoms appear in black, the chalcogen atoms in yellow. (b) Typical
band structure for MXs, monolayers calculated using density functional theory and
showing the quasiparticle band gap E, at the K points and the spin-orbit splitting in
the valence band. (c), (d) Schematic illustrations in a single-particle picture show that
the order of the conduction bands is opposite in MoXs (¢) and WX, (d) monolayers.
The contribution from Coulomb-exchange effects that has to be added to calculate
the separation between optically active (bright—spin-allowed) and optically inactive
(dark—spin-forbidden) excitons is not shown. Panel a-d and the captions are adapted
with permission from Ref. [2].
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has a gapless Dirac cone band structure as a semimetal. [I1] For example, group-VI
TMD monolayers (such as MoSs, WSy, MoSe,, and WSey) exhibit a direct bandgap in
the range of 1-2 eV, as shown in Figure (b), which can be tuned by strain, electric
field, or doping. [2, 12 13] TMD monolayers also have no inversion center, which
allows them to access a new degree of freedom of charge carriers, namely the k-valley
index, and to open up a new field of physics: valleytronics. [14H16] Moreover, TMD
monolayers have a strong spin—orbit coupling, which leads to a spin—orbit splitting
of hundreds meV in the valence band and a few meV in the conduction band, which
allows control of the electron spin by tuning the excitation laser photon energy and

handedness. [17]

Moreover, excitons, which are bound pairs of electrons and holes, play a sig-
nificant role in the optical responses of these two-dimensional (2D) materials. In
monolayer TMDs, the excitons exhibit remarkably strong binding energies due to re-
duced dielectric screening in the 2D limit, which leads to the prevalence of excitonic
effects even at room temperature. [2] This contrasts with conventional 3D semicon-
ductors, where excitonic effects are typically observable only at low temperatures.
Monolayer TMDs can host various types of excitons, including neutral excitons, tri-
ons (charged excitons), and biexcitons, each with distinct properties and dynamics.
[2] Understanding the physics of these excitons is vital for harnessing the full potential

of TMDs in device applications.

Overall, TMD monolayers endowed with distinctive optical, electrical, and ex-
citonic properties, hold great potential for advancements in fields like electronics, op-
toelectronics, spintronics, photonics, and quantum devices. Furthermore, their ability
to form homobilayers or heterostructures opens up avenues for the exploration of novel

physical phenomena, such as the intriguing moiré superlattices. [18-20] iMIM, with
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its high resolution and unique ability to reveal the intricate details of electronic, opti-
cal, and excitonic behaviors under light illumination, empowers researchers to better

understand, optimize, and harness these materials for next-generation applications.

1.3 Dissertation Outline

In this dissertation, I will present the optical MIM systems that I have had
the privilege to participate in or lead their development. I will provide a detailed
account of how our equipment has been used to study the rich properties of carrier
lifetime, mobility, and excitonic physics in high-performance organic-inorganic per-
ovskites and transition metal dichalcogenides materials (TMDs). These studies have
provided valuable insights into these materials, contributing to our understanding

and potentially leading to their improved performance in various applications.

In Chapter 2, I will delve into the fundamental principles underlying pris-
tine MIM electronics and their associated simulations. Following this, Chapter 3
will focus on our optically coupled MIM systems, which I have had the privilege of
contributing to or leading their design and development. This includes systems for
photoconductivity mapping, carrier diffusion measurement, time-resolved MIM, and
MIM spectroscopy. This chapter will offer an in-depth look at these advanced sys-
tems, highlighting their unique features, capabilities, and the role they play in our
ongoing research. Chapter 4 will feature two papers that utilized the illuminated
MIM systems to reveal the dynamics of photo-carriers in monolayer Transition Metal
Dichalcogenides (TMDs) and organic-inorganic perovskites. This chapter will high-
light how defects and various types of carriers influence the optoelectronic properties
of 2D semiconductors. Finally, in Chapter 5, I will illustrate how our innovatively

designed MIM spectroscopy equipment can effectively reveal the exciton properties
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inherent in monolayer TMD materials, with a special focus on WS, and WSes.
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Chapter 2: Microwave Impedance Microscopy

In traditional optical systems, measurement resolution is typically constrained

A

sx 1, where A denotes the wave-

by the diffraction limit, represented by the formula
length of the illuminated electromagnetic wave, and N.A. signifies the numerical aper-
ture. This limitation makes it challenging to resolve features at nanometer scales, as

it would require wavelengths shorter than ultraviolet light.

To overcome this barrier, researchers have explored alternative methods such
as scanning probe microscopy (SPM). SPM employs a sharp near-field probe for signal
detection, thereby enhancing resolution to the dimension of the tip apex, which can

reach nanometer dimensions.

Among various SPM techniques, microwave impedance microscopy (MIM) is
notable for its capacity to non-invasively detect local impedance of a sample with
high precision. MIM operates by directing a microwave signal towards the sharp
probe and gathering signals reflected from the tip-sample interaction region. This
process enables the decoding of conductivity and permittivity information in the local
area, providing a powerful tool for non-invasively obtaining micro- and meso-scopic

properties across a sample.

2.1 Basic Principles

A fully operational Microwave Impedance Microscopy (MIM) system, as de-
picted in Figure[2.1] comprises two main components: the AFM scanning system and
the MIM electronics. As a scanning probe system, MIM employs a metal tip, which

can be either commercially available or custom-made, in an atomic force microscope
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Figure 2.1: Schematic of microwave impedance microscopy

as its probe.

The MIM electronics dispatch microwave signals to the tip and subsequently
collect the reflected signal from the tip-sample interaction region on a point-by-point
basis. This process enables the mapping of MIM responses across a finite area, typi-
cally spanning tens of micrometers, with resolutions that can be as high as the dimen-

sion of the tip apex, usually ranging from a single nanometer to tens of nanometers.

The MIM electronics typically produce two orthogonal outputs, which cor-
respond to the imaginary and real parts of the local admittance of the tip-sample
interaction region. By decoding these imaginary and real parts through appropriate

finite-element analysis, one can determine the local conductivity (o) and permittivity

(€).

2.2 Scanning Probes

In our research laboratory, we frequently utilize three types of scanning probes,

as illustrated in Figure [2.2]

The first type is the shielded cantilever probe from PrimeNano Inc., manu-
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Figure 2.2: Three types of commonly used scanning probes for MIM. Upper panels
are schematics and bottom panels are corresponding scanning electron micrographs.
Panel a-c, and the captions are adapted with permission from Ref. [3].

factured using MEMS processes. This commercially available probe is widely used
in our lab for rapid room-temperature testing, and its shielding generally ensures a
satisfactory signal-to-noise ratio. The center conductor, made of Au/Ti/W and re-
sponsible for transmitting the microwave signals, is encased within SiNx layers and
safeguarded by metal layers. The tip apex, which is less than 100nm in size, is crafted
through an oxidation sharpening process of the sacrificial Si pit, followed by a metal
refill. However, this type of tip is not extensively employed in illuminated MIM mea-
surements, as the layered structure can introduce artifacts to the MIM signals due to

thermal expansion effects from the layers, particularly affecting the imaginary part.

The second type is the Pt-only tip from Rocky Mountain Nanotechnology
LLC. This tip employs a different approach to mitigate the influence of strong stray-
field contribution, achieved by using a tall metal tip shank, approximately 80 pm in

height. These tips are commonly used in our illuminated MIM measurements due to
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Figure 2.3: Equivalent Circuit of Tip-Sample Interaction Region

their non-layered structure and low spring constants, which are crucial for contact

measurements without feedback loops.

The third type is the quartz tuning fork (TF)-based probe with home-etched
metal (typically tungsten) tips. Although a TF probe is somewhat more challenging
to operate compared to the other two types, it offers the ability to demodulate with
its distance oscillation of about 10nm. This feature provides the absolute value of
the MIM signal after subtracting the background, thereby countering the DC drift
of the MIM electronics. This type of probe is preferred in certain low-temperature

measurements due to its self-sensing capability, even in cryogenic environments.

2.3 Tip-sample Interaction

To interpret the signals obtained from MIM measurements, it is essential to
first examine the tip-sample interaction. This microscopic interaction informs us how
local properties influence MIM signals, thereby aiding our understanding of what

MIM signals represent in actual experiments.

As depicted in [2.3] the tip-sample interaction region can typically be modeled

as lumped elements. This modeling is feasible because the dimension of the tip-
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interaction region is significantly smaller than the microwave’s wavelength, allowing

the area to be treated as quasi-static.

The tip-sample interaction circuit can be represented as a capacitor between
the tip and sample, in series with the sample resistance and capacitance in parallel.
The sample resistance and capacitance (or overall impedance) are the information we
aim to extract. The tip-sample capacitance is generally taken into account due to the
native oxide at the tip apex or the intentional addition of a dielectric layer atop the
active sample layer. The tip-sample interaction varies as we scan across the material

with different electrical properties, which are recorded as the MIM signals.

We use Y, and Y, to denote the tip-sample admittance (the reciprocal of
its impedance), and the ground-tip admittance, respectively. The total admittance
is thus Yiota = Yis + Y. The amount of microwave reflected is determined by the

reflection coefficient, expressed as:

_ Yb - Y;total
YE] + Y;fotal

, where Y} is the transmission line admittance. A significant difference between Yj
and Y. can cause high reflection due to such impedance mismatch. We typically use
impedance matching (embedding an extra coaxial cable or capacitor) to transform the
Yiotar to a new value f(Yiorar), which is much closer to Yy and modifies the reflection

coefficient to
_ YO - y()/total)
)/0 + y(}/total)

With the reflection coefficient, it becomes straightforward to represent the

signals MIM electronics collected from the reflected microwaves, which contain infor-
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mation about the electronic properties of the tip-sample interaction region:

MIM = V;,e"T

YE) - y(Y;otal)
Yb + y(Y;fotal)
= elcpf(y;total)

— ‘/inGZCD

, where Vj,, is the incident microwave signal, ® is the demodulation reference phase,
Yo—y(Viota : . .
and f(Yiorar) = Vm%. The complex nature of the microwave reflection requires

us to have two channels to represent MIM-Im and MIM-Re parts separately as in

MIM = MIMpg. +1- MIMj,,.

In comparison to Yy, Ti, typically exhibits much smaller magnitudes due to
its relatively small tip-sample interaction region. Consequently, we can expand the
MIM signals by considering Y}, as a perturbation to Y, and accordingly expand the

MIM term. This can be represented as:
MIM =~ e f(Yy) + €' f'(Yg1) Ve

Here, f’ denotes the derivative of f. Given that the admittance between the tip and
ground is usually stable and can be treated as a constant, we can consider the terms

with Y, as constants. This can be expressed as:
MIM = e (aY, + b)

In this equation, a = f/(Y,;) and b = f(Y,;). This expression can be further simplified
by adjusting ® to make €‘® a real number. This adjustment can be achieved through
a calibration experiment that maximizes/minimizes imaginary/real parts with known
reference samples. Ultimately, we obtain:
MIM = MIMpg, + MIM;p,,
~ a(Re(Ys) + Im(Yys)) + b
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By offsetting the constant term, we establish the correspondence between the two

channels of MIM signals and the admittance of the tip-sample interaction region:

AMIMg, = a- Re(AYs)

AMIMj,, = a-Im(AY)

Therefore, we establish a direct correlation between the real and imaginary
components of the MIM signals and the corresponding real and imaginary parts of the
admittance within the tip-sample interaction region. This relationship is fundamental
to our understanding and interpretation of MIM measurements, enabling us to extract

meaningful and accurate data from these signals.

2.4 MIM Electronics and Impedance Match

The MIM electronics typically comprise several key components: RF /Microwave
signal generators, impedance matches, couplers, cancellation circuits, 1) mixers, and
amplifiers. These components work together to facilitate the functioning of the MIM

system.

RF /Microwave signal generators produce microwaves ranging from 300MHz
to 300GHz, a range low enough to prevent triggering interband carrier transitions.
Impedance matches are crucial to maximize the transition of the microwave from
the source to the tip, minimizing loss. Couplers direct the reflected signal, while
cancellation circuits compensate for the background signal. IQ) mixers demodulate
the reflected signals, and amplifiers boost the MIM outputs of small orders. For a
more detailed understanding of the circuit design of a specific MIM box, please refer

to [21].
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Figure 2.4: Impedance match with coaxial cables

The design of the impedance match warrants further explanation, as it may
vary for different tips and measurements. As a transmission line, the MIM circuit
from the source to the tip apex requires appropriate impedance matching to reduce re-
flection before the signal reaches the sample. Without this, there will not be sufficient
reflected signal from the sample to the MIM outputs to decode the local electrical

properties.

In practice, there are typically two methods to handle impedance matching.
The first involves the introduction of a quarter-wave coaxial cable, as depicted in
Figure We employ wire bond techniques to connect the metal exposure of the
tip cantilever with a quarter-wave coaxial cable. For a 1GHz MIM circuit, the typical
length of the coaxial cable is around 4.2cm. Another open-end coaxial cable stub is

connected in parallel to match the impedance of the circuit.

By adjusting (shortening) the cable stub, one can conveniently modify the
impedance to an optimal value. While adjusting the stub length, we can connect
this near-tip circuit to the Sj; or Sy channel of a Vector Network Analyzer and
monitor the dips in the spectrum. When the desired dip nears the minimum, we

achieve minimal signal reflection and maximal signal transmission all the way to the
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Figure 2.5: Impedance match with capacitors

tip under the dip frequency.

The second method to achieve impedance matching involves introducing ca-
pacitors connected in series to the coaxial cable, as shown in Figure [2.5] To achieve
a similar effect as the cable stub, a typical capacitance of 0.2 — 0.3uF is required for
a 1GHz MIM circuit. Since capacitors are usually not adjustable, we do not have the
flexibility to tune impedance while monitoring the VNA. However, the significantly
smaller space that capacitors occupy compared to cable stubs can be essential for

some constrained areas, especially in certain low-temperature cryostats.

2.5 Finite-Element Analysis

The dielectric response at a given position r within a sample can be represented

as:

E(r)y=¢&'(r) +ile"(r) + ?]

In this equation, ¢'(r) and €”(r) denote the real and imaginary parts of the
permittivity, respectively. o(r) represents the conductivity, and w is the angular fre-

quency of the electric field. For a specific tip-sample profile, Finite-Element Analysis
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(FEA) over r is needed to obtain the overall MIM signals. This process establishes
the correlation between the electrical properties of the sample and the resulting MIM

signals.

While the admittance extracted from MIM signals contains information about
local permittivity and conductivity, our primary interest in optical studies lies in the
changes in photo-conductivities. Therefore, throughout this dissertation, we will con-
centrate on conductivity measurements. To establish a connection between the MIM
signals collected by the tip and the physical conductivities of the tip-sample inter-
action region, it is essential to consider the layer structures and electrical properties

within the tip-sample interaction region.

It is worth noting that any alteration in the tip profile, such as enlarging the
apex aperture, can significantly influence the signal levels, even when examining the
same sample. Additionally, the way signals fluctuate with increasing or decreasing
local conductivity due to sample changes, light illumination, or the application of
gate voltages to adjust Fermi levels, is also of interest. These variations are primarily
attributed to different potential and electric field distributions when the tip-sample

interaction region changes for different tips and samples.

Therefore, to accurately extract quantitative conductivity values from MIM
signals, it is crucial to have a well-defined Finite-Element Analysis (FEA) model.
This model can simulate the response of MIM signals to changes in conductivity,

providing a robust tool for interpreting signals from MIM measurements.

For optically coupled MIM measurements, we primarily utilize the commercial
software Comsol Multiphysics 4.4 for simulations, focusing on tips from Rocky Moun-
tain Nanotechnology LLC (abbreviated as RM tips) and samples such as perovskites
and Transition Metal Dichalcogenides (TMDs). The RM tips are cone-shaped with
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Figure 2.6: Tip-sample geometry and FEA simulation. (a) Tip-sample geometry (b)
MIM response curve from FEA simulation (¢) Quasi-static potential distribution of
FEA simulation at 0 = 1073S/m and ¢ = 103S/m. Panels b-c, and the captions are
adapted with permission from Ref. [4].

inherent axis symmetry. Moreover, the samples examined in this dissertation typi-
cally exhibit axis-symmetry properties beyond the scale of the tip-sample interaction
region. Examples include regular monolayer TMD flakes, which can span tens of mi-
crometers, and organic-inorganic halide perovskites, which possess micrometer-level
grain sizes. Consequently, we can leverage the axis-symmetry property in the simula-
tions by employing the 2D axisymmetry mode of Comsol Multiphysics. This approach

significantly reduces the simulation running time and requires input of only half of

the 2D vertical cross-section surface of the tip-sample interaction region.

With this in mind, it is essential to accurately depict the geometries of the tip
and the sample to ensure precise simulation results. Scanning Electron Microscopy
(SEM) is typically utilized to estimate the tip shape. With the SEM image of the
tip, one can conveniently construct the cross-section geometry with appropriate pa-
rameters using geometry elements of squares, triangles, and curves on Comsol, as
demonstrated in the tip geometry model shown in Figure (a). The geometry
of samples can be easily obtained through regular Atomic Force Microscopy (AFM)
scans. As our primary focus in this dissertation is the optical conductivity response,
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the permittivities of the materials required for simulations in the models can be set

using their known dielectric constants.

With a well-established Comsol model, we employ the AC/DC module of the
software to simulate outputs of imaginary and real channels of MIM response. One
can select an appropriate mesh density depending on the relative scales of the tip
and sample structures. A finer mesh grid provides more accurate results, but also
requires more time to run. After sweeping the sample conductivity for the model,
a typical response curve and potential distribution would resemble Figure (b-c).
The imaginary part will grow monotonically, while the real part will peak at a certain
conductivity and then decrease. The point at which the real part reaches the peak,
just like the entire response curve, is determined by the specific model we construct

for the simulation.

With the response curve from the simulation, we can compare it with the
actual data of MIM-Im and MIM-Re and inversely obtain the corresponding conduc-
tivity value by finding the nearest neighbors in the simulation to the actual MIM-Im,
MIM-Re pairs. In this manner, any MIM signals we measure from experiments can
be converted to the conductivities we seek to understand. By mapping out a certain
area with laser illumination, we can obtain the mapping of photo-conductivity ac-
cordingly. This capability enabled us to use MIM to study the photo response and
corresponding properties of 2D semiconductors quantitatively, thereby contributing

to the advancement of our research in this field.
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Chapter 3: Light-illuminated MIM

In this chapter, I will delve into the details of the light-illuminated microwave
impedance microscopy (iMIM) setups we have established in our laboratory. It’s
worth noting that throughout my research and discussions, the terms iMIM, optical
(or optically-coupled) MIM, and laser-MIM are used interchangeably, all denoting the

same core concept.

We have successfully installed three iMIM setups in different locations: our
primary laboratory, Professor Xiaoqin (Elaine) Li’s laboratory, and the ECE MRSEC
laboratory. The photoconductivity mapping and diffusion measurement systems in
our primary lab and Prof. Li’s group were primarily implemented by Dr. Zhaodong
Chu. The time-resolved iMIM system in Prof Li’s group was a collaborative effort
between Dr. Zhaodong Chu and myself. The MIM spectroscopy system in the ECE
MRSEC lab was primarily initiated by me, developed in collaboration with Alex

Stram, and facilitated by the assistance of Dr. Bin Fang.

Thus far, we have successfully developed a comprehensive toolkit for iMIM
capabilities. This advanced system allows for an extensive exploration of material
properties across the spatial, temporal, and spectral dimensions, such as spatiotem-
poral dynamics of photocarriers of photosensitive materials, energy bandgap and ex-
citons of semiconductors, and photo-induced phase transitions in TMDs and moiré
systems. The research projects on which I have published papers involve all three
setups. Therefore, I will provide a detailed introduction to each of these setups before
we delve into the specifics of individual projects. This comprehensive understanding

of our iMIM setups will provide a solid foundation for the subsequent discussions
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Figure 3.1: Schematic of iMIM setup for photoconductivity mapping (sample scan)
based on a modified commercial XE-100 AFM system with bottom illumination. The
sample moves with the piezo stage, while the tip and laser align and are fixed during
scanning.

on our research findings and their implications in the field of Microwave Impedance

Microscopy.

It is important to highlight that all these setups require the laser objective and
tips to be positioned on opposite sides of the sample. This arrangement ensures better
focus, accurate estimation of laser power, and prevents any obstruction of the laser by
the cantilever, which could occur when the laser shines from the same side at a tilted
angle. Consequently, the samples we examine for optical MIM are typically deposited
on or transferred to transparent substrates, such as double-polished sapphire, mica,
or thin glasses. This choice of substrate not only facilitates the experimental setup
but also enhances the accuracy and reliability of our measurements, contributing to

the overall quality of our research in Microwave Impedance Microscopy.

3.1 Photoconductivity Mapping System

The most straightforward application of iMIM is photoconductivity mapping

under constant light illumination. To facilitate this, we utilize a modified XE-100
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commercial Atomic Force Microscope (AFM) produced by Park Systems, which fea-
tures an aperture in the piezo sample stage. This design allows us to direct the laser
from the bottom to the sample while aligning the tip to the sample from the top, as

depicted in Figure 3.1

A continuous-wave (CW) laser is guided into the objective beneath the sample
stage, and the laser spot is manually focused around the sample of interest. Typically,
the laser spot is slightly defocused from the exact sample plane to mitigate the effect
from carrier diffusion, which might decrease the concentration of free carriers under
the tip aligned at the center of the laser profile, and make the tip laser alignment less

error-prone.

The RM tip is visible in the camera of the XE-100 system, enabling us to
conveniently align the tip and laser while monitoring their relative positions. It is
also possible to use fine features on the sample surface as a more accurate reference
for aligning the laser spot and tip respectively. Practically, these features can be a
corner of a TMD flake or a small bubble on the surface, which should be visible in
both the camera and AFM tip scanning for respective alignment of the laser spot and

the tip.

During measurement, the XE100 AFM uses the cantilever-reflected laser (not
the CW laser) as the feedback loop to control the tip-sample approaching process.
The sample stage piezo moves the sample in x and y directions. As the CW laser
spot and tip have been aligned, when the piezo scans across a certain linecut or area,
the MIM signals we get from the tip will be affected by the photoconductivity under
a constant laser intensity since the relative position of the laser spot and tip does not
change during those scans. In this way, we can obtain the photoconductivity mapping
while maintaining a constant laser intensity.
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Figure 3.2: Schematic and design of photoconductivity mapping (sample scan) mode
for ST500 iMIM spectroscopy system.

It is worth noting that the MIM spectroscopy system in the cryostat chamber
at the EER MRSEC lab, which will be discussed in greater detail in the following
sections, also supports such photoconductivity mapping mode, as shown in Figure
.2l Low-temperature measurements are feasible in this cryostat-based system. This
capability is not available with the commercial AFM, which operates exclusively at
room temperature. To achieve the same sample scanning, despite having piezo stages
at the bottom and lasers from the top, it requires a sophisticated sample holder and
tip holder design to transfer the piezo motion at the bottom to the sample motion in
the middle, while having a fixed laser from the top and a fixed tip below the movable
sample holder, as illustrated in (b).

Studies utilizing this technique will be presented in Chapter 4. This method of
photoconductivity mapping under constant light illumination provides a valuable tool
for investigating the photo-responsive properties of various materials, contributing to

our understanding of their behavior under different conditions.
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3.2 Carrier Diffusion Measurement System

By shifting the moving component from the sample holder to the tip holder, we
can transform the above systems from constant illumination mapping (sample-scan
mode) to carrier diffusion measurement tools (tip-scan mode). With the laser and
sample held stationary, the tip, controlled by the piezo, can scan across the sample
area surrounding the laser spot, thereby detecting any carrier diffusion-related MIM

signals.

Such scanning is not feasible with the XE-100 commercial AFM, as its tip is
fixed in the x and y directions. Similarly, moving the laser and sample simultaneously
while keeping the tip stationary presents a technical challenge, especially at extremely

small scales.

To overcome this limitation, we employ an ST500 cryostat system in our main
lab, similar to the cryostat used for MIM spectroscopy at the ECE MRSEC lab. This
system features a piezo stack at the bottom, which can hold the tip holder and move

it in the z direction for approaching and in the x and y directions for scanning.

Since the use of commercial AFM’s camera and approaching systems is not
feasible, the diffusion measurement system relies on custom-built light illumination,
camera detection, and tip approaching schematics. A comprehensive optical system

was implemented, as shown in Figure |3.3]

A continuous-wave (CW) laser is focused on the sample plane by the objec-
tive, achieving the smallest profile permitted by the objective. In practice, the laser
spot has a radius of 2pm. During a measurement, an optical chopper is modulat-
ing the laser intensity, outputting its chopping frequency to the lock-in amplifiers,

which demodulate the signals from the MIM electronics. This demodulation process
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Figure 3.3: Schematic of the carrier diffusion measurement system

eliminates background signals and enhances the signal-to-noise ratio of the diffusion

scans.

With appropriate time constants set on the lock-in amplifiers, the tip can
scan across the sample area centered on the laser spot. The resulting system output
would then reflect the carrier distributions, a combined effect of the photo-generation
process and the carrier diffusion process. Intuitively, with a non-zero diffusion length,
one should obtain a MIM pattern whose width is wider than the laser profile, but
still centered at the laser spot. With this profile, we can use the diffusion equation
convoluted with the Gaussian laser profile to quantitatively identify the diffusion

length of the carriers in the sample.

In our STH500 system, we do not have a dedicated feedback loop, so we utilize
an RM tip with a small spring constant (0.6 N/m). This allows the tip to scan across
the samples without causing damage. The tip approaching to the sample is facilitated

by applying an AC voltage to the z-scanner of the piezo stack. This action induces
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Figure 3.4: Typical approaching curve with AC demodulation in ST500.

an oscillation of the tip (along with the tip-holder), which in turn generates AC MIM

signals due to the changing distance between the tip and the sample.

We prefer to use the resonance frequency of the tip holder as it produces the
largest AC amplitude. These AC MIM signals can be captured by lock-in amplifiers
that share the same demodulation frequency as the AC signal driving the z-scanner.
By monitoring the change in the demodulated MIM signal, we can determine when
the tip is approaching the sample, as the signal will increase monotonically with

decreasing tip-sample distance.

A typical approaching curve looks like Figure[3.4. When the tip makes contact
with the sample, the solid contact between the two changes the resonance frequency of
the tip instantly. This change results in a sudden drop in the demodulated MIM sig-
nal, indicating a solid contact and thus a successful approach. The AC demodulated
MIM signal also aids in distinguishing between the MIM-Im and MIM-Re parts. The
oscillation of the tip around the substrate should theoretically only alter the capaci-
tance and not the conductivity. Therefore, only the imaginary signal should capture

such changes, as the real signal of an admittance corresponds only to conductivity,

40



which should be zero and unchanging on the substrate.

A scan is then conducted with the AC signal turned off. Although the current
system handles approaching, scanning, and mixer adjustment adequately, a dedicated
tip approaching feedback loop would be beneficial. Such a system could be achieved
by using TF tips or incorporating a cantilever-laser-based feedback loop. The former
has already been used in our group for projects such as sub-10K low-temperature
measurements. However, it introduces unnecessary complexity and an extra layer
of demodulation for chopped-CW or pulsed laser measurements with laser-frequency
demodulation. A cantilever-laser-based feedback loop is a promising direction for

future enhancements to the robustness of our scans and measurements.

The same functionality of diffusion measurement was also replicated in the
MIM Spectroscopy system at the ECE MRSEC lab with minor modifications. Since
these systems are implemented with ST5H00 cryostats, they have the advantage of

conducting measurements at low temperatures.

Studies utilizing the diffusion system will be discussed in Chapter 4.

3.3 Time-resolved iMIM

The Microwave Impedance Microscopy (MIM) technique with time-resolved
capabilities is characterized by its ability to measure the lifetimes of free carriers
generated by photon illumination. This capability is of significant importance due to
the typical lifetimes of these free carriers falling within or around the nanosecond or
microsecond range. Consequently, a high degree of temporal resolution is necessary

for both the laser input and signal detection to facilitate accurate measurements.

The schematic of the time-resolved iMIM system (Figure |3.5)) illustrates the
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general setup and the crucial components involved in the measurement process.
Among these components, the laser source plays a vital role. The laser must be

capable of rapid deactivation once it has energized and illuminated the sample.

Achieving such rapid deactivation can be accomplished through two main
strategies. The first strategy involves the use of an electro-optic modulator (EOM),
such as the M350-160-01 model by Conoptics Inc. This device can modulate the
laser, enabling it to switch on or off within an impressively short time - as rapid as
8 nanoseconds. The modulation process is driven by TTL square waves originating
from a signal generator, like the DG5071 model from RIGOL Technologies USA Inc,
which boasts a rise/fall time of approximately 4 nanoseconds. This method is utilized
in the XE-100 iMIM system and the ST500 system located in the main lab. Both of
these systems employ the same continuous wave (CW) pigtail diodes, as outlined in

the preceding section.

An alternative strategy involves replacing the CW laser with a pulsed laser.
This pulsed laser possesses a rapid falling edge and a sufficiently low repetition rate,
which allows the carrier concentration to decay completely before the arrival of the
subsequent pulse. For instance, the ECE MRSEC lab employs the SuperK Com-
pact Supercontinuum laser from NK'T Photonics Inc, which features a pulse width of

around 2 nanoseconds and a repetition rate of 20KHz, or 50 microseconds per period.

The MIM electronics used for iMIM typically operates at a frequency around
1GHz, corresponding to a period of 1 nanosecond. One of the limitations of stan-
dard MIM scanning concerning time resolution is the low-frequency amplifier, with
specifications of 54 dB, 20 kHz. To uphold the 10ns MIM resolution, it is essential
to replace this amplifier with a faster one, such as the SR445A by Stanford Research
Systems Inc. This faster amplifier, highlighted in Figure has specifications of 28
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dB, 350 MHz. However, this amplifier does not filter as many high-frequency signals

or noise, leading to an inevitable reduction in the signal-to-noise ratio.

To address this issue and to obtain accurate signal readings with high resolu-
tion, we employ a fast-response oscilloscope to capture the signals and perform sub-
stantial averaging. In our labs, we use two fast-sampling oscilloscopes: the DS6062
(600MHz, 5GSa/s) and MSO8204 (2GHz, 10GSa/s), both supplied by RIGOL Tech-

nologies USA Inc.

By employing the aforementioned laser modulation and oscilloscope data col-
lection techniques, we can achieve a temporal resolution of about 10 nanoseconds.
The potential applications and more detailed exploration of time-resolved MIM will

be addressed in Chapters 4 and 5.

3.4 iMIM Spectroscopy

The specialized iMIM setups as described above have already enabled us to per-
form a wide range of photocarrier-related measurements, elucidating the spatiotem-
poral dynamics of these carriers with considerable efficacy. However, in order to
fully realize the potential of optical coupling in MIM measurements, there remains

an essential aspect that has not yet been discussed - spectroscopy measurement.

Incorporating a capability for sweeping wavelengths could significantly broaden
the range of potential research areas that could be investigated. Such a feature would
allow us to delve deeper into various fields of interest, including but not limited to the
exploration of energy gaps in semiconductors and the intricate physics of excitons.
By adding this spectroscopy dimension to the MIM technique, we can enhance our

understanding of material properties at a microscopic level, thereby opening the door
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to numerous possibilities for scientific discovery.

Our work requires a light source capable of continuous wavelength sweeping,
for which a supercontinuum white light source would satisfy the requirement. In our
systems, we have opted to utilize two laser sources from NKT Photonics Inc: the
SuperK COMPACT (450-2400nm, 20kHz) and the SuperK FIANIUM (400-2400nm,
78MHz). These two laser sources are chosen primarily because they offer a broad
wavelength coverage, extending to the near-visible range, which is a region of keen
interest in our study. Furthermore, these two sources exhibit a difference in repetition
rate. We exploit this variation to fulfill distinct roles in our experiments; the SuperK
FIANIUM, having a higher repetition rate, is employed as the quasi-Continuous Wave
(CW) white laser source for wavelength sweeping in MIM (Microwave Impedance Mi-
croscopy) signal generation, while the SuperK COMPACT, with its lower repetition
rate, is utilized as the pulsed white laser source for time-resolved measurement, al-

lowing us to determine the lifetimes of photoresponses.

The SuperK FIANIUM’s repetition rate of 7T8SMHz corresponds to a period of
about 10ns, making it particularly suitable as a quasi-CW laser source. This period
is shorter than the typical lifetimes of TMDs’ (Transition Metal Dichalcogenides)
photoresponses, which can range from tens of nanoseconds to even microseconds.
This allows us to modulate this quasi-CW laser with a mechanical chopper, thereby
facilitating the use of lock-in amplifiers for the swift and convenient extraction of

demodulated MIM signals. An illustration of the laser system, as assembled in the

ECE MRSEC lab, is provided in Figure [3.6]

The SuperK COMPACT, on the other hand, has a 20kHz repetition rate,
corresponding to a 50us period. This longer period ensures that the dynamics of
photoresponses, occurring over nanoseconds to microseconds, can be captured after
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one pulse but before the arrival of the next. For this purpose, a high-speed oscilloscope
is employed to capture and average the dynamics to accurately ascertain the lifetimes
of the photoresponses. It should be noted that this procedure, due to its time-
resolution requirements, tends to take significantly longer time than obtaining lock-in

readings with the quasi-CW laser.

To facilitate the sweeping of wavelengths, we incorporate the use of a monochro-
mator, specifically model 9055 by Sciencetech Inc, which has a coverage range of
300-1800nm. This device allows us to selectively choose wavelengths from the broad
spectrum of white light produced by our SuperK laser sources. An important aspect
to note about the monochromator is that, despite its impressively minute mechanical
drift (which is typically inconsequential for a defocused laser pattern), this drift be-

comes noticeable when focusing the laser to a sub-10 micrometer spot on the sample
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- a requirement for achieving high laser intensities. This potential drift needs to be
taken into account when maintaining a constant laser intensity during a wavelength

sweep.

To address this issue, we have incorporated a motorized translation stage
(MT1-Z8 with DC servo motor actuator Z812B by Thorlabs, Inc.) to counterbal-
ance the monochromator’s drift. Calibration of this compensatory system can be
achieved using a multimode laser fiber, which serves as a laser position alignment
paradigm on the end of the translation stage. The fiber will only capture the laser
when the translation stage accurately follows the monochromator drift. A depiction

of this alignment is provided in Figure (a).

The single-wavelength output emanating from the monochromator is then di-
rected through a continuously variable metallic neutral density filter (ND Filter),
which is mounted on a motorized rotation mount (K10CR1 by Thorlabs, Inc.). This

ND Filter plays a crucial role as a laser intensity adjuster. This function is crucial
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since the power output of the supercontinuum white laser sources can vary substan-

tially across different wavelengths, as illustrated in Figure (a).

To ensure that a constant power is maintained during wavelength sweeps, it is
essential to prevent changes in the laser power incident on the sample. Therefore, we
need to filter different percentages of the incident power across different wavelengths
by fine-tuning the angle of the round continuously variable ND Filter. This process
ensures that the power incident on the sample remains consistent irrespective of the
wavelength, thereby facilitating reliable and repeatable results. A typical ND Filter

calibration for a constant power is shown in Figure [3.7|(b).

The process of implementing iMIM spectroscopy involves a series of meticulous
steps, each contributing to the overall precision and accuracy of the measurements.
This technique, which combines the principles of microwave impedance microscopy
with the versatility of optical illumination, allows for a comprehensive analysis of a

sample’s electrical properties across a range of wavelengths.

The initial stage of the procedure involves the alignment of the tip, laser spot,
and sample. This is a crucial step as it ensures that the laser light is accurately focused
on the sample and that the tip is in the correct position for optimal signal detection.
The alignment process is similar to that described in Section [3.1] and it requires

careful manipulation of the experimental setup to achieve the desired configuration.

Once the alignment is completed, the next step is to approach the sample
with the tip. This is done using the same method as described in the aforementioned
section. Depending on the laser source being used, the output from the MIM elec-
tronics is connected to either DC amplifiers and Lock-In amplifiers (when using the
SuperK FTANIUM laser source) or AC amplifiers and the oscilloscope (when using
the SuperK COMPACT laser source).
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In the case of the SuperK FIANIUM laser source, we designed and created
the dedicated SpectraDynamics software equipment control and initialization, as well
as for the collection and analysis of data. The software allows for the configuration
of various parameters such as the step size (typically set to Inm) and the number
of reading averages (typically set to 100). This process enables the acquisition of

demodulated iMIM signals as the wavelength is swept across the desired range.

When using the SuperK COMPACT laser source, the oscilloscope is set to the
maximum averaging number and a suitable reading average is set in the software.
Due to the lower repetition rate of the SuperK COMPACT, this process typically
takes longer than when using the SuperK FIANIUM. However, the lower repetition
rate is necessary to ensure that the photoresponse has fully decayed before the arrival

of the next pulse.

The SpectraDynamics software offers several modes for controlling the wave-
length sweep. One option is to sweep the ND Filter for each individual wavelength,

which allows for the acquisition of a heatmap of demodulated iMIM signals as a func-
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tion of both power and wavelength, as shown in Figure (b) However, this process

can be time-consuming, especially when a high signal-to-noise ratio is required.

Alternatively, a constant power mode can be used, which involves dynamically
adjusting the power for different wavelengths using the actuator and ND Filter. This
process requires a calibration scanning step to determine the appropriate angle of
the ND Filter for each wavelength to achieve the target power, as shown in Figure
3.7(b). Once calibrated, the software can control the monochromator, actuator, and

ND Filter in parallel to save time and get a spectrum with averaging at a fixed power,
as shown in Figure [3.§(a).

The entire setup, including the piezo stack, tip, and sample, is enclosed in
the ST500 cryostat, which allows for wavelength sweeping at low temperatures. For
measurements above 90 Kelvin, liquid nitrogen is used as the cooling liquid, providing
a sufficiently low temperature environment without the need for more complex cooling
systems. For instances where even lower temperatures may be required for specific
experimental conditions or for studying certain material properties, we can resort to
using liquid helium as the cryogen, which can effectively cool down the system to

temperatures as low as 30 Kelvin or even lower.

In essence, iMIM spectroscopy is a powerful and versatile tool that opens up
new possibilities for research in a variety of fields, from condensed matter physics
to materials science. By offering a comprehensive platform for investigating mate-
rial properties across a wide range of wavelengths and temperatures, this technique
provides researchers with a wealth of information that can be used to gain a deeper
understanding of the materials under study. The potential applications of iMIM
spectroscopy are vast, and it is anticipated that this technique will continue to play a
pivotal role in advancing our knowledge of material properties in the years to come.
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Projects leveraging the capabilities of iMIM spectroscopy will be explored in
Chapter 5.
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Chapter 4: Spatiotemporal Dynamics of
Photocarriers in Perovskites

Perovskites and two-dimensional (2D) semiconductors, especially transition
metal dichalcogenides (TMDs), are at the forefront of materials science and nan-
otechnology research. These materials possess unique properties that position them
as promising contenders for diverse applications, including photovoltaics, optoelec-
tronics, and quantum computing. However, to fully harness their potential, a com-
prehensive understanding of their intrinsic photoelectric properties at the nanoscale

is essential.

This is where innovative tools like light-illuminated microwave impedance mi-
croscopy (iMIM) become invaluable. iMIM offers a non-invasive approach to explore
these properties, providing critical insights into the behavior of these materials un-
der varying conditions. Unlike scanning photocurrent microscopy (SPCM), which
requires additional physical metal contact and potentially introduces extrinsic prop-
erties, iMIM facilitates non-intrusive and direct intrinsic measurements. This makes
iMIM an indispensable tool for researchers in the field, enabling them to study these

fascinating materials in a more precise and less disruptive manner.

In this and the subsequent chapters, I will delve into two papers that employ
iMIM techniques to investigate the optoelectronic properties of perovskites and 2D
TMD semiconductors. Both papers are the ones in which I am the first author, and
my contributions spanned the design of the research, execution of the experiments,
analysis of the data, and authoring of the manuscripts. The first paper in this chapter

is as below. The second paper to be discussed in the next chapter is the manuscript
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to be published.
Paper adapted in this chapter:

Ma, X., Zhang, F., Chu, Z., Hao, J., Chen, X., Quan, J., Huang, Z., Wang,
X., Li, X., Yan, Y. and Zhu, K. Superior photo-carrier diffusion dynamics in organic-
inorganic hybrid perovskites revealed by spatiotemporal conductivity imaging. Nature

Communications 12, 5009 (2021). https://doi.org/10.1038/s41467-021-25311-1

The outstanding performance of organic-inorganic metal trihalide solar cells
benefits from the exceptional photo-physical properties of both electrons and holes in
the material. Here, we directly probe the free-carrier dynamics in Cs-doped FAPbI;
thin films by spatiotemporal photoconductivity imaging. Using charge transport
layers to selectively quench one type of carriers, we show that the two relaxation
times on the order of 1 us and 10 us correspond to the lifetimes of electrons and
holes in FAPbI3, respectively. Strikingly, the diffusion mapping indicates that the
difference in electron/hole lifetimes is largely compensated by their disparate mobility.
Consequently, the long diffusion lengths (3-5 pm) of both carriers are comparable to
each other, a feature closely related to the unique charge trapping and detrapping
processes in hybrid trihalide perovskites. Our results unveil the origin of superior

diffusion dynamics in this material, crucially important for solar-cell applications.

4.1 Materials

All solvents were purchased from Sigma-Aldrich and used as-received without
any other refinement. Formamidinium iodine (FAI) was purchased from Greatcell

Solar. Lead iodide (PbI2) was from TCI Corporation. Spiro-OMeTAD was received
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from Merck Corporation. Cesium iodine (Csl) and PTAA were purchased from Sigma-
Aldrich. Patterned fluorine-doped tin-oxide-coated (FTO) glass (<15 € /square) and
indium tin-oxide-coated (ITO) glass were obtained from Advanced Election Technol-

ogy Co., Ltd.

4.2 Sample preparation

The perovskite films in this work were deposited on top of cover glasses or ITO
glass. The substrate glasses were cleaned extensively by deionized water, acetone, and
isopropanol. For the HTL deposition, the PTAA (Sigma-Aldrich) was dissolved in
toluene with a concentration of 5 mg mL~! and spin-coated on the substrates at 5000
rpm for 30 s. The spun PTAA films were annealed at 100 °C for 10 min. For the
ETL deposition, a compact titanium dioxide (TiO2) layer of about 40 nm was de-
posited by spray pyrolysis of 7 mL 2-propanol solution containing 0.6 mL titanium
diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol, Sigma-Aldrich) and
0.4 mL acetylacetone at 450 °C in air. The FA0.95Cs0.05Pbl3 precursor solution was
prepared by dissolving 0.4 M Pb?" in dimethyl sulfoxide (DMSO) and dimethylfor-
mamide (v/v = 3/7) mixed solvent. Perovskite films were deposited using a three-step
spin-coating procedure with the first step of 100 rpm for 3 s, the second step of 3500
rpm for 10 s, and the last step of 5000 rpm for 30 s. Toluene (1 mL) was applied
on the spinning substrates at 20 s of the third step. After spin coating, the sub-
strates were annealed at 170 °C for 27 min. The encapsulated perovskite films were
capped with PMMA (Mw about 120,000) film by spin-coating 15 mg ml~* PMMA in

chlorobenzene solution at 4000 rpm for 35 s.
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4.3 Background

Organic-inorganic lead trihalide perovskite solar cells (PSCs) have been in the
limelight of photovoltaic research [22H24], as exemplified by the outstanding certi-
fied power conversion efficiency (PCE) that exceeds 25% to date [25]. Even in the
polycrystalline form, the PSC thin films exhibit many remarkable photo-physical
properties, such as high absorption coefficient [20], long carrier lifetimes [27], and
low impurity scattering rate [28, 29]. For photovoltaic applications, a particularly
attractive feature of hybrid perovskites is that both electrons and holes are active
in the photoconduction process [27H31]. From the theoretical point of view, the two
types of carriers are expected to exhibit comparable effective mass, intrinsic mobility,
recombination lifetime, and diffusion length [32H34]. In real materials, however, the
balance between electrons and holes is usually broken by thin-film deposition con-
ditions, defect structures, ionic disorders, and other sample-dependent parameters
[35H38], which may affect the photo-carrier extraction in functional devices. A thor-
ough understanding of the dynamics of individual charge carriers is thus imperative

for continuous improvements of PSC performance towards commercial applications.

The spatiotemporal dynamics of electrons and holes in optoelectronic materials
are widely studied by optical measurements such as time-resolved photoluminescence
(TRPL) and transient absorption spectroscopy (TAS) [29H31] 39, 40]. The diffusion
length can then be deduced by fitting the results to a diffusion model [29-H31]. It
should be noted that TRPL and TAS probe optical excited states and are often
dominated by transitions with large oscillator strength. In contrast, the transport
of photoexcited carriers is electrical and quasi-static in nature. In order to directly
evaluate photoconduction, it is common to measure the photocurrent across electrical

contacts, such as scanning photocurrent microscopy (SPCM) [37, [41], 42]. The spatial
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resolution of SPCM is diffraction-limited and the temporal response is dominated by
the carrier transit time and extrinsic metal-semiconductor Schottky effect. In recent
years, noncontact methods such as time-resolved microwave conductivity (TRMC)
[277, 28], 137, 43-H46] and time-resolved THz spectroscopy (TRTS) [38], 47] are developed
to probe the photocarrier dynamics. These far-field techniques, however, do not offer

spatially resolved information such as diffusion patterns.

In this article, we directly probe free-carrier diffusion dynamics in Cs-doped
formamidinium (FA) lead trihalide (FAPbI3) thin films by laser-illuminated microwave
impedance microscopy (iMIM), a unique optical-pump-electrical-probe technique with
20-nm spatial resolution and 10-ns temporal resolution for the electrical detection [4§].
The steady-state iMIM experiment addresses the most important photo-physical pro-
cess in solar cells, i.e., the transport of photo-generated mobile carriers under the
continuous illumination of ~1 Sun. The time-resolved iMIM (tr-iMIM) experiment
detects the free-carrier lifetime that is also highly relevant for photoconduction. By
depositing a hole or electron transport layer (HTL/ ETL) underneath FACsPbIs,
we show that the two decay constants in tr-iMIM measurements are associated with
the lifetimes of electrons and holes. The spatiotemporal imaging allows us to deter-
mine the diffusion coefficients, steady-state carrier density, and mobility of individual
carriers. Interestingly, while the lifetime and mobility of electrons and holes differ
substantially, their products and thus the diffusion lengths are comparable to each
other, which is likely due to the unique defect structures and charge trapping events
in PSC thin films. Our results highlight the origin of nearly balanced diffusion dy-
namics of electrons and holes in hybrid trihalide perovskites, which is highly desirable

for photovoltaic applications.
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Figure 4.1: Standard AM1.5 solar cell device performance. (a) I-V characteristics
of the solar cell device made from the 550-nm-thick FAg95Csgo5Pbls thin films. (b)
Table of the device parameters, listing the short-circuit current density Jsc, open-
circuit voltage Voc, fill factor (FF), and PCE of both films. (c) External quantum
efficiency (EQE) spectra of the 250-nm-thick FA(95Csgo5Pbls thin film. Panels a-c
and captions are from Ref. [4] with permission.

4.4 iMIM Results

The PSC thin film in this study, hereafter labeled as Sample A, is 5% Cs-doped
FA lead triiodide deposited on cover glasses (see Methods). Compared with methy-
lammonium (MA) based perovskites, FAPbI;3 exhibits superior stability at elevated
temperatures and an ideal band gap for sunlight absorption [49]. The Cs-doping
further stabilizes the room-temperature photo-active a-phase by reducing the Gold-
schmidt tolerance factor [50-53]. Perovskite films were deposited using the typical
anti-solventassisted spin-coating procedure. The samples were then capped by spin-

coating 15 mg ml~* PMMA (Mw ~ 120,000) film in chlorobenzene solution. For
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iMIM measurements, we chose a film thickness of d = 250 nm that is greater than the
absorption length, such that light is fully absorbed, but much less than the carrier
diffusion length, such that the photoconductivity is uniformly distributed in the ver-
tical direction within the relevant time scale in our experiment. External quantum
efficiency (EQE) spectra were also measured (Fig. , showing good photoresponse
across the solar spectrum. PSC devices made from the same material but with thicker
film (550 nm) demonstrated a PCE above 20% under the standard air mass (AM)
1.5 illumination (Fig. {4.1)).

Solar cell performance measurements were taken under a simulated AM 1.5G
illumination (100 mW /cm?, Oriel Sol3A Class AAA Solar Simulator). The photocur-
rent density—voltage (J-V) characteristics were measured using a Keithley 2400 source
meter. The J-V curves of all devices were measured by masking the active area with

2. Both backward-scan and forward-scan curves were

a metal mask of area 0.12 cm
measured with a bias step of 10 mV and delay time of 0.05 s. Typical J-V curves
are shown in Fig. and the results are summarized in Fig. [£.Ip, for 550-nm-
thick perovskite based solar cells. Fig. shows the external quantum efficiency
(EQE) spectra of our 250-nm-thick FAg 95Csg05Pbls thin films measured by a solar

cell quantum-efficiency measurement system (QEX10, PV Measurements).

The spatiotemporal iMIM setup with a focused laser beam illuminating from
below the sample stage is illustrated in Fig. [£.2h. In the tip-scan mode, the laser
is focused by one set of piezo-stage and the second piezo-scanner carries the tip to
scan over the sample [48]. In the sample-scan mode, the first set of piezo-stage
aligns the center of the laser spot to the tip, whereas the sample is set in motion by
the piezo-scanner [54, 55]. In both configurations, one can fix the relative position

between tip and sample and perform time-resolved (tr-iMIM) measurements [48].
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Figure 4.2: Photoconductivity mapping on FACsPbly and diffusion analysis. a
Schematic of the iMIM setup with either the tip-scan or sample-scan mode. The
tr-iMIM configuration is shown inside the dash-dotted box. The FACsPbls thin film
deposited on a glass substrate and encapsulated by a PMMA layer (Sample A) is also
illustrated. b Tip-scan iMIM images when the sample is illuminated by a 446-nm
diode laser at Pz = 100 mW/cm?. ¢ Photoconductivity map based on the iMIM
data and FEA simulation. The dashed lines are various linecuts for the calculation
of average signals. d Image of the laser spot taken by a CCD camera. e Line profiles
of averaged photoconductivity and laser intensity, from which the diffusion length
can be extracted. The solid black and dashed gray lines represent the best curve
fitting and upper/lower bounds, respectively. All scale bars are 10 ym. Panels a-e
and captions are from Ref. [4] with permission.
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illumination intensity. Panels a-c and captions are from Ref. [4] with permission.
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Here the laser output is modulated by an electro-optic modulator (EOM), which
is driven by a 7-kHz square wave from a function generator such that steady-state
photoconductivity is reached in the laser-ON state and zero photoconductivity in
the laser-OFF state. The same waveform also triggers a high-speed oscilloscope for
iMIM measurement. The temporal resolution of our setup is ~10 ns (see Methods).
The microwave electronics detect the tip-sample impedance, from which the local
conductivity can be deduced [3]. The optical excitation in our setup is diffraction-
limited, whereas the electrical imaging has a spatial resolution of 20-50 nm compared
to the tip diameter. Quantification of the iMIM signals by finite-element analysis
(FEA) [56] is detailed in Fig. [1.3] As the conductivity o of FACsPbI; increases, the
microwave electrical fields are gradually screened by the free carriers. Consequently,
the imaginary part of the signal, iMIM-Im (proportional to tip-sample capacitance),
increases monotonically with respect to o, whereas the real-part signal iMIM-Re
(proportional to tip-sample conductance) peaks at ¢ ~ 10 S/m. As depicted in the
insets of Fig. [4.3b, the spread of the quasistatic potential indicates that the spatial
resolution of iMIM is comparable to the tip diameter. The conversion from iMIM
images to conductivity images is achieved by directly comparing the experimental
data and simulated results. To this end, we performed a point measurement on
Sample A and measured the iMIM signals as a function of the laser intensity. As
plotted in Fig. , the response curve computed by FEA (iMIM signals versus
conductivity) and the experimental data (iMIM signals versus laser power) are in
excellent agreement over a wide range of parameter spacel. We can therefore replot

the raw iMIM images to photoconductivity maps with high conversion fidelity.

Figure [4.2b shows the iMIM images when Sample A was illuminated by a

446-nm (hr = 2.78 eV) diode laser with the intensity at the center of the laser spot
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Po = 100 mW/cm?, i.e., on the order of 1 Sun. The granular features are due to
topographic crosstalk with the polycrystalline sample surface [54]. It is nevertheless
evident that the photoresponse is continuous across many grain boundaries (GBs).
Based on the iMIM response (Supplementary Fig. 2), we can replot the data to a
conductivity map (Fig. 1c¢) with high conversion fidelity. For comparison, the optical
image of the laser spot acquired from a charge-coupled device (CCD) camera shows
a much smaller spatial spread in Fig. 1d. To improve the signal-to-noise ratio and
minimize the topographic artifact, we averaged eight line profiles shown in Fig. 1c.
The resultant curve, plotted in Fig. 1le, is clearly broader than the Gaussian beam
profile (6*7"2/ W~ 2pum). Assuming that the carrier mobility mu is independent of
charge density n within the range of our experiment, the measured photoconductivity

profile o(r) is proportional to the steady-state density profile n(r) as

o(r) =n(r)qu (4.1)

where ¢ is the elemental charge. Here n(r) can be described by the diffusion

equation [48, [57, [58].

Pc 2/, 2
n(r) — L*V?n(r) = DECT p=r?/u

T (4.2)

where L = /Dt is the diffusion length, D the diffusion coefficient, 7 the
lifetime, and eta ~ 1 he incident photon-to-current conversion efficiency (IPCE). The

analytical solution to Eq. (4.2)) is

n(r) / Kot [ L)e=0="1 gy (4.3)
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Figure 4.4: Power-dependent diffusion mapping for Sample A. (a) Power-dependent
iMIM-Im/Re and photoconductivity images of Sample A. (b) Line profiles of averaged
photoconductivity and laser intensity and curve fittings, from which the diffusion
lengths can be extracted. (c) (Upper panel) Spatial distribution of charge carriers
with various diffusion lengths. (Lower panel) Carrier density at the center of the
illumination spot as a function of diffusion length. Panels a-c and captions are from
Ref. [4] with permission.
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where K is the modified Bessel function of the second kind. By fitting the
iMIM data to Eq. (4.3), we obtain a diffusion length L = 5.1 + 0.6um, consistent
with values reported in the literature for thin-film PSCs [30, 31, 37, 59]. As the laser

2

power increases, L decreases to ~4 um at Po ~ 10> mW/cm? and saturates at 3.5

pm for Po ~ 10* mW/cm? (Fig. [4.4)).

The power-dependent iMIM-Im/Re images of Sample A are shown in Fig.
. As depicted in Fig. , the curve fitting to Eq. in the main text allows
us to obtain the diffusion lengths at different laser power. Using Egs. and
in the main text, we can quantitatively analyze the diffusion pattern. Fig. .4k shows
the spatial distribution of charge carriers with various diffusion lengths under an
excitation profile /%" with w ~ 2um. For instance, assuming n., = 17(P.7/hu) is
the density at the center of laser spot for L = Oum, the numerical solution indicates
that n. ~ 0.07n,., for L = 5um. The analysis is important for the calculation of

carrier density and mobility, which are tabulated in Fig. |4.11d.

Figure shows a typical tr-IMIM decay curve (averaged over 242,880 cycles)
on Sample A illuminated by the 446-nm laser at PC = 100 mW/cm? before t =
0. As the iMIM-Im signal scales with photoconductivity in our measurement range
(Fig. 4.6), we will just present the raw data in the following analysis. From Eq.
, the decay of tr-iMIM-Im signal provides a direct measure of the lifetime of
mobile carriers in the conduction or valence band. The relaxation fits nicely to a

biexponential function y = A;e %™ 4+ Aye /™ with 7 ~ 0.7 us and 75 ~ 10 us.

We also performed tr-iMIM experiments with two additional diode lasers with
wavelengths of 517 nm (green) and 638 nm (red). As shown in Fig. the two
relaxation time constants in Sample A were observed in all three measurements. It
is possible that the thermalization to the band edge through phonon emitting is
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Figure 4.5: Time-resolved iMIM and carrier lifetime. (a) Typical tr-iIMIM relaxation
curve of Sample A. The sample was illuminated by the 446-nm laser at P = 100
mW /cm? before t = 0 ps. The inset shows the two lifetimes under excitation lasers
with wavelengths of 446, 517, and 638 nm. (b) TRPL data of Sample A. The blue
curve is a biexponential fit to the TRPL data. The inset is a close-up view, showing
the two decay time constants from the fitting. Panels a-b and captions are from Ref.
[4] with permission.

very effective at low laser intensities (~ 1 Sun), after which the trapping/detrapping
processes take place. As a result, the carrier temperature is essentially independent of
the excitation wavelength. We therefore conclude that the two lifetimes are intrinsic
for the FACsPbl; thin films. As shown in the inset of Fig. [4.5h, we observed the
same 11 and 7 when using 517-nm and 638-nm lasers (Fig. , suggesting that the
time constants are intrinsic to the sample and independent on the laser wavelength.
In contrast, the TRPL data on Sample A (Fig. [.5b) exhibit two different times 7, ~
150 ns and 75 ~ 0.7 ps, which will be discussed in the next section. By parking the tip

at various locations of the film and measuring the decay curves, we also show that the

tr-iMIM response is spatially uniform on the sample surface within statistical errors

(Figs. and [1.9).

For the point experiment shown in Fig. [A.5] we used an ultra-sharp tip from
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Figure 4.7: Wavelength-dependent tr-iMIM-Im signals with laser intensity ~100
mW /cm?. Panels a-b and captions are from Ref. [4] with permission.
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Figure 4.8: Raw AFM and iMIM-Im/Re images of sample A. (a) AFM, (b) iMIM-Im,
(c) iMIM-Re images. All scale bars are 4 ym. Panels a-c and captions are from Ref.
[4] with permission.

Rocky Mountain Nanotechnology LLC, model 12PtIr400A-10 with a nominal radius
of 10 nm at the apex, for accurate positioning on grains and grain boundaries. For
the FEA modeling, we have used the half-angle of 38° and a diameter of 20 nm
at the apex that are consistent with the SEM image. As shown in Fig. [4.6] the
simulated iMIM-Im signals roughly scales with the conductivity of FACsPbls up to
o ~ 10 S/m, which is within the photoconductivity range in our experiment. As a
result, we directly analyze the tr-iMIM-Im signals rather than converting them to

photoconductivity in the time-resolved response.

In order to shed some light on the tr-iMIM data, we studied the carrier dynam-
ics in perovskite thin films with electron or hole transport layers [27, 28] 30} 311, 143, [44].
For the HTL sample, hereafter referred to as Sample B, a 20-nm PTAA (poly-triaryl
amine) was spincoated on the substrate before the same 250-nm FACsPbl;/30-nm
PMMA film was deposited. The PTAA layer rapidly extracts photo-generated holes
from FACsPbls within a sub-10-ns time scale [43], 44, 60]. Similarly, a 40-nm ETL

TiO, layer for the extraction of electrons was coated on the substrate before the
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Figure 4.9: Complete set of tr-iMIM-Im data for 20 points. G1-G10 are points on
grains, while B1-B10 are points on grain boundaries. Panels and captions are from
Ref. [4] with permission.
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FACsPblz/ PMMA deposition for Sample C. Control experiments have been con-
ducted to ensure that the PL is quenched in both Samples B and C due to the
extraction of holes and electrons, respectively (Fig. . the PL signal is quenched
by 94% in the PTAA/FACsPbl; Sample B and 80% in the TiO,/FACsPbl; Sam-
ple C. It should be noted that, for good signal-to-noise ratio, the excitation power
(9.6 x 10>mW /em?, on the order of 100 Sun) is kept high in the PL experiments. The
incomplete PL quenching in Samples B and C is consistent with the high-power tr-
iMIM data in Fig. . Note that the charge dynamics in the transport layers (~300
nm below the surface) would not affect the iMIM results due to the shallow probing
depth of 50-100 nm. The tr-iMIM data in Samples B and C under the 446-nm laser
illumination with PC = 100 mW /cm? are shown in Fig. . It is evident that only
the fast process with 71 ~ 0.7 us survives in Sample B and the slow process with 7 ~
10 ps in Sample C. The observation strongly suggests that the two time constants in

Sample A are associated with the lifetime of electrons and holes in FACsPbl;.

The HTL/ETL samples also allow us to separately address the diffusion dy-
namics of electrons and holes. Figure 3b, ¢ show the tipscan photoconductivity maps
of Samples B and C under Pz = 100 mW /cm?, from which L, ~ 5.2 ym and L;, ~
2.7 um can be extracted, respectively. As tabulated in Fig. [£.1T{d, we can derive the
diffusion coefficient from the diffusion equation L = VD7 and carrier mobility (fteqiff
=15 cm?/V-s and (pp.airp = 0.3 cm?/V-s) from the Einstein relation p = (¢/kpT)*D.
A different method to analyze the transport properties is through the photoconduc-
tivity (Eq. and density profile (Eq. 2). The calculated mobility values are
fepe = 24 cm?/V-s and e = 0.3 cm?/V-s. The small difference between the two
methods is within the error bars of the measurements. We note that in MAPDI;

and FAPbI3 thin films, mobility values measured by different techniques vary in a
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Figure 4.10: PL data on Samples A, B, and C at an excitation laser power of 9.6 x
10°mW /cm?. Panel and caption are from Ref. [4] with permission.

considerable range from 0.2 to 30 cm?/V-s [27H31], 35, [38, 44-46, 49, 61, [62]. As
tabulated in Fig. [£.12] either pe > up or pe < up has been reported in the literature.
In our experiment, mobility values are directly calculated from the measured L. and
7 under an illumination intensity lim 1 Sun, with no other assumptions or modeling
involved. The pronounced difference between g, and puy, is thus genuine. Figure 3d
also indicates that the equilibrium carrier density in our experiment is on the order
of 101 — 10'%cm=3. Within this range, the electron/ hole mobility is largely inde-
pendent of the carrier concentration42. It is thus well justified to approximate the
density profile by the measured photoconductivity profile in our diffusion analysis
(Fig. [4-2p).

Finally, we briefly discuss the iMIM results at higher illumination intensities.
As shown in Fig. , b, the temporal evolution of HTL/ETL samples again displays

the biexponential decay when PC increases beyond 100 mW /cm? (complete data in
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Figure 4.11: Results and analysis on HTL/ETL samples. a tr-iMIM signals on the
HTL Sample B (upper panel) and ETL Sample C (lower panel). The layer structures
of each sample are illustrated in the insets. b Diffusion maps of Sample B and c
Sample C under the illumination of 446-nm laser at Po = 100 mW /cm?. Scale bars
are 10 ym. d Tabulated parameters for the calculation of electron /hole mobility values
by two methods, i.e., 4 ¢¢ from the Einstein relation and . from photoconductivity
analysis. Panels a-d and captions are from Ref. [4] with permission.
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Figure 4.12: Tabulated mobility values for MAPI/FAPIT thin films. Reference numbers
are taken from the list in the main text. Abbreviations: TMRC — Time-resolved
microwave conductivity, TRPL — time-resolved photoluminescence, TRTS — time-
resolved THz spectroscopy. Panel and caption are from Ref. [4] with permission.

Fig. , with one of the processes substantially suppressed. For instance, while
A1/A2 ~ 2 is expected in plain FACsPbls, the electron dynamics clearly dominate
in Sample B such that A;/As > 2 in Fig. [1.16k. Conversely, with electrons efficiently
removed by the ETL, the hole dynamics prevail and A;/A; < 2 in Sample C. We
have also performed photoconductivity mapping on Samples B and C under various
PC (Figs. and and the results are plotted in Fig. [.16[. As PC increases
towards 103—10*mW /cm?, the contribution from the other type of carriers is no longer
negligible. Consequently, in addition to the general trend of decreasing diffusion
length at increasing excitation, L in Sample B decreases further at high P, whereas
L in Sample C increases slightly at high P.. Similarly, while only one type of carriers
is responsible for the low-power photoconductivity, o does not scale with PC in

either sample towards 10'mW /cm? (Fig. |4.16f).
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Figure 4.13: Complete tr-iMIM data of sample B and C. (a) Complete tr-iMIM data

in linear scale without truncation.

The thick lines shaded in red and blue cover

the segments of data with fast and slow decays, respectively. (b) Power-dependent
lifetimes for Sample B. (c¢) Power-dependent lifetimes for Sample C. Panels a-c and
captions are from Ref. [4] with permission.
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4.5 Result Discussion

The spatiotemporally resolved iMIM experiments reveal rich information on
organometal trihalide perovskite thin films. To begin with, we take a close look at the
impact of GBs on charge transport in PSC materials, which has been under intense
debate [40, B9, 63H65]. As summarized in a recent review [66], while GBs strongly
affect the current—voltage hysteresis and long-term stability of PSCs, their effect on
carrier recombination and thus the open-circuit voltage is rather mild under the illu-
mination of ~1 Sun. In a previous report[54], we showed that the photoconductivity
is spatially homogeneous over grains and GBs, consistent with conductive AFM and
SPCM studies |41} 59]. In this work, we further demonstrate that the carrier diffusion
is not impeded by the presence of numerous GBs in all three samples. It is possible
that the GBs in the current study are not strong nonradiative recombination (i.e.,
highly defective) centers, and there is no significant band bending at the GBs to block
electron/ hole movement across multiple grains [67]. As a result, under the normal
solar-cell operation, GBs in our samples do not lead to appreciable spatial variation
of transport properties such as the density and mobility of photoexcited carriers,
consistent with the early theoretical prediction49. We caution that sample-to-sample
variation is widely observed in the PSC research. It is still possible that GBs in
other hybrid perovskite thin films exhibit strong impacts on the carrier lifetime and

transport properties.

Given the extensive use of PL in studying carrier dynamics, it is instructive to
compare the TRPL and tr-iMIM results in our samples. In short, TRPL measured
excited states such as exciton recombination via emitted photons, whereas tr-iMIM
measures the decay of steady-state conductivity following optical injection of free

carriers. In TRPL experiments, the signal strength depends on the radiative recom-
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bination process that emits photons, whereas the temporal evolution measures the
total lifetime of certain carriers or excitons [29H31], 39, [40]. For the TRPL data of
Sample A in Fig. [4.5b, the fast (7; ~ 150 ns) and slow (7, ~ 0.7 us) processes
are associated with the surface recombination and the relaxation of the shorter-lived
electrons in FACsPbls, respectively. Note that 7, matches 71 in the tr-iMIM data.
After the elapse of 7,, however, no more mobile electrons are available for radiative
recombination with mobile holes. As a result, TRPL cannot measure the lifetime
of the longer-lived carriers [37]. We emphasize that the extraction of one type of
carriers by HTL or ETL quenches the PL process and the TRPL decay constants in
these samples no longer represent lifetimes of electrons or holes in plain PSCs [68]. In
triMIM, however, both the signal strength and temporal evolution depend on photo-
conductivity, which is proportional to the product of carrier density and mobility. For
the three time scales above, the decay on the order of 100 ns is not seen in tr-iMIM,
presumably due to the small steady-state density and low mobility of surface-bound
carriers. On the other hand, because of the low efficiency of radiative recombination
in PSCs [37], the removal of free electrons does not lead to appreciable changes in the
dynamics of free holes. Consequently, the relaxation process of electrons and holes
can be treated independently, as revealed by the tr-iMIM data. It should be noted
that PL microscopy has also been utilized to map out the diffusion dynamics in PSC
materials [69] [70]. For the same reasons discussed above, it is not straightforward to
compare photoluminescence and photoconductivity imaging results across multiple

grains, which will be subjected to future experiments.

The difference between photo-physical properties of electrons and holes, as
evidenced in Fig. 3d, deserves further discussions. In hybrid perovskites, deep-level

defects dominate the trapping/detrapping process and nonradiative recombination of
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for clarity. (c¢) Power-dependent A1l and A2 in Sample B (upper panel) and Sample
C (lower panel). The dash-dotted lines are A;/2 (Sample B) and 24, (Sample C) for
comparison with the plain perovskite Sample A, which shows A;/A; ~ 2. (d) Power-
dependent diffusion lengths and e photoconductivity at the center of the illumination
spot in both samples. Panels a-d and captions are from Ref. [4] with permission.
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free carriers. In general, the deeper the trap level, the longer time it takes for carriers
to be de-trapped, and consequently the longer lifetime and lower mobility. Theoret-
ical studies [71], [72] suggest that cation and anion vacancies create shallow energy
levels, while iodine interstitials introduce deep levels in the bandgap. Interestingly,
iodine interstitials can be both positively (I;}) and negatively (I;) charged, which
leads to spatially separated trapped electrons and holes with very low recombination
efficiency. The transition energy for I;* (0/+) (de-trapping for electron) is calculated
to be 0.48 eV below the conduction band minimum (CBM), whereas the transition
energy for I} (0/-) (de-trapping for hole) is 0.78 eV above the valence band maximum
(VBM) [72]. The larger de-trapping barrier for hole results in its longer lifetime and
lower mobility. When photoexcited electrons are quenched, the remaining holes will
be trapped and then de-trapped via I;, and vice versa. The trapping/de-trapping
process induces delayed recombination, as manifested in the tr-iMIM decay curves.
This qualitatively explains that the holes have a long carrier lifetime but lower mo-
bility than electrons. Further theoretical work is needed to elucidate this physical
picture in a quantitative manner. As a final remark, we emphasize that in solar cells,
diffusion lengths of both electrons and holes much larger than the film thickness is
desirable for the effective separation of photocarriers. Because of the unique defect
properties in hybrid perovskite thin films, as well as the competition between the re-
combination and trapping/de-trapping process, the imbalance in mobility (. > pp)
is largely compensated by the imbalance in lifetime (7, < 73,). As a result, the dif-
ference between L, ~ 5um and L, ~ 3um is insignificant in our samples, which is of

fundamental importance for the superior performance of PSC devices.

In summary, we systematically study the optoelectronic properties of 5%-Cs-

doped FAPDbI; thin films (PCE >20%) by imaging the carrier diffusion in real space
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and detecting the photoconductivity evolution in real time. For plain perovskite
films, two relaxation processes are observed on the sample. By selectively removing
one type of carriers, we demonstrate that the fast and slow decay constants are as-
sociated with the lifetimes of photo-generated electrons and holes, respectively. The
diffusion mapping on HTL/ETL samples allows us to extract parameters such as
diffusion coefficient, equilibrium carrier density, and mobility of both carriers. The
imbalance in carrier lifetime is offset by the difference in mobility such that diffusion
lengths of electrons and holes are comparable to each other. We emphasize that, prior
to our work, separate experiments are needed to measure relaxation time (TRPL or
TRTS) and mobility (transport or SPCM on doped samples) of free carriers. To
our knowledge, it is the first time that diffusion length, carrier lifetime, and charge
mobility can be individually addressed for mobile electrons and holes on the same
batch (as-grown, HTL-coated, and ETLcoated) of samples. The spatiotemporal mi-
crowave imaging provides the most direct measurement of photo-physical properties
of organometal trihalides, which is crucial for the research and development of these

fascinating materials towards commercial products.
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Chapter 5: iMIM Spectroscopy of Monolayer
Transition Metal Dichalcogenides

We present an innovative, non-invasive optical-pump-electrical-probe char-
acterization instrument, the Illuminated Microwave Impedance Microscopy Spec-
troscopy (iMIM Spectroscopy). This apparatus offers both illumination wavelength
sweeping and time-resolving capabilities to explore the static and dynamic properties
of excitons in materials. Our research applies iMIM spectroscopy to two-dimensional
semiconductors, specifically the monolayer transition metal dichalcogenides (TMDs)
materials WSey and WS, which are known for their tightly bound excitons and pro-
nounced light-matter interactions. Through our experimentation, we identified ex-
citonic peaks in the iMIM spectra, ascribed to optical absorption and the modula-
tion of local conductance via defect-mediated exciton dissociation. Interestingly, our
data show that the carrier lifetimes remained consistent across different wavelengths.
Moreover, we observed blueshifts of excitonic peaks at low temperatures, signifying
alterations in exciton binding energies. These results showcase the potential of iMIM

spectroscopy to reveal the rich excitonic physics of monolayer TMDs.

This is an ongoing project and may need further investigation before submit-

ting to the journal.

5.1 Introduction

Excitons are bound electron-hole pairs that play a crucial role in the optical
and electronic properties of semiconductors. In monolayer transition metal dichalco-

genides (TMDs) such as tungsten diselenide (WSey) and tungsten disulfide (WSy), ex-
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citons are particularly prominent due to the reduced screening and enhanced Coulomb
interaction in two dimensions. [73H76] These materials exhibit strong light-matter in-
teraction and rich exciton physics, such as spin-valley locking, exciton-exciton annihi-
lation, and many-body effects. [77] Moreover, monolayer TMDs have direct bandgaps
at the corners of the Brillouin zone (K and K’ points), which enable efficient optical
transitions between the spin-split valence and conduction bands. [7] These features
make monolayer TMDs attractive candidates for optoelectronic and spin-valleytronic

applications. [7§]

Various approaches have been employed to study the exciton physics in mono-
layer TMDs, such as photoluminescence (PL) [77, [79-82], optical absorption [77, 81
83, 84], photocurrent measurements [85H87], etc. These methods have their advan-
tages, but also some limitations. For example, photoluminescence can probe the
optical transitions, but not the local conductivity of the material, thus lacking an
essential electrical perspective. [80] Optical absorption, while capable of providing
information on the energy structure of the material, is sensitive to the environment
and may not provide local spatial information about the material’s electronic prop-
erties. [84] Photocurrent measurements require specific device designs to achieve
extrinsic exciton dissociation and invasively deposit electrodes on the sample, which

may affect the intrinsic properties of the material. [87]

In this work, we introduce a novel characterization tool for excitonic physics
studies: light-illuminated Microwave Impedance Microscopy Spectroscopy (iMIM
Spectroscopy), a unique optical-pump-electrical-probe technique with 1-nm spectral
resolution, in addition to iMIM’s 10-ns temporal resolution and 20-nm spatial res-
olution, for electrical probing without the need for external contacts or electrodes.

[3, 14, [ 48| B8] Leveraging the integration of iMIM technology with the energy resolving
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capabilities of the supercontinuum laser and monochromator, our iMIM Spectroscopy
methodology collects MIM signals across varying illumination wavelengths, or pho-
ton energies. This process generates an iMIM spectrum that offers valuable insight
into the exciton dynamics of the materials under investigation. Arguably, excitons
dissociating into free carriers with the help of trap states induced by defects or im-
purities can modulate the local conductance of the material [89H9T], which thus can

be detected by MIM electronics.

We have utilized iMIM spectroscopy on monolayer WSe, and WS, samples,
and observed distinct excitonic peaks within their iMIM spectra. These peaks exhibit
remarkable resolution and align extrememly well with the respective photolumines-
cence (PL) peaks, underscoring the proficiency of iMIM Spectroscopy in accurately
discerning features of exciton dissociation in monolayer TMDs. Additionally, we re-
veal that the peaks discerned via iMIM spectroscopy exhibit a blueshift at lower tem-
peratures, lending further credence to the veracity of the observed excitonic features.
Our observations affirm that iMIM spectroscopy serves as a potent, non-invasive
technique for exploring the interplay between the optical and electrical properties of
monolayer TMDs at the nanoscale. Specifically, these results demonstrate the power
of iMIM spectroscopy for studying the exciton physics in 2D semiconductors and

reveal new insights into the optical and electronic properties of monolayer TMDs.

5.2 Experiment Results

We prepared monolayer WSe, and WS, samples by mechanical exfoliation,
transfer and stacking of the layers on thin layer hBNs. The substrate was a transpar-
ent double-polished sapphire, which allowed MIM tip and laser input to position at

opposite sides of the substrate while aligned. The optical images of the samples are
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Figure 5.1: Photoluminescence (PL) and Raman of WSey and WS,. Scale bars repre-
sent 20pum. (a) PL spectra. Insets are optical images of WSes and WS, samples with
enclosed monolayer regions and starred measurement positions. Scale bars represent
a length of 20pum. (b) Raman spectra. In-plane Ezlg mode and the out-of-plane A,
mode for WSe, and WS, are labeled correspondingly.

shown in the insets of Figure [5.1j.

We performed conventional characterization of the samples by PL. and Raman.
The PL spectra of WSe; and WS, show their peaks at 1.65 eV and 2.0 eV, respectively,
as shown in Figure |5.1a. These peaks correspond to the excitonic transitions in the
monolayers and will be later compared with the iMIM spectroscopy peaks. The
Raman spectra of WSe, and WS, show the characteristic peaks of monolayer TMDs;,

such as the in-plane E2g mode and the out-of-plane Alg mode, as shown in Figure

B.Ib.

In iMIM Spectroscopy measurements, we employed microwave impedance mi-
croscopy (MIM) to measure the local conductance of the samples under laser illu-
mination. MIM is a scanning probe technique that probes local conductivity and
permittivity by measuring the admittance between a sharp tip and the sample at

microwave frequencies. The admittance is composed of a real part (conductance)
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Figure 5.2: Schematic of iMIM spectroscopy system. Red fonts and lines are for
the wavelength sweeping configuration with the 78MHz quasi-CW white laser source.
Blue fonts and lines are for the time-resolved configuration with the 20kHz white laser
source.

and an imaginary part (capacitance), which can be converted from the MIM signals

(MIM real part and MIM imaginary part) based on finite element analysis (FEA)

simulations in Figure [5.4]

The instrumentation of iMIM spectroscopy, as illustrated in Figure|5.2] utilizes
several essential components. We used a SuperK Fianium supercontinuum laser (78
MHz) as our laser source. The laser’s wavelength was selected via a monochromator.
An optical chopper was employed for demodulation. To calibrate the laser’s intensity,
we made use of a neutral density (ND) filter. Additionally, we implemented an
actuator stage equipped with a collimator and mirror on a motorized stage, which

was primarily to compensate for laser path drift arising from wavelength changes in
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Figure 5.3: iMIM spectra of WSes and WS, at room and low temperatures. (a) MIM-
Im signals of WSey under different temperatures. (b) MIM-Im signals of WS, under
different temperatures. (c) Exciton peak energies of WSey and WS, under different
temperatures.

the monochromator grating, as shown in Figure 3.7 A dedicated optical system was
implemented with mirrors, objectives, and beam splitters to direct the laser into the
cryostat from the top and measure the power simultaneously. The system included a
cryostat for creating a low-temperature high vacuum environment, which contained a
piezo stack for controlling the sample position. The MIM tip cantilever in the cryostat

gathered MIM signals from the tip-sample interaction area and sends the signals to

MIM electronics for data gathering and processing.

Figure |5.3|illustrates the iMIM spectra for WSe, and WS, at both room tem-
perature and lower temperatures. We fitted each spectrum with a Gaussian function
for the peak and an exponential function for the background, which accounts for the

Urbach tail of the direct interband absorption edge. [86, 02] The sum of these two
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Figure 5.4: Tip-sample FEA simulation and fitting with real data. (a) Comsol FEA
simulation results based on the real tip profile as shown in the inset by SEM. (b)
Comparison example of experimental data (WSe, at 298K) and simulation curves.

functions delivered a satisfactory fit to the overall spectral shape. Specifically, Figure
3a displays the MIM signals as a function of photon energy (ranging from 1.25 eV
to 2.4 eV) for WSe, at different temperatures. Similarly, Figure 3b depicts the MIM
signals as a function of photon energy (from 1.65 eV to 2.45 eV) for WS, at the same
two temperatures. Figure |5.3c provides a summary of the changes in exciton peak
energy as a function of temperature. WS, exhibits an exciton peak shift from 2.019
eV at T=298 K to 2.069 eV at T=110 K, and 2.075 eV at T=64 K, while WSe, shows
a similar shift from 1.652 eV at T=298 K to 1.681 eV at T=110 K and 1.696 eV at
T=64 K.

In order to measure carrier lifetimes, which can extend to the order of ns, us
and beyond, we substituted the 78 MHz (with a 13 ns period) laser with the 20 kHz
(with a 50 ps period) SuperK Compact supercontinuum laser and removed the optical
chopper. A high-speed oscilloscope reader was employed to capture the decay curves

of iIMIM-Im signals following each laser pulse as shown in Figure 5.2 Given that the
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iMIM-Im signal approximately scales with photo conductance within our measure-
ment range, as indicated in Figure[5.4] we will directly use the raw MIM data without
conductance conversion for the subsequent analysis. To accommodate the presence of
two distinct carrier lifetimes, the decay curves were fitted using biexponential func-
tion y = Aje /™ 4 Aye /™. Figure provides an example of iMIM-Im decays for
WSe, for different photon energies, and Figure is the iMIM-Im decay for WSes
at around their exciton energies, along with its fitted curves under room temperature.
Figure presents a statistical analysis of the WSe, lifetimes for different photon
energies ranging from 1.6 eV to 2.4 eV which do not show significant variation, with
the average lifetimes from the fittings equating to 19 ns and 1639 ns. Figures [5.6d-f
offer similar findings for WSy at wavelengths from 1.9 eV to 2.4 eV, with the two

measured lifetimes being 62 ns and 1501 ns. It is important to note that the photon
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Figure 5.6: Carrier lifetimes of WSey and WS, at different wavelengths. Insets a
and d are iMIM-Im decay heatmaps for different photon energies of WSe, and WS,.
Insets b and e are iMIM-Im decay signals and fitted curves near the exciton energies
of WSe; and WS, respectively. Insets ¢ and f are statistics of carriers lifetimes of
WSe; and WS,.

energy ranges presented in Figure [5.6k,f are narrower than those in Figure This is

because lower-signal energies are not capable of producing high signal-to-noise ratio

decay curves suitable for appropriate fittings.

5.3 Discussion

Our experimental results have showcased iMIM spectroscopy as a novel tool
for studying exciton physics in transition metal dichalcogenides (TMDs). This tech-
nique combines the benefits of optical and electrical methods, enabling high resolution
examination of the excitonic properties of monolayer WSey and WS,. We will now

discuss the implications of our findings and draw comparisons with prior studies.

Exciton detection predominantly relies on two methodologies: optical and
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Figure 5.7: MIM signals of WSe, at -30dBm and -37dBm tip powers.

electrical. A range of optical techniques has been developed, including photolumi-
nescence, absorption, reflectance, and photo-reflectance spectroscopy, ete. [77, 03-H95]
However, these methods can face limitations, such as cases with a low photolumi-
nescence yield (<1%) presumably due to defect trap states. [93] Moreover, only
a subset of incoherent excitons positioned within the light cone, possessing a zero
center-of-mass momentum, can undergo decay via radiative recombination. [93] Elec-
trical techniques on the other hand, like photocurrent spectroscopy, fundamentally
collect electric rather than optical responses and offer certain advantages, including
high spatial resolution and reduced susceptibility to optical interference effects. Nev-
ertheless, they require invasive contacts or electrodes on the sample and depend on
long-distance transport properties. iMIM spectroscopy method offers a fresh perspec-
tive on exciton physics in 2D semiconductors. It integrates the strengths of MIM and
optical excitation, allowing for the probing of 2D materials’ optoelectrical responses

without necessitating external contacts or electrodes.

Arguably, the mechanism of iMIM spectroscopy is based on the dissociation
of excitons by defects in the TMDs. Defects can act as charge traps that capture

either electrons or holes from excitons, leaving behind free carriers that contribute
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to the conductivity, while the defect density and type can vary depending on the
synthesis method and treatment of the TMDs. [48, 89-O1, ©6] It is important to
distinguish the dissociation of excitons with defect trap states from the dissociation
potentially caused by MIM measurements. In MIM measurements, a high-frequency
1GHz voltage is applied to a sharp metallic tip scanning the sample surface. However,
theoretical calculations suggest that the electric field generated by typical MIM tip
power (-20dBm) is not adequate to break up excitons in monolayer TMDs. [48, 97, 98]
This observation is further supported when we reduce the tip power to -30dBm and
-37dBm, and yet continue to observe both MIM imaginary and real signals, along
with distinct excitonic features (as shown in Figure [5.7). Also, the coexistence of
imaginary and real signals hints that the exciton response mainly comes from con-
ductance change, compared to possible dipole oscillation which does not increase
carrier density and should not be observed in the real part. [3], 98] Consequently, we
attribute the iMIM signal predominantly to defect-mediated dissociation. Neverthe-
less, we cannot entirely discount the potential contribution of exciton dipoles to the
dielectric properties, which may in turn influence MIM signals in the observations

under consideration. Future investigations are required for further validation.

Interestingly and surprisingly, we find that the excitonic peaks blueshift with
lower temperatures, as shown in Figure [5.3c. This phenomenon is similar to what
has been observed in PL measurements for monolayer TMDs. The blueshift of ex-
citon peaks are usually explained by the reduction of thermal expansion effect and
electron-phonon interaction, which increases the energy of the exciton peak at lower
temperatures. [99-103] The blueshift of exciton peaks further confirms the validity of

our iMIM spectroscopy method to characterize exciton physics in 2D semiconductors.

Our lifetime measurements reveal some interesting patterns. Lifetimes of WS,
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are generally longer than those of WSes, consistent with previous reports. [48] [R9]
Also, the lifetime does not significantly change with the wavelength of the incident
light within the given ranges. This suggests that the recombination process in these

materials is relatively insensitive to the initial excitation energy.

5.4 Conclusion

In summary, we have presented iMIM spectroscopy, a novel characterization
tool for 2D semiconductors, which combines the advantages of MIM and optical exci-
tation. We have applied this tool to monolayer WSe, and WS, samples and observed
excitonic peaks, carrier dynamics, and blueshifts of excitonic peaks in low tempera-
tures. We believe that our iMIM spectroscopy method can provide new insights into
the exciton physics in 2D semiconductors and enable new applications in photonics

and optoelectronics.
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Chapter 6: Summary and Outlook

Throughout this dissertation, I have detailed the fundamental operation prin-
ciples of microwave impedance microscopy (MIM) and its optically coupled mode,
illuminated MIM (iMIM). I have outlined the diverse functionalities of iMIM, which
include carrier diffusion measurements, lifetime dynamics analysis, and spectroscopy

investigations.

A significant portion of the discussion was dedicated to my part of contribution
to the construction of the time-resolved iMIM system, and the recounting of my
design, assembly, and application of the iMIM spectroscopy system, highlighting its

value and the central role it played in the studies.

The unique capabilities of the iMIM spectroscopy system were demonstrated
through two discussed studies involving specific materials. These investigations un-
derscored our unparalleled ability to investigate carrier and excitonic physics with

exceptional spatial, temporal, and spectral resolutions.

Nevertheless, our work extends beyond these achievements in instrumentation
and physics. The comprehensive iMIM toolset we have developed paves the way for
numerous potential projects. For instance, by gating TMD monolayers, we anticipate
the generation of an increased number of trions, which our method is perfectly suited
to observe and study. The metallic nature of the probe allows us to consider the
possibility of using the tip as a top gate with a specific DC voltage. This prospect

could simplify sample preparation requirements significantly.

Moreover, fascinating structures like twisted homo-bilayer or heterostructures

provide an opportunity to delve into the dynamics of excitons and carriers in moiré
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systems. This can be achieved by exploring various twist angles and coupling mech-

anisms, focusing on aspects such as diffusion lengths, lifetimes, and exciton peaks.

While TMDs and perovskites have been central to our investigations, our
fs-supercontinuum laser can also be leveraged in studies of photo-induced metal-
insulator transitions, such as the charge density wave (CDW) state of 1T-TaS2 [104-

106].

At the time of writing this dissertation, we are actively refining the iMIM
system and engaging in collaborative work with other researchers. We firmly believe
that the continuation of this work will substantially contribute to both the fields of

microwave impedance microscopy and photoresponse research.
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