ABSTRACT

ARDEKANI, HOSSEIN. Characterization and Manipulation of Excitons in Thin-layered MoS..
(Under the direction of Dr. Kenan Gundogdu).

In the last two decades, MoS», a well-known member in the family of transition metal
dichalcogenide, has attracted a lot of attention due to its distinctive electronic and optical
properties. An interesting property of this class of material is the possibility to form ultra-thin
crystals. One important consequence of decreasing the thickness of the material is reduced
Coulomb screening between charge carriers, which results in large exciton binding energy. The
lower the number of layers get, the higher the exciton binding energy becomes such that in the
limit of monolayer MoS;, exciton binding energy reaches about 500 meV. This will guarantee the
stability of excitons even at room temperature and above. Presence of excitons in the system upon
photoexcitation, manifests in the form of characteristic peaks in the photoluminescence and
absorption spectra. Studying these excitonic features has been one of the main streams to
investigate optical and electronic properties of atomically thin MoS;.

In the current work, | explore how exciton interaction with surrounding charge carriers or
other excitons affect optical properties of mono- and multi-layer MoS. First, I demonstrate how
controlling the interchangeability of excitons and trions allows reversibly tuning the
photoluminescence of monolayer MoS». My results show laser irradiation facilitates the adsorption
of oxygen molecules on already existing defect sites. The adsorbed molecules can attract the free
electrons, hence hindering transformation of excitons into trions. Finally, the reduced density of
trions gives rise to enhanced PL.

Next, | discuss the dissociation of excitons at high density regime and the formation of
electron hole plasma and electron hole liquid. I investigate two different approaches to achieve

required high densities at which increased Coulomb screening breaks electron hole pairs into free



charge carriers. The first approach is based on strong CW photoexcitation of suspended monolayer
MoS:. In this case, the isolation of suspended material from the substrate enables maintaining the
heat from photoexcitation which provided enough strain to undergo a direct-to-indirect bandgap
transition. Photoexcited excitons survived for hundreds of nanoseconds in the indirect band gap
dissociate and electron hole plasma is generated. At higher photoexcitation levels, the free
electrons and holes condensate to form electron hole liquid.

The other approach to reach high exciton densities is based on applying non-uniform strain
to multilayer MoS; which results in charge and exciton funneling towards the point with maximum
strain. In this case, the indirect gap nature of the multilayered sample helps sustaining long lived
charge carriers. In both of the approaches, PL spectroscopy is utilized as the main tool to
distinguish plasma/liquid regime from excitonic regime.

Finally, I present my innovative approach to measure exciton lifetime at sub-micron areas
of the sample, using lock-in detection technique. The exciton lifetime of atomically thin MoS: is
dictated by nonradiative recombination rate which can be measured by transient absorption
spectroscopy. A commonly used approach for this type of measurement is based on lock-in
detection technique. However, the established methods fail in giving meaningful results at sub-
micron spot sizes. Here | demonstrate how electric pulse shaping at the output of the photodetector
extends this limit and allows broadband ultrafast transient absorption spectroscopy on diffraction

limited spot sizes.
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Chapter 1

Introduction

Atomically thin transition metal dichalcogenides (TMDCs) are a class of material that
exhibit strong spin-orbit coupling [1] and unique electronic and mechanical properties which
provide an opportunity to create unprecedented functionalities for optical and electronic materials
and device platforms. For instance, they can be transferred onto conventional semiconducting
devices or functional units such as p-n junctions [2,3]. Furthermore, their optical and electronic
properties are widely tunable. By changing the optical excitation density, mechanical strain, or
dielectric environment, it is possible to tune the optical properties from dark to bright, and
electronic properties from an insulating to conducting phase, for instance by creation of electron-
hole plasma and liquid phases. MoS», a prototype of this class of material, is composed of
covalently bound S-Mo-S sheets that are bound by weak van der Waals forces. In its bulk form,
MoS: is an indirect bandgap semiconductor with the band edge located between the K and I" point
of the Brillouin zone, showing extremely weak photoluminescence (PL). However, reducing the
thinness results in stronger PL and enhanced quantum confinement effects which eventually at the
limit of monolayer leads to indirect-to-direct gap cross over.

Monolayer MoS: has emerged as a novel platform to host fields of Spintronics [4] and

Valleytronics [5] due its broken inversion symmetry. Furthermore, because of the reduced



2

dimensionality and increased Coulomb interaction which result in high exciton binding energy,
photoexcited electron-hole pairs in 1L- MoS> form stable excitons even at room temperature. In
the following chapters, |1 demonstrate how an exciton interact with excess charge carriers and
surrounding excitons under various stimuli including intrinsic defects, increased local temperature
and extreme charge carrier density caused by CW photoexcitation. Additionally, I show how
nonuniformly straining the material can affect the excitonic state of TMDCs. Also, | describe my
innovative approach to improve lock-in amplification, the dominant experimental approach used

to measure exciton lifetime on 2D TMDCs.

1.1 Reversible Photoluminescence Tuning by Defect Passivation
via Laser Irradiation

The interplay between excitons and charge carriers results in formation of charged
excitons, known as trions. The presence of trions in the system is accompanied with reduced PL.
this is due to the nonradiative recombination channel that trions tend to decay through. In fact,
extracting negative charges by applying a gate voltage to inhibit formation of trions, is an effective
way to increase the radiative recombination efficiency of monolayer MoS,. Figure 1.1(a) shows
significant increase in the A-exciton peak of monolayer MoS; with peak position around 1.89 eV
after applying a gate voltage [6]. Another approach to reduce free charge density in the sample is
by increasing ambient molecule adsorption on defect sites via annealing. Adsorbed molecules can
attract excess electrons due to their higher electronegativity. Figure 1.1(b) illustrates how the PL
of annealed monolayer MoS; is enhanced once the sample is exposed to ambient [7]. In fact,

annealing increases the defect density on the sample which later can react with ambient molecules.
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Figure 1.1. (a): PL enhancement after applying a gate voltage on monolayer MoS2. This panel is adapted from Reference [6].
(b): PL enhancement due to interaction of ambient molecules and defects on annealed monolayer MoS2. This panel is reprinted
from Reference [7].

One of the consequences of normal aging on 2D TMDC:s is the growth of sulfur vacancies
throughout the sample. Such vacancies can act as potential defect sites to interact with molecular
adsorbates and deplete excess negative charges, hence enhancing the PL. however, molecular
adsorbates can’t reach these highly reactive sites due to gradually deposited contaminations on the
surface of the sample. In Chapter 3, | show how CW laser irradiation can clean the surface of the
sample and provide sufficient energy for the oxygen molecules to physically adsorbe on the
naturally increased defect sites of aged samples. The resultant depletion of excess negative charges
gives rise to an increase in PL intensity to levels even higher compared to as-grown sample.
Interestingly, vacuum pumping suppresses the PL while reintroducing oxygen molecules recovers
the enhanced PL, justifying the reversibility of the process. Additionally, the degree of
enhancement can be controlled by exposing the sample to ultrafast laser pulses. As opposed to
vacuum pumping which removes the oxygen molecules all at once, carefully choosing the flux of

the femtosecond pulses allows precise tuning of the PL enhancement.



1.2 Room Temperature Electron Hole Liquid (EHL)

Electron hole liquid, EHL, refers to a state of the matter where exciton condensation occurs
to form electron hole droplets similar to condensation of water vapor molecules into water droplets.
EHL is a Fermi liquid composed of free fermions (electrons and holes) gathered together to shape
a degenerate electron-hole system. EHL formation requires the system’s temperature to fall below
a critical temperature, T¢, which is directly related to exciton binding energy Ep via an empirical
relation En / ks Tc ~ 10. Since exciton binding energy for most traditional semiconductors is about
tens of meVs, EHL was only observed at cryogenic temperatures. However, high exciton binding
energy observed in 2D TMDCs suggests the possibility of EHL formation even at room
temperature and above.

In Chapter 4, | review some of the experimental results accomplished in our research group
showing formation of EHL in 1L- MoS; at room temperature. This phase transition takes place by
applying a CW photoexcitation on suspended material and can last hundreds of nanoseconds as
shown in Figure 1.2(a) [8]. Here, the CW laser that lasts for 500 ns provides enough heat and strain
for a direct-to-indirect bandgap transition. The indirect gap allows sustaining the excited charge
carriers for significantly longer time by inhibiting the direct radiative recombination of charge
carriers. Although most excited electrons reside in the K-valley while the holes migrate to the I'-
valley, we believe the small amount of charge carriers in the direct gap (K-K transition) undergo
radiative recombination very efficiently, resulting in the enhanced PL observed in the experimental
data. This hypothesis was further confirmed in the PL modeling report conducted in our research

group [9], applying Fermi liquid theory, and is further discussed in Chapter 4.
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Figure 1.2. (a): Summary of excited state dynamics under CW excitation lasting for 500 ns. (b): schematic demonstration of band
structure evolution during the photoexcitation, showing direct-to-indirect bandgap transition. The figure is reprinted from
Reference [8].

In order to separate the effect of strain induced direct-to-indirect transition from high
charge carrier density, | investigated the formation of dense electron-hole plasma (EHP) on pre-
strained multilayer MoS,. As mentioned earlier, multilayer MoS is already an indirect bandgap
semiconductor, hence capable of accommodating required longer carrier lifetime. Furthermore,
non-uniformly strained 2D-TMDCs can funnel excitons and charge carriers towards the point with
maximum strain. Figure 1.3(a) shows schematically how the sharp tip of a cantilever induces a
strain gradient in a monolayer WSe> membrane suspended on a transmission electron microscopy
(TEM) grid [10]. The simulation of energy shift in Figure 1.3(b) shows a sharp decrease in the
exciton energy at the region with maximum strain. This energy reduction is the driving force for
excitons to funnel towards that point. In Chapter 4, |1 show how accumulation of excitons and
negative charges at the tip of nano-pillars straining multilayer MoS; leads to increased Coulomb

screening, which promotes formation of EHP.
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Figure 1.3. (a): Schematic of non-uniformly strained monolayer WSe2 by an AFM tip the inset shows the SEM image of the real
tip. (b): optical bandgap reduction as a result of induced biaxial strain. The figure is reprinted from Reference [10].



Chapter 2

Experimental Technigques

2.1 Introduction

In order to perform a comprehensive optical characterization of the samples under studies,
| developed a microscopy setup, which enabled us to conduct high quality bright field microscopy,
micro-Raman and micro-Photoluminescence (PL) spectroscopy, PL mapping, non-local PL
imaging, micro time resolved PL (TR-PL), and micro transient absorption spectroscopy (TAS), all
within the same setup shown in Figure 2.1. In this Chapter, | will overview the details regarding
each of these experimental techniques and introduce our innovative approach to enhance the lock-
in detection sensitivity, a widely used technique in TAS. The details of the latter are extensively

discussed in Chapter 5.
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Figure 2.1. Schematic of our optical setup capable of doing bright field microscopy, PL mapping, non-local PL imaging, micro-
PL, micro-Raman, micro time resolved PL (TR-PL), and micro transient absorption spectroscopy (TAS), all in one setup.

2.2 Optical Microscopy and Kohler IHlumination

Due to the small flake size of the 2D TMDC samples under our investigations, which range
about 10-50 micron, the very first step for any optical characterization experiment is having a high
quality optical microscope setup. Figure 2.2 shows the optical microscope section of the universal
setup previously shown. Here, we use a Xenon lamp as light source, but any other incoherent white
light source could be applied. Some examples include Tungsten-Halogen lamp, any diffuse lamp,
and white light LED. As shown in Figure 2.2, the incoherent white light is directed towards the

sample by passing through few lenses and reflected from several mirrors. The collected light from



9
the sample is then guided to CCD 2, where the optical image is captured. Note that there are 4 flip

mounts (FM 2-FM 5) on the path, whose positions determine whether optical microscope or any
other experimental technique is active. For the optical microscope to be active, the mirrors on the
FM 2, FM 4 and FM 5 should be in “up” position to reflect the beam. Also, Lens 3 on FM 3 should
be in “up” position to focus the beam on the back focal plane of the objective to satisfy the required

condition for Kohler illumination.

FM 5
Fms I P A Objective 3D
H i RO iezo
- |
-—=-' Beam Splitter
FM 3 Sample

Xenon Lamp Wllitc 'I Jight I /
(Optical Microscope) I

Lens 1 Iris1 Lens2

Figure 2.2. Optical microscope section of the universal setup, including Kohler illumination optics.

Kohler illumination is a widely used technique in optical microscopy that provides even
illumination across the field of view and maximizes the contrast in the image. In our setup which
is set at reflection geometry, Lens 3 focuses white light at the back focal plane of the objective.
This ensures the emerging light from the objective and going towards the sample is collimated.
The other optics critical for Kohler illumination is the aperture diaphragm represented by “Iris 17
in Figure 2.2. This iris is placed at the focus of Lens 1 and can help in choosing a uniform section
of the lamp light. Imaging the light source to be a Halogen lamp which consists of a filament. In
this case, the image of the filament is formed in at the focal plane of Lens 1. Iris 1 can be closed

such that only a small and uniform subsection of the filament image falls on the open area of this



10

iris. As a result, the collected and collimated light by Lens 2 will have a uniform texture. The other
role of Iris 1 is to control the incoherent white light intensity, used for imaging.

Once the uniform illumination is achieved, the position of Iris 2 can be determined by
looking at the image of the sample formed on CCD 2. The main role of this iris is to increase the
contrast in the image. Ideally, Iris 2 should be conjugate with the sample’s image plane. As result,
as we close this iris gradually, an image of it forms on the CCD. Then, we need to manually move
the position of this iris until a sharp and crisp image of the internal edges of the iris is obtained.
Finally, we open the iris gradually until the edges of the iris reach outer limits of the field of view
seen on the camera. Figure 2.3 shows the image of MoS, samples with and without Kohler

illumination taken with a 50x (NA=0.6) objective.

Figure 2.3. Optical microscope image of MoS2 samples taken (a): with and (b): without Kohler illumination. The improvement
in image quality when Kohler illumination is used is significant.

2.3 Steady State PL Spectroscopy

PL spectroscopy is one of the major optical approaches used in characterization of 2D
semiconductors. Photoluminescence occurs as a result of radiative recombination of photoexcited
charge carriers. In general, both an incoherent and a coherent light source can be applied to

photoexcite the sample. However, due to the microscopic flake size of TMDC samples and the
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limitation of reducing the excitation area of incoherent light, lasers (coherent light sources) are
used to study the photoluminescence. Figure 2.4 shows the steady state PL spectroscopy section
of the universal setup previously shown in Figure 2.1. Here, a continuous-wave (CW) laser with
wavelength at 532nm is used as excitation source. However, any other laser with beam energy
above or near the sample’s bandgap can be utilized. In order to have any of the spectroscopy
techniques active in the setup, FM 2 and FM 3 which were dedicated to optical imaging, should
be in “down” position to let the laser beam pass through the objective. The PL is collected by the
same objective and reflected from the beam splitter. Having FM 4 in “down” position allows the
spectrometer to capture the PL. The entrance slit of the spectrometer must be sufficiently closed
to obtain desired spectral resolution. The light is then dispersed by the grating inside the
spectrometer and the PL spectrum is imaged on CCD 1 which is an electronically deep cooled,
extremely sensitive 2D array PIXIS camera. The PL spectral image is then binned in vertical
direction and a single PL spectrum is achieved representing the PL emitted from the whole

excitation area.
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Figure 2.4. Steady state PL and Raman spectroscopy section of the universal setup, including the PL mapping and non-local PL
imaging equipment.

In order to add PL mapping capability to the system, a 3D Piezo stage was used to hold the

sample and a LABVIEW interface was developed to synchronize the motion of the stage with

CCD 1 image capturing process. The 20 micron travel range with sub-micron step size of the Piezo
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stage enabled high accuracy PL mapping on the surface of the sample. This technique was
numerously applied during our investigation of strained MoS samples by nanopillars. Due to sub-
micron size of the pillars and various tent-like configurations formed around the pillars, PL
mapping allowed grasping a good understanding of strain and charge distribution on the non-
uniformly strained samples. More details on this is presented in Chapter 4.

Another capability achieved within the same configuration shown in Figure 2.2 is non-
local PL imaging. As opposed to PL mapping where we record the spectral PL information of the
very excited area, non-local PL imaging allows capturing the PL image of the excited region and
all adjacent area (within the field of view of imaging setup) at the cost of losing spectral
information. The setup to use this capability is exactly the same as the one used for PL mapping,
except the entrance slit of the spectrometer which should be left wide open and the grating of the
spectrometer being set at zeroth order. Further usage of spectral filter at the spectrometer entrance
slit assures blocking the reflected laser light from getting into the spectrometer. This technique
was a turning point in our exciton and charge funneling studies as it images how the PL is emitted

from regions other than the excited area.

2.4 Raman Spectroscopy

Raman spectroscopy is based on the scattering of the incident laser light from the
crystalline structure of the sample. Most of the scattered light is dominated by the Rayleigh
scattering which has the same wavelength as the excitation laser and will be spectrally filtered by
using a narrow notch filter. However, the vibrational motions of the atoms in the crystal structure
can absorb energy from or add energy to the incident photons. This energy change in the scattered
photons manifests in the form of sharp peaks in the collected spectrum with peak positions slightly

above or below the fundamental laser line. Since the energy given to or taken from the incident
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photons is a constant value determined by the vibrational mode energies, the observed Raman
peaks will be symmetric around the laser fundamental line and are known as Stokes and Anti-
Stokes shifts. From experimental point of view and in our experimental setup, same configuration
as steady state PL is used to obtain Raman spectrum, except the spectral filter used at the entrance
of the spectrometer. Here, we use a narrow laser line filter to block the laser fundamental line.
Furthermore, due to the narrow line width of the Raman features, higher spectral resolution is
required to be able to resolve the Raman modes. This is achieved by choosing a grating with at
least 1200 groove/cm.

Raman spectroscopy is extensively used in optical characterization of 2D TMDCs. Various
information, such as number of layers, tensile strain, local temperature and charge carrier density
can be extracted from Raman peak position and peak intensity. MoS,, for instance, exhibit two
Raman peaks corresponding to in-plane (E2%) and out of plane (A:% vibrational motions of
Molybdenum and Sulfur atoms as demonstrated in Figure 2.5(a). Raman spectroscopy has been
vastly adopted in different variety of experiments under taken in this thesis as evidenced in
experimental results presented in Chapter 3 and 4. Figure 2.5(b) shows a typical Raman spectrum

of MoS2 monolayer and bilayer.
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Figure 2.5. (a): schematic demonstration of MoS2 Raman vibrational modes. E%; is in plane and Aly out of plane. (b) Raman
spectrum of mono and bilayer MoSa.
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2.5 TR-PL Spectroscopy

TR-PL is a spectroscopic method that measures the radiative decay time of photoexcited
population. Our experimental setup works based on time correlated single photon counting
(TCSPC), where a pulsed laser beam excites the sample and emitted PL photons make a histogram
based on their detection time relative to the excitation pulse. Figure 2.6(a) shows the TR-PL
spectroscopy section of the universal setup previously shown in Figure 2.1. As can be seen, 800
nm ultrafast pulses at 76 MHz, are frequency doubled by passing through a Beta Barium Borate
(BBO) crystal to form 400 nm excitation beam. The mirror on FM 1 determines whether TR-PL
or TAS experiment is active. When FM 1 is in “up” position, 76 MHz beam is reflected from that
mirror and goes toward the sample, while FM 2 and FM 3 (optical microscopy optics) are in
“down” position. After photoexcitation, the PL is collected by the objective and reflects from the
beam splitter. By having FM 4 in “up” and FM 5 in “down” position, the PL can pass through the
monochromater, where the desired detection wavelength can be chosen. Due to extreme sensitivity
required for this experiment, a Photo-Multiplier Tube (PMT) or a Single Photon Avalanche
Photodiode (SPAD) should be used as detector. The TCSPC unit (PicoHarp 300) requires two
signals to form the histogram. One is an input signal synched with the repetition rate of the laser
(in this case 76 MHz). This signal starts a clock in the TCSPC unit. The second signal is obtained
from the SPAD upon each photon detection. This signal stops a clock in the TCSPC unit. Next,
the number of photons are sorted into a histogram based on the difference between the start and

stop times. Figure 2.6(b) shows exciton decay dynamics on monolayer MoS; taken with this setup.
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Figure 2.6. (a): TR-PL spectroscopy section of the universal setup. (b) Exciton decay dynamics on monolayer MoS:z with sub-
micron excitation area.

2.6 Transient Absorption Spectroscopy (TAS)

Transient absorption is a pump-probe spectroscopy technique that can measure excited
state life time. In a typical pump-probe setup, the beam from a Ti:Sapphire laser is split into two
arms. One arm carries high energy pump pulses to excite the sample while the other arm provides
lower energy pulses used as an optical probe. Both beams are focused to the same spot on the
sample. The time delay between the pump and probe pulse incidence on the sample is adjusted by
using a variable path length delay line in either of the paths. Hence, the temporal changes in the
transmitted/reflected probe light due to the excited population can be measured. These changes
contain information about the relaxation mechanisms of excited population within the material.
While TR-PL spectroscopy reveals information on the radiative decay mechanism of excited
states, TAS contain information on both radiative and nonradiative decay channels. Another
difference between TR-PL and TAS is the measurement’s time resolution. While the time
resolution in TR-PL is determined by the Instrument Response Function (IRF), in TAS this
quantity is limited by the ultrafast pulse width. IRF depends on the detector response, electronic

noise and jitter in the detection system and usually ranges between 100s of picoseconds to
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nanoseconds. On the other hand, ultrafast pulse width lies within sub-picosecond range, hence
much finer time resolution is achieved in TAS compared to TR-PL. The experimental time window
(the maximum decay length the setup can measure) is another factor being different in TR-PL and
TAS. While in TR-PL the time window is determined by the time separation between excitation
pulses and can range between 10 ns (100 MHz repetition rate) to 1 ms (1 kHz repetition rate), in
TAS this quantity is limited by the length of the delay line and can hardly reach 10 ns.

Figure 2.7 shows the TAS section of the universal setup previously shown in Figure 2.1.
To have this setup active, FM 1-3 should be at “down” position to let both pump and probe beams
reach the sample. The probe light is collected by the objective and guided towards the
monochromator by having FM 4 “up” and FM 5 “down”. The monochromator then scans the probe
light (white light continuum) and the emerging light is detected by the photodetector at the output
of the monochromator. The detection system works based on lock-in amplification, a very well-
known method used in TAS. To implement lock-in detection, both pump and probe beams are
modulated with a mechanical chopper and the chopping frequency waveforms are wired to two
lock-in amplifiers providing the required reference signals. A detailed discussion on lock-in

detection working principles is provided in Chapter 5.
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Figure 2.7. TAS section of the universal setup working based on lock-in amplification.

The choice of the photodetector depends on the intensity of the probe light emerging from
the monochromator. Typically, a regular photodiode is used in all TAS setups due to sufficient
light to be detected. All existing conventional setups are limited to probing area larger than few
microns, especially when the repletion rate of the laser is below 1 MHz. However, new
breakthroughs in fabricating nano-scaled devices from 2D TMDCs demand for improving TAS
setups to achieve smaller spatial resolution. Once the probe area on the sample is shrunk via
increased magnification, the probe beam intensity should also be reduced to keep the fluence low.
As a result, the emerging probe beam from the monochromator will fall below detection limits of
regular photodiodes. Ideally, applying an amplified, more sensitive photodiode like an Avalanche
Photodiode (APD) should solve the problem. However, APDs are rarely used for lock-in detection
except at high repetition rate pulses (above 1 MHz). This is due to a mismatch between the output
signal of an APD and the working mechanism of lock-in amplifier. In Chapter 5, | show how

electric pulse shaping at the output of the APD results in gigantic improvement in the sensitivity
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of the lock-in detection. The signal enhancement allowed measuring the exciton decay dynamics
of monolayer MoS: in a previously unattainable configuration: reflection geometry with sub-

micron size and broadband probe light.
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Chapter 3

Reversible PL Tuning by Defect Passivation via

Laser Irradiation

3.1 Introduction

This Chapter has been published in [11].

Atomically thin transition metal dichalcogenides (TMDs) exhibit unique optical and
electronic properties due to their 2D electronic structure [8,12—14]. Specifically monolayer MoS;
and WS, are direct gap semiconductors, and therefore their photoluminescence (PL) is stronger
compared to indirect gap multilayer materials [15,16]. However, due to both intrinsic defects [17]
and aging related degradation [18] in these materials, PL efficiency reduces considerably. A
significant amount of research is focused on characterization of the defects [19], and improving
the optical properties by defect passivation in 2D materials [7,20,21]. The chalcogenide (S, Se)
vacancies are the primary sources of defects [22]. These vacancies facilitate interaction of 2D
materials with ambient reactants and promote oxidation. Several different methods have been
utilized to control the oxidation state of defects. These include super acid treatment [23,24],
electrical gating [25], and chemical doping [26-28]. These treatments remove the surface

adsorbates and passivate defects, which in turn lead to high PL quantum efficiency.
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Existence of defects also increases the sensitivity of 2D materials to ambient conditions, as
they interact with molecular and atomic adsorbates [29]. Specifically ambient oxygen is capable
of forming strong bonds at defect sites [21]. Numerous experimental studies have been performed
to investigate the impact of oxygen adsorption on optical and electronic properties of monolayer
(1L) TMDs [30-33] Whether the interaction of oxygen molecules with defect sites enhances the
optical properties [21] or degrades the sample permanently [34] is ambiguous. In this
communication, we report a highly controllable and reversible enhancement of the PL of aged 1L-
MoS>, Using laser irradiation. Our results show sufficient laser heating in the presence of oxygen
removes surface contaminants on the aged sample, exposing existing sulfur vacancies [35] to
ambient. Subsequent adsorption of oxygen at defect sites depletes excess negative charges in the
material, suppresses trion [36] formation, and increase neutral exciton recombination efficiency.
We demonstrate such oxygen adsorption is a reversible process. Both vacuum and ultrashort pulse
excitation is capable of removing the oxygen from the defect sites. While the former method may
be utilized to hide a micro-pattern carved on sample’s surface temporarily, the latter approach
leads to fast modulation of optical and electronic properties of monolayer MoS,, which is highly

demanded in optoelectronic applications such as gas sensing.

3.2 Results

1L-MoS; were synthesized and transferred on quartz substrates (see methods for details),
kept in room temperature and under ambient condition undergoing normal aging. 6-18 months
aged samples were used for all PL and Raman measurements. All optical measurements were
performed on samples located in a chamber with gas control. In order to treat the samples, a diode-
pumped solid-state laser beam at 532 nm was focused at a 1.1 um spot on monolayer MoS; using

a 50X objective. During the treatment process, the chamber was filled with oxygen gas at 1.5 atm.
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Figure 3.1(a)shows the PL spectrum evolving over the span of 30 seconds during laser treatment.
A fixed 22 mW laser beam (1.8 MW/cm?) is exciting the sample. The incident light plays a double
role, as a mean for laser treatment and as an excitation source for PL measurements. It can be seen
that the intensity rises almost immediately once the laser is incident on the sample. As shown in
Figure 3.1(a) inset, after a fast rise the PL evolution ceases and gradually reaches saturation. Figure
Al (see Appendix A) demonstrates, while the laser treatment is taking place, the PL spectrum
narrows and the peak blue shifts. In order to confirm the role of oxygen in the process, we
performed gas controlled experiments under vacuum, Ar, N2 and ambient air conditions. Figure
A2a-c shows laser treatment does not occur in Ar or vacuum but sets off once air is released in the
experimental chamber. The slower PL evolution in air demonstrated in Figure A3 (see Appendix
A) compared to the same process in pure oxygen (Figure 3.1(a)) confirms the dominant role of
oxygen in the observed phenomenon.

We then analyzed the spectral changes of PL to infer modifications incurred to the material.
Figure 3.1(b) shows comparison of the PL spectrum on fresh and aged samples before and after
the treatment. Excitation power of 38 uW (3.1 kW/cm?) is chosen low enough such that local
heating effects are safely neglected. Compared to a fresh sample, aged 1L-MoS; shows almost
50% weaker PL intensity. The laser treatment, however, enhances the PL by factor of 9.
Comparison of the normalized PL before and after laser treatment shown in Figure 3.1(b) inset,
signifies the reduction in spectral width after laser treatment. Such a change is direct indication of
defect passivation. As a result, the trion density reduces and the emission is dominated by exciton

recombination [7].
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Figure 3.1. (a) 3D view time evolution of photoluminescence spectra on aged 1L-MoS2 at constant photoexcitation (532 nm)
power of 22 mW, as a result of laser treatment in oxygen. The inset shows 2D view of the same data set to help demonstrating
variation in spectral shape. (b) PL comparison of fresh versus aged sample before and after treatment measured with 38 uW
photoexcitation, illustrating PL intensity modulation caused by laser treatment. The inset shows normalized PL of aged sample
before and after treatment, depicting PL spectral shape narrowed due to laser treatment.

In order to quantify the contribution of trion and exciton recombination to the PL, we fit A
and B exciton [37] PL features to a convolution of Gaussian and Lorentzian lineshape functions
(\Voigt). For the trion (A") feature we used a Gaussian convolved with an exponential decay on the
lower energy side [38]. Figure 3.2(a) and Figure 3.2(b) show the fit curves for the PL spectra

before and after treatment, respectively. Both spectra show the B exciton at 2.00 eV, neutral A
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exciton peak (A% at 1.86 eV, and A  peak at 1.82 eV. The spectral weight of each feature is

calculated by dividing the integrated PL intensity of fit curves by the integrated total PL intensity.
As can be seen in Figure 3.2(c), 33.3 % contribution of the A" is almost reduced to 17.3 % after
laser treatment. On the other hand, A° recombination became the dominant radiative mechanism
after laser treatment, contributing more than 80% of the PL spectral shape.

The suppression of trions has been previously reported and explained based on oxygen
adsorption occurring on defect sites [21]. Sulfur vacancies create excess free electrons. Oxygen
molecules depletes these electrons, hence p-doping the material [26]. More detailed spectral
analysis of neutral exciton and trion line shapes further reveals the p-doping nature of the treatment
process. Figure 3.2(d) and Figure 3.2(e) show the normalized fit curves before and after treatment
for A~and A°, respectively. The low energy exponential tail in A" line shape originates from the
recombination of the non-zero momentum trions and is an indicator of their thermal
distribution [38], while the full width at half maximum (FWHM) of the A° Gaussian is directly
related to the local temperature and thermal distribution of the neutral excitons. As shown in the
inset of Figure 3.2(d), the exponential tail length of trions is decreased after the laser treatment,
demonstrating lower local temperature generated by incident laser excitation. This justifies less
trion formation since their recombination tends to locally heat the sample via Auger processes.
Lower local temperature is also reflected in the reduced Gaussian FWHM of the A°, as can be
observed in the inset of Figure 3.2(e). Both parameters verify the p-doping occurred and

suppression of trions as a result of laser treatment.
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Figure 3.2. Spectral analysis performed on PL measured with 38 uW excitation power (a) before and (b) after laser treatment.
Each spectrum comprises of three components: A-, A%, and B peaks. Convolution of Gaussian and Lorentzian (Voigt function) is
used to fit A? and B exciton peaks and exponentially modified Gaussian on its low energy tail used for A- peak. (c) Comparison of
the spectral weight of A% A-, and B peaks before and after treatment. (d) and (e) show normalized fit curves for A- and A° peaks
respectively, before and after treatment. The insets compare the low energy exponential tail length and Gaussian FWHM,
respectively.

Previous studies have shown p-doping of 1L-MoS; affects its Raman vibrational
modes [39]. Figure 3.3(a) shows the Raman spectra for E* and A"1 modes before and after
treatment in various ambient conditions. As expected, before laser treatment, change in the
ambient gas does not modify the Raman spectrum (blue versus red curve in Figure 3.3(a)). Laser
treatment blue shifts the A"1 mode as long as the sample is kept in oxygen (black curve in Figure
3.3(a)), meanwhile the E” mode red shifts (see Figure A4(a) for details). The stiffening of the A"1

mode observed in the Raman spectrum after laser treatment and in the presence of oxygen is in
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full agreement with the p-doping effect [40] expected from oxygen adsorption. On the other hand,

the change in E” mode reflects the variation in the tensile strain among crystalline atoms [41].
Change in strain is expected to occur if a sulfur vacancy is created in a spot or inversely, an existing
sulfur vacancy is filled with adsorption of a compensating atom [19]. It is also important to note
that, after laser treatment the peak intensities for both A"1and E” are reduced. In order to confirm
the intensity reduction is not due to laser induced damages [42], we vacuumed the chamber and
repeated the Raman measurement. The Raman spectrum reaches to the initial value (green curve
in Figure 3.3(a),) upon vacuuming, clearly verifying no measurable damage occurred to the
sample. The change in the Raman spectra is reversible, i.e introduction of oxygen back into the
chamber reverts both modes to their previous intensity levels and spectral positions (see Figure
Ad).

Similar to Raman spectrum, the PL intensity is very sensitive to the ambient gas after
performing laser treatment. Figure 3.3(b) shows, after the sample is laser treated in oxygen
ambient, PL increases (black curve), subsequent vacuuming reduces the PL (green) and
reintroducing the oxygen increases the PL (pink). This reversible change in PL and Raman spectra
by just vacuum illustrates that p-doping of the sample is due to physisorbed oxygen molecules,

which can be removed from surface relatively easy.
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Figure 3.3. Comparison of (a) Raman and (b) PL spectrum in various ambient condition before and after laser treatment
performed in oxygen. (c) PL spectrum in various ambient conditions before and after laser treatment performed in vacuum. In all
panels, blue and red curves correspond to spectra obtained before laser treatment while the sample is in oxygen and vacuum,
respectively. Black and green curve are related to the spectra after treatment was performed keeping the sample in oxygen and
vacuum, respectively. The pink curve in panel (a) and (b) corresponds to releasing the oxygen back into the chamber following the
vacuuming performed after laser treatment. The measurements were performed consecutively starting from the untreated sample
in oxygen and ending with reoxygened, treated sample. Treatment was performed only once before collecting black curve data.

3.3 Discussion

The presented results clearly show laser treatment of monolayer MoS; in oxygen ambient,
reduces free charges and trion recombination and therefore improves PL efficiency. One potential
explanation for this observed phenomenon is introduction of more sulfur vacancies to the sample
via laser irradiation, hence increasing the chance of oxygen adsorption. It has been previously
reported that defect density on monolayer MoS: can be increased by various means including laser
irradiation [43,44]. However, such processes take place in a considerably longer time scale than
what we observed in our experiments. On the other hand, our results could not be reproduced on
fresh samples (Figure A5), confirming the underlying mechanism to be more than just creating
extra defect sites on the sample.

Figure 3.3(c) shows the laser treatment of the sample in vacuum. Here, the PL does not
improve, even if the oxygen is introduced after treatment. That suggests laser irradiation alone is
not just removing the contaminants from the 2D material [45] but instead there is a chemical

reaction taking place. Earlier works showed that oxygen interacts with defects via both
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chemisorption and physisorption [46-48]. Chemisorption requires splitting of oxygen molecules
into atoms and forming strong Mo-O bonds in the lattice. On the other hand, physisorption forms
by weak Van der Walls interaction between O> molecules and sulfur vacancies. Computational
studies suggest oxygen dissociation at the MoS; defect sites requires overcoming a potential barrier
around 1eV [48-50]. According to kinetic theory, this energy can be provided at 450K [51]. In our
experiments, local heating due to laser excitation can facilitate dissociation of O,. We used Raman
spectroscopy to estimate the local temperature under 22 mW photo-excitation (see Appendix A,
section 4). Our temperature evaluation reveals that the local temperature raises up to 440K, which
is in perfect agreement with previously reported values required to overcome oxygen dissociation

barrier at defect sites [51].
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In Oxygen
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Laser Treated Aged 1L-MoS,/Quartz PL Intensity

Figure 3.4. (a) Schematic demonstration of laser treatment process on aged 1L-MoSz. On the top there is a view of aged sample
with a sulfur vacancy. At the bottom, surface cleaning + oxygen physisorption on defect site facilitated by laser treatment is
depicted. PL image of a monolayer flake is shown where the letter “N” is produced using laser treatment in (b) presence of oxygen,
(c) vacuum, and (d) after reintroducing the oxygen.
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We note that the formation of stable chemisorbed oxygen bonds is in direct contrast of
reversibility of PL under vacuum. Furthermore, the tensile strain due to formation of Mo-O bonds,
which can be observed as redshift of E* mode in Raman spectra (black curve in Figure 3.3(a))
should not change under vacuum, but it does. Therefore, oxygen chemisorption cannot fully
explain our experimental results, although it might take place as a secondary process. Previous
studies show chemisorption of oxygen occurs much slower than oxygen physisorption [32]. We
conclude then, during the laser treatment oxygen catalyzes the removal of other adsorbates from
the surface. This exposes the already existing sulfur vacancies to oxygen molecules as
schematically demonstrated in Figure 3.4(a). Such a cleaning process prepares defect sites for
efficient Oz physisorption while oxygen chemisorption may occur at lower rate (Appendix A,
Section 5).

Since removal of oxygen has dramatic effect on PL, it can be used to switch or tune the
optical properties of monolayer MoS,. Enhancing the PL on 1L-TMDs by laser irradiation is a
promising tool to generate desired micro patterns on the surface of the sample [52,53]. However,
controlling the intensity of the emitted light does not seem to be possible in previously reported
methods and created patterns stay bright compared to adjacent area. Figure 3.4(b) shows PL image
(see methods for details) of a 1L-MoS; flake, where the letter “N” is generated using the laser
treatment as described earlier. As illustrated in Figure 3.4(c), subsequent vacuuming makes the
pattern almost invisible. However, the treated spots stay highly reactive and as shown in Figure
3.4(d), reintroducing oxygen into the chamber brightens up the treated spots. Fine tuning the PL,
on the other hand, is possible via removing oxygen molecules from defects temporarily by
applying ultrashort femtosecond (fs) laser pulses. Figure 3.5 shows the effect of fs excitation on

the PL spectrum of the laser treated sample. The PL is measured with 38 uW of continuous wave
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(CW) excitation. In order to control the PL intensity, we excite the same spot with fs pulses (see
methods for details) at different excitation fluences. The narrow and enhanced PL of the treated
sample (red curves) can be tuned (black curves) down to the PL of untreated sample (blue curves).
Once the fs excitation is ceased the PL rises again (green curves). The recovery time of the PL
depends on fs excitation fluence used. At higher fluences, it takes longer for the PL to reach back

to the treated sample PL intensities (see Appendix A, section 6 for details).
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Figure 3.5. Reversible PL tuning by applying fs laser pulses on laser treated 1L-MoS.. In all panels, blue and red curves are the
PL before and 10 seconds after treatment, respectively, with CW excitation only. Black curves correspond to PL measured with
simultaneous CW and fs excitation at (a) 3 pJ/um?, (b) 6 pJ/um?, (c) 9 pJ/um?, (d) 12 pJ/lum?, (e) 15 pJ/um? pulse energy. Green
curves are PL collected by CW only excitation after 10 seconds of blocking fs pulses. 38 uW power used for all CW excitation.
Treatment was performed only once before collecting red curve data. The measurements were performed consecutively starting

from blue curve and ending with green curve.

3.4 Conclusion

In this letter we investigated the laser treatment process, which helps recovering and further
enhancing the PL on the aged 1L-MoS>. We observe irradiating the sample with CW laser beam

cleans the 2D material surface and exposes already existing sulfur vacancies to oxygen molecules.



30

This process facilitates physisorption and eventually chemisorption of oxygen at defect sites,
giving rise to depletion of negative charges, hence suppressing trion formation and enhancing
neutral exciton recombination. The p-doping due to adsoption of oxygen molecules is confirmed
by our PL spectral analysis and Raman spectroscopy measurements. The reversibility of the PL
enhancement in vacuum enables turning ON and OFF of a designed pattern on the sample’s
surface. Furthermore, we showed introducing fs laser pulses to the treated sample promotes fast,
reversible and broad range modulation of the PL. Other than accurate and reversible modulation
of the PL, the laser treatment of aged 1L-MoS: provides high sensitivity to oxygen adsorption.
Room temperature operation, along with high responsivity and fast recovery time are remarkable
features achieved by introducing ultrafast laser pulses to the treated sample, making it a promising

approach for gas sensing applications [54-57].

3.5 Methods

Sample Preparation

2D layer MoS; was grown on Sapphire substrate by chemical vapor deposition [58].
Monolayer MoS; was manually transferred onto the quartz substrate suing a surface energy
assisted method [59]. The two samples under study (12 and 18 month aged) were kept at room
temperature in ambient condition.

PL measurements

For CW only excitation, a diode- pumped solid state laser (Verdi, Coherent) beam at 532
nm was used along with variable neutral density filters to adjust the laser power. A glass thickness
compensated ultra-long working distance 50x objective lens (NA=0.5) was used to focus the laser
on the sample. The power was measured before the objective using a power meter (Thorlabs

S121C). The PL was collected by the same objective and passed through a dielectric 550 nm long-
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pass filter to block the fundamental 532 nm line. The light was then focused onto the slit of the
spectrometer using a 2x lens. The PL was spectrally resolved by a spectrometer (Acton SP2300)
with a 300 grooves mm™* grating and imaged by a deep cooled CCD camera (PIXIS).

For fs + CW excitation experiments, the CW 532 nm laser light described above was
coupled to fs pulses using a 50%-50% beam splitter. Fs laser pulses were generated by a Ti-Saphire
ultrafast laser system (Mira 900, Coherent + Rega 9000, Coherent). The amplified fs pulses were
sent to an Optical Parametric Amplifier (OPA 9400, Coherent) and 532 nm pulses with 100 fs
pulse width at 250 kHz output from the OPA were selected. The choice of 532 nm wavelength
from the OPA was merely to match in focus after the objective lens for both CW and fs beams,
since different wavelengths have slightly different focal points.

To take PL images, CW 532 nm laser light was focused on the sample at 45° angle with
respect to normal using a 75 mm lens. This created an almost uniformly illuminated area around
50 um?. 700 uW of power was chosen to avoid any disruption on the laser treated spots. The PL
was then collected normal to the sample using the same geometry explained for CW only
excitations, above.

Raman measurements

Same set up used as in PL measurements, except the long-pass filter being replaced by 533
nm Notch filter with 17 nm FWHM (Thorlabs NF566-17) which allowed the acquisition of both
Stokes and Anti-Stokes scattered light simultaneously and switching the grating to a 1200 grooves

mm-* one.
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Chapter 4

Room Temperature Electron Hole Liquid (EHL)

4.1 Introduction

Many-body interaction between elementary particles gives rise to formation of matter in
the form of classical states such as solid, liquid, and gas. Similarly, strong correlation among
quantum particles and quasiparticles like electrons, phonons and excitons is the foundation of
exotic states such as electron-hole liquid (EHL). Unlike the classical states, the exotics states are
usually observed at cryogenic temperatures, which limits their applicability. EHL, in particular, is
a high excitation density phase in which electrons and holes exist in a Coulomb bound collective
state. The critical temperature to form EHL is roughly set by the exciton binding energy the
empirical relation 10kT.~E}, where T is the EHL formation critical temperature and Ep, is the
exciton binding energy and Kk is the Boltzmann constant.

In most conventional semiconductors, the binding energy is few to 10s of meV. As a result,
the EHL critical temperature falls in cryogenic regime. On the other hand, due to quantum
confinement and reduced Coulomb screening in thin layer TMDCs, exciton binding energies are
around 0.5 eV [60] which allow excitons to exist beyond room temperature. The other ingredient
to form EHL state is long carrier lifetime which allows sustaining photo-excited charge carriers
until dense electron-hole plasma (EHP) or liquid state is formed. In this chapter we show how

direct-to-indirect bandgap transition of 1L-MoS: under photo-thermal expansion results in room
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temperature EHL formation. Our PL spectral modeling based on Fermi liquid theory further
justifies our experimental observations by demonstrating how the efficient radiative recombination
of a small amount of charge carriers left in the direct valley leads to the enhanced PL. Finally, we
investigate the possibility of dense plasma formation in an already indirect gap system: multilayer
MoS,. Our results show, non-uniform strain on multilayer MoS; leads to charge and exciton
funneling toward the point with maximum strain. The concentration of charge carriers due to

funneling can result in dense state formation.

4.2 EHL Formation on Suspended Monolayer MoS:

Monolayer MoS; is a direct gap semiconductor at the K point of the Brillouin zone with
the lowest excitonic transition energy (A-exciton) of about 1.89 eV [61]. EHL formation in
monolayer MoS: is evidenced by an abrupt change in the PL spectra in the shape of intensity
increase and spectral shift coincident with reaching a certain excitation threshold. Figure. 4.1(a)
shows as the excitation intensity is increased, the PL intensity undergoes a transition from weak
excitonic regime to a bright, broadband EHP phase. In fact, when the photoexcitation passes a
critical value, only about 20% increase in laser power leads to more than 5-fold increase in the
detected PL intensity [62]. Raman spectroscopy reveals 1.25% and ~420K as the strain and
temperature at which the exciton-plasma crossover takes place (Figure 4.1(b)). DFT based band
structure calculation pictured in Figure 4.1(c) shows at the critical strain level of around 1.25%,
the sample goes a direct-to-indirect bandgap transition with the lowest gap at K valence and I"
conduction bands. The bandgap cross over is further confirmed by differential absorption
measurements at high excitation fluences, where formation and relaxation of plasma state take
around hundred nanoseconds, matching the thermal evolution time scale of the excited

material [8]. Figure 4.1(d) schematically shows once the material becomes indirect, most of the
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excited holes reside in the I" valence valley while the electrons fill up the K conduction valley [9].

The intensity enhancement in the PL measurements seems contradicting this configuration since

we expect nonradiative decay pathways to dominate in the indirect gap semiconductor.
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To gain deeper insight in the photoexcited carrier dynamics, we applied Fermi liquid theory

to model the PL measurements spectra. The general form for the PL spectrum of EHL can be

written as:

10w) = Alup |

hv'

0

De,h(E)~ YGen fe,h(E)

D,(E)D,(h) (hv' — E) dE

1)
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Where, I(hv) is the spectral intensity, D, , (E) is the distribution of carriers g, j is the 2D

density of states, f, ,(E) is Fermi-Dirac distribution, A is an overall scaling factor and |u|? is the
matrix element of quantum mechanical transition for direct gap photon emission event. The upper

integration limit hv'is related to the measured photon energy 4v:
hvl = hv — (Eopt + Eb - AET - EBGR) (3)
AE7 is the thermal shifts occurred to the bandgap due to changes in temperature, AEg¢g IS

correction to the bandgap due to high charge carrier density, AE,,,,, is the optical gap of unstrained

material considered as 1.89 eV, and E,, is the exciton binding energy taken as 0.42 eV.

The line-shape produced by Eq. (1) shows a high energy tail which closely resembles
experimental PL measurement results, but also a low energy tail that sharply cuts off, failing to
capture the nearly perfect exponential tail experimentally observed. This broadening is due to finite
lifetimes of the carriers within the degenerate bands [63]. i.e., electron and hole vacancies can be
filled by higher energy electrons and holes in the same band. The result is a finite lifetime of the
final state of radiative transition [64]. The distribution of carriers for electrons and holes are

lifetime broadened and can be modeled with a Lorentzian convolution in energy:

mﬂw)=gmj'@hwﬂﬁw¢E—E®dE 4
0

1 T, ,(E'
Le,h(E —E") = % ’h( 1) (5)

(E~E')2 + [3Ton(EN]?

2
Fe,h(E,) = ae,h(E, - E]f'h) + Ce,h (6)
Here, f(E) is the Fermi function. Lifetime broadening was treated independently for
electrons and holes with «, , and C, ; serving as fitting parameters for each charge species. By

applying Eq. (4), model PL outputs were produced and fit to experimental PL spectra.
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Figure 4.2(a) shows the results with fitted curves plotted over the experimental data. The
PL model reasonably fits to the observed line-shape for the high fluence regime where the system
is in the EHL phase. The inclusion of the lifetime broadening discussed above greatly improved
the model fit (see Figure 4.2(b) and (c) for comparison). Interestingly, for low fluences (below 2

kW/cm?) the system is largely excitonic and our developed PL model begins to break down.
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Figure 4.2  (a): water fall plot of fit model vs. experimental results. (b) shows the low energy tail deviation of the fit from the
experimental data for the highest excitation fluence when the inter-band transition is not considered. (c) shows the recovery of the
fit at low energy tail when the inter-band transition is considered at the same excitation fluence. Figure reprinted from Reference [9].

Figure 4.3 demonstrates the variation of some of the fit parameters as function of excitation
fluence. As can be seen in Figure 4.3(a), total charge carrier density saturates at around 5x10° cm’
2 in total agreement with our previous estimates of saturation carrier density. Also, As Figure

4.3(b) shows at the same fluence as the charge carrier density saturates, the temperature reaches to
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a maximum consistent with precious Raman measurements. Furthermore, by calculating the quasi-
fermi levels of electrons and holes, individual population at each valley are found. As we see in
Figure 4.3(a), for low fluences, when the bandgap is direct, holes mostly exist in the K valley,
while once the direct-to-indirect bandgap transition occurs the “hole” population predominantly
shifts to the I" valley. At high fluences, the saturation charge carrier density of the K and I valleys
are 0.48 and, 4.4 x10° cm respectively, a ratio of 9:1. This finding suggests that, despite the
increase in PL intensity, the abrupt shift in PL line-shape coincides with the migration of holes
from the direct to the indirect gap, as the sample is moving from the excitonic to the EHL phase.

Another critical information that can be obtained from the fit model is the variation in AJu[?
pre-factor. The transition dipole moment, W, is independent of both energy and excitation
level [65]. However, AJu|> shows four-fold increase within the excitation fluence interval of our
study. Notably, increase in charge carrier density only accounts for 20% of PL enhancement as
seen in Figure 4.3(a). Additionally, the “hole” carrier density of the K-K gap drops nearly six-fold
once EHL transition occurs. Considering the fact that radiative recombination mostly takes place
at the direct gap, we get almost 24-fold increase in the PL intensity per unit of carrier density
shown in Figure 4.3(c). This observation indicates a significant change in the radiative decay
dynamics in the EHL phase as compare with the excitonic regime.

There are two possible explanations for the observed increase in the PL efficiency. Either
radiative processes are increasing in efficiency, or nonradiative decay paths are being inhibited. It
is unlikely that the fourfold increase in PL amplitude can be attributed solely to changes in the
transition matrix element. However, suppression of nonradiative decay paths has been shown to
significantly increase PL quantum vyield [66]. Considering the dominant role of nonradiative

processes [23,67] and defect passivation on PL efficiency [11,68], it is possible that the EHL phase
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transition provides sufficient carrier concentrations to fill defect sites, thereby increasing the

recombination efficiency of direct gap carriers.
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Figure 4.3. Variation of some of the fit parameters with excitation fluence. (a): Hole density (nn) per valley, (b): calculated
temperature, and (c): PL intensity front factor. Figure reprinted from Reference [9].

As discussed earlier in this section, formation of dense state requires relatively long carrier
lifetime and high excitation density. This condition was provided by using CW excitation serving
as both thermal heat source and charge carrier producer. Next, we will demonstrate how these two
criteria could be achieved in a different experimental scheme: non-uniformly strained multilayer

MoS..
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4.3 Exciton and Charge Funneling in Nonuniformly Strained
Multilayer MoS;

Non-uniformly straining 2D TMDCs has become the center of attention due to the
possibility of localization of excitons by strain funneling [69]. Generally, there are three possible
funneling mechanisms based on the energy profile of the quasiparticles (electrons and holes) and
excited states, i.e., electron-hole pairs. If the energy level of excited electrons continuously
decreases towards the point with maximum strain while holes energy level increase, Type | funnel
is formed [see Figure 4.4(a)]. In this case, if charge carriers have sufficiently long lifetime, they
will be concentrated at the point with maximum strain. For the case when both electron and hole
energy levels decrease toward the point with maximum strain, the result depends on the Coulomb
interaction between quasiparticles and exciton binding energy. For weak exciton binding energies,
excitons dissociate by the built-in electric field and move in opposite direction. This condition is
referred to as Type Il funnel and is shown in Figure 4.4(b). However, if binding energy is large
enough to hold the exciton together, the exciton migrates toward the point with maximum strain
and that is called Type 111 funnel [Figure 4.4(c)]. Strain driven funneling on TMDCs is categorized
as Type 11 due to strong binding energy and have been demonstrated by means of wrinkling[16],
nanobubles[17], pressurizing membranes[18], or nanopillars[19-21]. In this work, we locally
strain multilayer MoS; using nanopillars to explore funneling and diffusion of excitons and
negative charges towards the strain apex, hence increasing charge carrier density in an already

indirect gap semiconductor which is the required EHP formation condition.
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Figure 4.4. Three broad-spectrum funneling mechanisms resulting from various band bending and exciton binding energies in
an strained semiconductor [69].

Figure 4.5(a) shows a colorized SEM image of one of our samples, a nanopillar (in blue)
fully covered by multilayer MoSz (in purple). The darker purple region around the pillar is
suspended material, stretching ~1 um from the top of the pillar to the substrate. We refer to the
suspended portion of the material as the "tented" region. Figure 4.5(b) shows optical microscope
image of another multilayer MoS; flake with two pillars noted as Pillar 1 and Pillar 2 with tented
sample on top. The PL of these two pillars is pictured in Figure 4.5(c) along with a PL taken on
the unstrained material. A red shift in peak position and enhancement in peak intensity is clear for
both A- and B- excitons for the spectra taken on pillars compared to the unstrained PL. Slight
difference in PL intensity and peak positions on the two pillars is related to various strain caused
by different pillars which is mainly due to variation in the pillar shape, degree of tenting, or
wrinkles during the transfer process. Next, we investigate tri-layer MoS; as a representative sample

of multilayer MoS..
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Figure 4.5. (a): Colorized SEM images showing multilayer MoSz on top of nanopillars. The inset clearly shows the tented area
formed due to strain. (b): Optical microscope image of bilayer and trilayer MoS2 covering multiple pillars. The green circle
represents the excitation beam size (~450 nm in diameter). (c): lllustrates the PL on the two pillars shown in panel (b) and the PL
for the unstrained sample.

We start our discussion by studying the variation of the strain on the sample by performing
Raman and PL spectroscopy across the pillar in steps of 0.1 um and fit the results with Voigt
profiles. Figure 4.6(a) shows that both Raman active phonon modes (E2g and Aig) soften from the
substrate to the 300 nm pillar region (blue bar). The in-plane E2>g phonons respond mostly to
strain [41,76], while out-of-plane A1g mode red-shifts with charge and does not soften significantly
with strain [40]. Figure 4.6(b) plots the calculated strain across the pillar. The strain in the material
varies from &€ = 0% on the substrate at one end of the scan (+3 um), to a nominal max value of € =
1.55%. This value is a lower limit of the maximum local strain due to the convolution of the laser
spot with the strain profile.

Figure 4.6(c) shows the peak positions for the characteristic neutral (A- and B-) and
charged excitons (T) across the pillar. For the unstrained sample, A- exciton, B- exciton, and trion
peaks are found to be around 1.85 eV, 2.01 eV, and 1.82 eV, respectively in agreement with
previous reports [16,77]. However, all these spectral features red shift due to strain as the
excitation spot gets closed to the pillar. The A-exciton peak reaches 1.79 eV on top of the pillar

which corresponds to 1.51% strain [Figure 4.6(d)] based on the calibration coefficient reported in
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reference [41]. The extracted strain value from strain closely matches the calculated value from

our Raman measurements.
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exciton position shown in panel (c). Figure adopted from [78].

Next, we use non-local PL imaging to directly observe exciton strain-funneling on tri-layer
MoS>. The laser excitation is focused by a 0.7 NA objective to a diffraction limited spot of ~ 450
um while the PL from a large area is imaged on a CCD. The sample is scanned from y = -3 pum to
y =3 um in 0.1 um steps, and directly across the pillar. Figure 4.7(a), (c), and (e) show three
different positions of the laser, indicated by the yellow circle. Figure 4.7 (b), (d), and (f) show the
corresponding normalized PL intensity line-cuts along the vertical axis. The position of the pillar
at y = 0 is indicated by the blue bar. The laser beam (lavender peak inside the intensity profile)
with width @o = 0.45 pm is much narrower than the PL intensity profile wp. = 0.91 um, which
shows exciton diffusion from their initial generation spot during their lifetime.

When the laser spot is at y = -2 um and away from the pillar, shown in Figure 4.7(a), the
PL is symmetric on both sides of the excitation area as can be seen in Figure 4.7(b). However, as
the beam gets close to the vicinity of the pillar, at y = -1 um, a secondary peak starts to rise at the

pillar position [Figure 4.7(c,d)]. Furthermore, when the excitation is coinciding with the pillar
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illustrated in Figure 4.7(e), the PL line shape becomes considerably narrower [compare Figure
4.7(b) and Figure 4.7(f)]. The non-local PL imaging results indicate both strong exciton diffusion

and drift from funneling. The peak broadening of the PL compared to the laser line-width is a

measure of the diffusion, with a diffusion length ~m = 1 um on the substrate. The
funneling is evidenced by the asymmetry in the PL line-shape as soon as the excitation spot
overlaps with strain profile. A schematic of the diffusion and funneling is shown in Figure 4.7(g-
i), where the diffusion and funneling strength are represented with different length green and red
arrows, respectively. The competition between diffusion and strain-induced drift dictates the extent
of PL broadening atop the pillar. As expected, a larger diffusion coefficient is observed for the
tented (suspended) material [79]. At the apex of the pillar [Figure 4.7(f)], the PL peak width is
considerably smaller compared to the PL on the substrate due to the strength of strain-induced
band-bending concentrating excitons to the apex. Owing to the highly localized exciton density in
this region, the outward diffusion must also be stronger. Hence, the funneling at the strain apex is

strong enough to counteract diffusion pressure, resulting in substantially narrower PL line width.
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Figure 4.7. (a-f): 3 different excitation positions and their resulting intensity profiles. (g-i): Schematic of interplay between
diffusion (green arrow) and strain-induced funneling (red arrow) at the corresponding excitation position. Figure adopted from [78].
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While the non-local PL imaging demonstrated exciton funneling towards the apex of the
pillar, Raman Ay peak position analysis shows additional charge funneling to the same spot.
Figure 4.8(a) illustrates the spatial variation of charge density across the pillar and a substantial
charge accumulation of ~ An = 2.1x10'? cm? at the pillar can be seen. The piles up charge
manifests in the appearance of a trion PL peak which is almost non-existent on the substrate. Figure
4.8(c) and (d) show the raw PL spectra on the substrate and from the center of the pillar. The
substrate PL intensity has been multiplied by a factor of 15 to be visible. The trion contribution is
shown by the red area. The trion-to-exciton ratio increases at the top of the pillar as a consequence
of conversion of localized excitons to trions in the presence of an abundance of funneled charge
carriers. This result is in total agreement with a recently reported strain funneled charge carriers

giving rise to an increased trion formation on WS; [80].
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Figure 4.8. (a): Charge carrier density extracted from Raman Alg mode. (b): PL intensity variation across the pillar. Total PL
(black curve) shows 1.5x increase on the pillar compared to the unstrained region. (c) and (d) show PL spectra for unstrained (on
substrate) and strained (on the pillar) sample, respectively. Figure adopted from [78].
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Another notable change in the PL spectra when moving from unstrained sample to the
strained sample is the remarkable 4.5 times enhancement in PL intensity on the pillar compared to
the substrate as shown in Figure 4.8(b). The enhanced PL intensity is in stark contrast with the PL
reduction expected for strained material [41]. Furthermore, trion formation should result in
reduced exciton radiative recombination, which again is not consistent with our observations.
Doping controlled studies have shown that compensating the accidental charge via a gate voltage
removes nonradiative decay channels [6]. Hence, considering the charge funneling occurred in our
experiments, the 450% increase in PL intensity is unlikely to be due to a reduction in nonradiative
rates. One possible mechanism is the formation of exciton trapping sites due to strain. Since no
exciton with momentum outside the light cone can decay radiatively [38], localization of excitons
increases the radiative decay rate. However, the strain produced by the pillar localized excitons to
a large area, not a point. As a result, this can’t be the only reason for the observed PL enhancement.

We believe that the most likely reason for the PL intensity increase comes from excitons
dissociating into unbound electrons and holes [81]. Dissociation of excitons require overcoming
the exciton binding energy and can be facilitated via increase Coulomb screening. In fact, exciton
and charge funneling reduces the exciton binding energy by decreasing the Coulomb interaction
between electron-hole pairs, resulting in an increase in the optical gap. At the same time,
concentration of charge and excited quasiparticles shrinks the electronic gap via BGR. These two
effects tend to cancel each other [82-84], not allowing the spectral changes to be obvious. Pump-
probe studies or transient PL and reflectance experiments could further elucidate the origin of the
strain-induced PL enhancement in these multilayer materials, and will be the basis of further

studies.
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4.4 Conclusion
Here, we reported on funneling of excitons and charge carriers in strained multilayer MoS>
on nanopillars. Unlike previous studies, we show strong non-uniform strain of € = 1.3-1.7 %,
resulting in both charge carrier concentration and enhanced PL. using non-local PL imaging, we
directly observe the interplay between diffusion and funneling of excitons. The 450% PL intensity
enhancement on the pillar compared to the unstrained material, despite the more indirect nature of
the strained sample, suggests dissociation of electron-hole pairs due to enhance Coulomb

screening.
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Chapter 5

Broadband Micro-TAS Enabled by Improved

Lock-in Amplification

5.1 Introduction

This Chapter has been submitted to AIP, Review of Scientific Instruments [85].

Transient absorption spectroscopy (TAS) is a widely utilized tool for studying optical and
electronic properties of a wide range of materials, including but not limited to: organic
semiconductors [86,87], nanowires [88], plasmonic nanostructures [89], perovskites [90], and 2D
material [91]. The pace that we discover new materials requires constant refinements and
improvements to our experimental techniques. Specifically, new multi-domain thin film or
nanostructured thin materials require optical characterization at sub-micron spot sizes. Hence, to
explore dynamics due to a varying local environment, e.g., localized strain [92], time-resolved
techniques require significant improvement to gain the needed sensitivity enhancement.
Improvement of lock-in amplification, the most common TAS detection scheme for high-
sensitivity measurements, is of great interest for a variety of research fields. One of the major
limitations of lock-in based micro-TAS setups is the exclusive utilization of ultrafast oscillators
with repetition rates around 80 MHz [88,93,94], despite the much wider temporal window and

higher pulse energy an ultrafast amplifier could provide. Femtosecond amplified lasers with
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repetition rates of 1-250 kHz can feed optical parametric amplifiers (OPA) to produce tunable
pump beam in the visible range while generating broadband white light continuum as probe light.
This is particularly interesting if near-band edge [95] or variable energy excitation is
required [11,96,97].

Clearly, amplified lasers provide more versatility for ultrafast pump-probe studies.
However, such laser systems are rarely applied in micro-TAS. This lack of use arises from much
higher lock-in detection efficiency at the high repetition rates of ultrafast oscillators compared to
the low repetition rates of ultrafast amplified lasers. In a recent effort, Khatua et. al. proposed
applying a boxcar integrator coupled with a lock-in amplifier to filter noise in both time and
frequency domains, resulting in an improved signal-to-noise ratio (SNR) when using a 1 kHz
ultrafast laser for TAS [98]. Here we describe an alternative very easy-to-implement method to
improve the signal sensitivity of lock-in detection in conjunction with ultrafast amplified lasers by
careful analysis of the detector response and sampling rate of common lock-in amplifiers. We find
that for efficient detection of pump-probe spectroscopy signal, the electric output of the
photodiodes must be shaped prior to lock-in detection. We start our discussion by summarizing
the working principles of a digital lock-in amplifier (LI1A). Then, we introduce two electrical
circuits used for pulse shaping and their immediate effect on lock-in detection efficiency. Finally,
we demonstrate the dramatic effect of our technique on ultrafast pump-probe spectroscopy by
performing TAS using 250 kHz ultrafast amplified laser on a sub-micron spot of a bilayer MoSy,
a well-studied transition metal dichalcogenide (TMDC). The choice of the sample was based on

microscopy requirement and inherently weak pump-probe signal of this class of material.
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5.2 Theoretical Background

In a typical pump-probe setup, the beam from a Ti:Sapphire laser is split into two arms.
One arm carries high energy pump pulses to excite the sample while the other arm provides lower
energy pulses used as an optical probe. Both beams are focused to the same spot on the sample.
The time delay between the pump and probe pulse incidence on the sample is adjusted by using a
variable path length delay line in either of the paths. Hence, the temporal changes in the
transmitted/reflected probe light due to the excited population can be measured. These changes
contain information about the relaxation mechanisms of excited population within the material.

Generally, there are two detection methods used in ultrafast pump-probe spectroscopy
depending on the operating repetition rate of the ultrafast laser system: lock-in detection [99] and
single shot detection [100]. Here, we focus on lock-in detection (Appendix B.1l) as the most
common approach when higher signal sensitivity is demanded. Lock-in detection works best if the
input signal has 50% duty cycle i.e., a DC signal modulated at the reference frequency with equal
ON/OFF durations [see Figure 5.1(a)]. In this case, the lock-in amplifier receives a near-constant,
uniform signal during the ON times of the modulation period (T12°N) and low, noise-level signal
during the OFF times (T12°). This input signal is then digitized at a certain sampling rate
determined by the built-in A\D converter (Appendix B.1). In optical measurements, this ideal case
occurs when the event to be detected (photoluminescence for instance) is generated by a
continuous wave (CW) laser or steady state lamp. However, in the case of ultrafast pump probe
spectroscopy, both pump and probe beams are pulsed, reducing the duty cycle to a fraction of a
percent.

As we mentioned in Section I, amplified lasers are rarely used for lock-in detection based

micro-TAS. This is due to a mismatch between the electric output of the photodetectors and LIA
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working mechanism. Efficient detection of optical pulses with ultrashort temporal width (~100 fs),
requires fast a photodiode with output pulses usually ranging from tens to hundreds of
nanoseconds, depending on its bandwidth. The response of these photodiodes to optical pulses of
an 80 MHz (~13 ns pulse separation) ultrafast oscillator laser is a DC voltage proportional to the
intensity of the incident light. As a result, modulating the optical pulses of a femtosecond oscillator
by means of a chopper wheel or an acousto-optic modulator will provide a 50% duty cycle square
wave: An appropriate input signal for a LIA, similar to the schematic of Figure 5.1(a). However,
optical pulses of ultrafast amplified lasers trigger short pulses in the fast PD spaced far from each
other, i.e., very small duty cycle, due to their considerably lower repetition rates. Figure 5.1(b)
schematically shows a small section of the T1,,°N filled with such input signal. The time between
photodiode output electric pulses is noted as tr While the separation between LIA sampling points
is shown by 1s. As can be seen, for 1s < tp, most of the sampling points fail to overlap with a
genuine signal values during T12°N, resulting in a very low detection efficiency. This is the case
for almost all modern LIAs with sampling rates between 250 kSa/s (Stanford Research, SR810) to
210 MSa/s (Zurich Instruments, HF2L1) as their sampling rates are higher than the repetition rate
of femtosecond amplified lasers.

An effective approach to increase the sampling efficiency of the LIA when receiving low
repetition rate pulses is to shape the output pulses of the photodiode to form wider electric pulses.
This leads to a significant increase in lock-in detection efficiency, as more LIA sampling points
are covered by the input signal during T12°N as illustrated in Figure 5.1(c). The necessary
procedure for electric pulse shaping depends on the choice of photodetector connected to a LIA.
In general, photodiodes fall into two categories based on their output: current sources and voltage

sources. Fast biased photodiodes that are conventionally used in ultrafast pump-probe
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spectroscopy are current sources with their electric pulse shape depending on the load impedance
they get connected to. This dependency can be easily verified by directly (without using a 50 Q
termination) connecting the output of a photodiode on any modern oscilloscope with either 1 MQ
or 10 MQ input impedance. Since LIAs have high input impedance of around 10 MQ, they can

effectively stretch incoming pulses from such detectors, similar to what an oscilloscope does.
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Figure 5.1  Schematic of a digital lock-in amplifier working principles. Panel (a): DC input signal fills in the ON/OFF intervals,
generated by the modulation frequency. This signal is digitized at LIA sampling rate given by 1/ ts. Panel (b): A large fraction of
LIA sampling points miss pulsed signal when ts < tp. Panel (c): stretching the signal recovers signal detection by covering all LIA
sampling points.
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For pump-probe spectroscopy with sub-micron spot area, using an avalanche photodiode
(APD) is unavoidable. This is due to the extremely low intensity of the probe beam, as discussed
in Appendix B.2. APDs are voltage sources with output pulse shape insensitive to load impedance,
i.e., direct connection of APD to LIA does not affect the APD output electric pulse shape, so an
auxiliary solution is required. In the next section, we explain two types of circuits which can be
applied to stretch the APD output pulses and in section 1V we demonstrate their outstanding impact

on ultrafast TAS measurements.

5.3 Improved Lock-in Detection by Electric Pulse Shaping
5.3.1 Lowpass RC Circuit

One simple way to stretch the APD output pulses is using a 1% order lowpass RC circuit
(see Figure B.3 for details). Since the charge/discharge rate of any RC circuit is determined by the
RC time constant, we can stretch the electric pulse in time at the cost of decreasing its amplitude
by appropriately adjusting the RC time constant. It’s important to note that the main role of RC
circuit here is only to stretch the electric pulses, not to act as a high frequency rejection filter for
cancelling electronic noise.

To test the effect of RC circuit, we monitor the APD output on an oscilloscope with and
without the circuit applied. Figure 5.2(a) plots the scope trace when the APD output is directly fed
into the oscilloscope. The detected light is a very weak ultrashort laser beam with pulse repetition
of 234 kHz, i.e. 4.27 ps pulse separation. In this case. The electric pulse width is around 50 ns,
typical for the type of APD we used (Thorlabs, APD410A). Next, we place the RC circuit between
the APD and oscilloscope. Figure 5.2(b) shows the results for RC values ranging from 13 nsto 5
ps. We observe as expected that as the RC time constant is increased, the pulse stretches more

while its amplitude drops.
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Figure 5.2  Panel (a) and (b) show the oscilloscope trace of APD electric response to an ultrafast train of pulses (234 kHz) without
(a) and with (b) RC circuit. Panel (c) and (d) show the intensity of the incident white light continuum detected by lock-in amplifier
without (c) and with (d) RC circuit. More than 9 times increase can be seen in detected intensity when optimum RC circuit is
applied.

To showcase the effect of pulse stretching on lock-in detection efficiency, we capture the

spectral profile of white light continuum (WLC) using LIA (see Appendix B.4). Figure 5.2(c) inset
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shows the amplitude of WLC falls between 0.6 mV to 1.2 mV when no circuit is applied. However,
using RC circuit at the APD output considerably increases the detected amplitude while keeping
the WLC spectral profile unchanged [Figure 5.2(d)]. We note that the maximum enhancement is
achieved for RC=1.3 ps, where almost 9 times increase is observed in the LIA detected signal.
Noting that any 1% order RC circuit takes 3 RC time constants to reach/decay 95% of its final/initial
values, RC=1.3 us takes about 4 ps to stabilize which is very close to the 4.27 us pulse separation
in our measurements. In fact, optimum choice of RC values varies from case to case and depends
on the APD output pulse shape and amplitude, pulse repetition rate and LIA sampling rate. One
limitation with using RC circuits for pulse stretching purposes is the reduction in pulse amplitude
for wider desired pulses. For instance, with an amplified ultrafast laser with 1 kHz repetition rate
(1 ms pulse separation), RC constant of about 330 s is required to get the maximum enhancement.
If the input signal is 4 volts high (max achievable output of the detector we used) and 50 ns wide,

the output pulse amplitude would fall below detection limit.

5.3.2 Peak Detector Circuit

To achieve pulse stretching effect without amplitude reduction, we utilize peak detector
(PD) circuits to stretch the APD output. Generally, these circuits consist of a diode connected to a
resistor, a capacitor, or both. In our experiment, we only used a resistor in conjunction with a
Schottky diode (see Appendix B.3 for details). Figure 5.3(a) and (b) depict the scope trace of the
APD output connected to PD circuit for the same incident beam used in Figure 5.2 measurements.
Comparison of Figure 5.2(a) and Figure 5.3(a,b) shows electric pulses can be stretched by tuning
the R value while the peak amplitude is minimally reduced. These circuits offer huge increases to
lock-in detection efficiency, as evidenced by Figure 5.3(c,d) where the spectral profile of the WLC

is captured. Comparison of Figure 5.3(d) and Figure 5.2(c) shows, an optimum PD circuit can
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increase the amplitude of the detected WLC more than 500 times while keeping its spectral profile
unaltered. We predict that an even higher lock-in detection enhancement may be accomplished if
a LIA with higher sampling rate is employed since more sampling points are covered under the
stretched signal. Finally, we observe that stretching the electric pulses more than what is shown
in Figure 5.3(b) has the reverse effect on the lock-in detection efficiency, due to the 4.27 ps
separation between pulses. Further pulse stretching will presumably be of additional benefit for
lower repetition rate lasers. As a rule of thumb, each pulse should reach the base line prior to the

arrival of next pulse to avoid pulse-to-pulse build up.

With Peak Detector Circuit

)| @ (©) o
~ R=20 kQ 400
?: . 300 ;
a . 200 é
5 4 @)
O || (b) (d) i
a 500 B
% . R=70 kQ 400
. 300
200
0

0 1 2 3 4 5 550 600 650 700 750

Time (us) Wavelength (nm)

Figure 5.3  Panel (a) and (b) show the oscilloscope trace of APD electric response to an ultrafast train of pulses (234 kHz) with
a peak detector circuit for R=20 kQ (a) and R=70 kQ (b). Panel (c) and (d) show the intensity of the incident white light continuum
(WLC) detected by lock-in amplifier for R=20 kQ (c) and R=70 kQ (d). More than 500 times increase can be seen in detected
intensity when optimum peak detector circuit is applied compared to Figure 5.2 (c) where no circuit was used.

PD circuits show significant advantage over RC circuits in stretching the electric pulses by
negligibly affecting the input pulse amplitude. However, in the case of extremely weak incident
light, APD output voltage might not be sufficient to overcome the forward voltage of the diode

used in PD circuits. In these occasions, RC circuits can be applied to achieve reasonable lock-in
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detection enhancement. A further optimized circuit design should consider detecting the APD
output peak voltage, holding this value for a span of time almost equal to the period of the incoming
pulses, and eventually falling to base line within few nanoseconds right before the next pulse
arrives. This can be achieved with a more sophisticated “sample & hold” circuit and is the topic of

future study.

5.4 TAS Results and Discussion

To demonstrate the profound impact of pulse stretching on lock-in detection efficiency, we
apply several RC and PD circuits at the output of APD to perform TAS on bilayer MoS: in a
previously unattained configuration: reflection geometry with diffraction limited 700 nm spot size
using a 100X microscope objective (NA=0.7). To the best of our knowledge, sub-micron pump-
probe spectroscopy on 2D transition metal dichalcogenides has not yet been reported. For these
measurements, APD output is fed into two lock-in detectors after passing through the applied
circuit. One LIA measures R, the reflected probe light intensity and the other one detects 4R, the
relative change occurred to the probe light in the presence of the pump beam. More details of the
experimental setup can be found at Appendix B.4.

Figure 5.4 shows spectral differential reflectivity (4R/R) results for two excitation fluences
at zero delay (pump and probe pulses overlap temporally). The two peaks located at around 1.83
eV and 2 eV are originating from A- and B- exciton bleaching observed in these samples [8]. As
can be seen in Figure 5.4(a), at 400 pJ/cm? the RC circuit with RC=13 ns can still distinguish the
signal from the noise, while at 200 pJ/cm? [panel (b)] this circuit fails to detect any meaningful
result, hence its output is not shown here. It’s important to note that, direct connection of APD to
LIA leads to losing signal and detecting random noise even at much higher excitation densities.

Another notable observation is the larger AR/R amplitude when PD circuits are applied compared
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to RC circuits, for both fluences. Generally, 4R/R is proportional to the excited population, which
is directly related to the excitation fluence. Considering the identical experimental condition for
all the measurements and the constant pump and probe fluences, this increase in the differential
signal when PD circuits are utilized is unexpected. An explanation for this peculiarity is presented

after comprehensive discussion of the effect of our technique on lock-in detection sensitivity.
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Figure 5.4 Differential reflectivity on bilayer MoS: for multiple RC and PD circuits at zero delay for 400 pJ/cm? and 200 pJ/cm?,
respectively, clearly showing the A and B exciton peaks. While direct connection of APD to LIA results in no meaningful signal,
the presence of RC circuit allows detecting a clear signal while PD circuit leads to even stronger result.

To obtain a better understanding of the observed differential signal enhancement, we
investigate the temporal dynamics of the A-exciton peak (1.83 eV) at 200 pJ/cm? by applying
various circuits at the APD output. Figure 5.5(a) shows the results for only one scan of the delay
line when PD circuit with R =70 kQ is used while the result corresponding to R =20 kQ is the
average of 2 scans. Similarly, Figure 5.5(b) results are the averages of 4 and 6 scans of the delay
line when RC circuit with RC =1.3 ps and RC =130 ns are applied, respectively. Finally, Figure
5.5(c) illustrates the average of 8 scans of the delay line when no circuit applied. It is clear that as
we go from the circuit with highest pulse stretching capability in panel (a) to the one with the least

pulse stretching shown in panel (b), we achieve less clear resolution of the system time dynamics
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although more data averaging is performed. Eventually, removing direct connection of the APD
output to LIA [panel (c)] results in complete disappearance of the signal.

In order to investigate the statistical variation in detected signal when various circuits are
applied, we recorded 1000 consecutive 4R values at the peak of transient reflection data (zero
delay at 1.83 eV and 200 pJ/cm?). Figure 5.5(d-f) show the histogram of the measured data points
for the four different circuits utilized and in the absence of any circuit, where each value is
normalized to the mean of the same data set. Significantly narrower distribution demonstrated in
Figure 5.5(d) compared to Figure 5.5(f) justifies the enhanced SNR observed in Figure 5.5(a) in
comparison with Figure 5.5(c). Table I lists the mean value (AR), SNR, and coefficient of variation

(Cy) for 1000 consecutive 4R data points measured at =0 and T = 10 ps. Here, SNR is calculated

from SNR = % where o is the standard deviation and C, = 100 X L
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Figure 5.5 Temporal dynamics of A-exciton (1.83 eV) on bilayer MoS2 at 200 pJ/cm2 for (a): PD circuits with R= 70 kQ and
R= 20 kQ, (b): RC circuits with RC= 1.3 ps and RC= 130 ns, and (c): no circuit, respectively. Histogram of 1000 consecutive AR
lock-in values at zero delay for (d): PD circuits with R=70 kQ and R= 20 kQ, (e): RC circuits with RC= 1.3 ps and RC= 130 ns,
and (f): no circuit, respectively. Each value is normalized to the mean of the same data set.

We can clearly see the improvement in the SNR and suppression in Cy when higher pulse

stretching circuits (PD circuits) are applied for both T = 0 and T = 10 ps. However, we emphasis
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this trend is not true for all detected LIA values. For instance, by doing similar statistical analysis
for detected R values, hardly any improvement in SNR is observed and only the signal level is
considerably enhanced as discussed in section Ill. It is important to note that, in most TAS
measurements 4R is only a fraction of a percent of the R values. As a result, if the detected R values
goes below certain level the desired AR value falls below detection limit of the LIA. In our
experimental setup, and with 300 ms time constant setting on the LIA, 1-2 uV is the lowest
detectable signal level. As can be seen in Table 1, when the mean value, AR, goes below 10 pV
and the signal gets close to the noise floor, the fluctuation in the detected signal, Cy, increases
considerably. In fact, when no circuit is used at the APD output, the detected R value is so small
that the differential signal is undetectable. One way to reduce the noise floor is increasing LIA
time constant, which results in significantly increasing the overall experiment time. This is not
practically desirable for most experimental conditions due to amplified laser instabilities, possible
damage/reaction/defect formation on the sample due to long exposure of to the laser pulses, etc.

Table5.1  Mean value 4R, signal to noise ration (SNR), and coefficient of variation (Cv) of 1000 consecutive data points at T

=0 and t = 10 ps delay of TAS experiment, recorded on lock-in amplifier for two peak detector (PD) circuits, two RC circuits and
no circuit applied between APD and LIA.

AR (V) SNR Cv (%)
Applied Circuit
=0 =10 ps =0 =10 ps =0 t=10ps

PD circuit; R =70 kQ 270 107 36 19 2.7 5
PD circuit; R =20 kQ 160 61 33 11 3 9
RC circuit; RC =1.3 5 21 7 3 14 34
s

rFIQSC circuit; RC =130 4 16 4 19 o5 84
No Circuit 0.15 - 0.5 - 219 -




60

Knowing the exact mechanism of how the electric pulse shaping improves lock-in
detection efficiency, now we can explain the unexpected differential signal enhancement observed
in Figure 5.4 when PD circuits were used. With the RC circuits connected to the APD, the peak of
AR is about 5 PV (see 4R in Table 1 at t = 0). As a result, 4R detection becomes very inefficient
due to proximity to the electronic noise level. On the other hand, when PD circuits are connected,
AR values are recorded as 160 pV and 270 pV, way above noise floor. This observation suggests,
in TAS measurements where inefficient lock-in detection is taking place, underestimated TAS
signal is reported. Our results make it clear that providing appropriate input signal for LIAS is
critical for effectively capturing low-level signals. Considering the relative ease of implementation
and low cost, we believe our approach can be a reasonable solution for effective sub-micron TAS

on many unique samples.

5.5 Conclusion

Implementation of super-resolution microscopy principles in the realm of pump-probe
spectroscopy [94,101-104] has opened new avenues to extend TAS barriers. However, due to the
saturable absorption property [105] requirement of the sample under study and demanding
experimental equipment, such approaches have not been welcomed in all fields of science.
Alternatively, we have demonstrated an innovative approach to improve the traditional lock-in
detection technique by reshaping the electric pulse of a photodetector prior to lock-in
amplification. The use of this method provides considerably enhanced signal detection efficiency,
enabling previously unachievable diffraction-limited pump probe spectroscopy on thin layer
TMDCs. The simplicity and affordability of our method, which is based on using a 1% order RC
circuit or a peak detector circuit, makes it an easily- implemented strategy that can be applied to

any lock-in amplifier. Last but not least application of the presented method is not limited to TAS
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but also provides new opportunities for a variety of experiments requiring lock-in detection in
conjunction with low repetition rate amplified ultrafast lasers, including THz spectroscopy, optical

Kerr gate spectroscopy, four-wave mixing, confocal TAS and second harmonic generation.



10.

11.

12.

62
REFERENCES

D. W. Latzke, W. Zhang, A. Suslu, T. R. Chang, H. Lin, H. T. Jeng, S. Tongay, J. Wu, A.
Bansil, and A. Lanzara, "Electronic structure, spin-orbit coupling, and interlayer
interaction in bulk MoS2 and WS2," Phys. Rev. B - Condens. Matter Mater. Phys. 91, 1-6
(2015).

C. H. Lee, G. H. Lee, A. M. Van Der Zande, W. Chen, Y. Li, M. Han, X. Cui, G. Arefe,
C. Nuckolls, T. F. Heinz, J. Guo, J. Hone, and P. Kim, "Atomically thin p-n junctions with
van der Waals heterointerfaces,” Nat. Nanotechnol. 9, 676681 (2014).

B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, "Single-layer MoS2
transistors,” Nat. Nanotechnol. 6, 147-150 (2011).

E. C. Ahn, "2D materials for spintronic devices," npj 2D Mater. Appl. 4, (2020).

J. R. Schaibley, H. Yu, G. Clark, P. Rivera, J. S. Ross, K. L. Seyler, W. Yao, and X. Xu,
"Valleytronics in 2D materials,” Nat. Rev. Mater. 1, (2016).

D. H. Lien, S. Z. Uddin, M. Yeh, M. Amani, H. Kim, J. W. Ager, E. Yablonovitch, and A.
Javey, "Electrical suppression of all nonradiative recombination pathways in monolayer
semiconductors,” Science (80-. ). 364, 468-471 (2019).

S. Tongay, J. Zhou, C. Ataca, J. Liu, J. S. Kang, T. S. Matthews, L. You, J. Li, J. C.
Grossman, and J. Wu, "Broad-range modulation of light emission in two-dimensional
semiconductors by molecular physisorption gating,” Nano Lett. 13, 2831-2836 (2013).

A. W. Bataller, R. A. Younts, A. Rustagi, Y. Yu, H. Ardekani, A. Kemper, L. Cao, and K.
Gundogdu, "Dense Electron-Hole Plasma Formation and Ultralong Charge Lifetime in
Monolayer MoS2 via Material Tuning," Nano Lett. 19, 1104-1111 (2019).

R. L. Wilmington, H. Ardekani, A. Rustagi, A. Bataller, A. F. Kemper, R. A. Younts, and
K. Gundogdu, "Fermi liquid theory sheds light on hot electron-hole liquid in 1L-Mo S2,"
Phys. Rev. B 103, 75416 (2021).

H. Moon, G. Grosso, C. Chakraborty, C. Peng, T. Taniguchi, K. Watanabe, and D.
Englund, "Dynamic Exciton Funneling by Local Strain Control in a Monolayer
Semiconductor," Nano Lett. 20, 6791-6797 (2020).

H. Ardekani, R. Younts, Y. Yu, L. Cao, and K. Gundogdu, "Reversible
Photoluminescence Tuning by Defect Passivation via Laser Irradiation on Aged
Monolayer Mo0S2," ACS Appl. Mater. Interfaces 11, (2019).

Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and M. S. Strano, "Electronics
and optoelectronics of two-dimensional transition metal dichalcogenides,” Nat.
Nanotechnol. 7, 699-712 (2012).



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

63

O. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic, and A. Kis, "Ultrasensitive
photodetectors based on monolayer MoS 2," Nat. Nanotechnol. 8, 497-501 (2013).

A. Pospischil, M. M. Furchi, and T. Mueller, "Solar-energy conversion and light emission
in an atomic monolayer p-n diode,” Nat. Nanotechnol. 9, 257-261 (2014).

S. Tongay, J. Zhou, C. Ataca, K. Lo, T. S. Matthews, J. Li, J. C. Grossman, and J. Wu,
"Thermally driven crossover from indirect toward direct bandgap in 2D Semiconductors:
MoSe2versus M0S2," Nano Lett. 12, 5576-5580 (2012).

A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C. Y. Chim, G. Galli, and F. Wang,
"Emerging photoluminescence in monolayer MoS2," Nano Lett. 10, 1271-1275 (2010).

W. Zhou, X. Zou, S. Najmaei, Z. Liu, Y. Shi, J. Kong, and J. Lou, "Intrinsic Structural
Defects in Monolayer Molybdenum Disul fi de,” (2013).

J. Petd, T. Ollar, P. Vancso, Z. I. Popov, G. Z. Magda, G. Dobrik, C. Hwang, P. B.
Sorokin, and L. Tapaszto, "Spontaneous doping of the basal plane of MoS2 single layers
through oxygen substitution under ambient conditions,” Nat. Chem. 10, 1246-1251
(2018).

Z.Y.Chen, B. Zhao, Z. Q. Chen, C. Shang, and N. Qi, "Stability of defects in monolayer
MoS 2 and their interaction with O 2 molecule: A first-principles study,” Appl. Surf. Sci.
412, 385-393 (2017).

H. Shu, Y. Li, X. Niu, and J. Wang, "Greatly Enhanced Optical Absorption of a Defective
MoS2 Monolayer through Oxygen Passivation,” ACS Appl. Mater. Interfaces 8, 13150—
13156 (2016).

H. Nan, Z. Wang, W. Wang, Z. Liang, Y. Lu, Q. Chen, D. He, P. Tan, F. Miao, X. Wang,
J. Wang, and Z. Ni, "Strong photoluminescence enhancement of MoS2through defect
engineering and oxygen bonding,” ACS Nano 8, 5738-5745 (2014).

Z.Hu, Z. Zhang, L. Gu, J. Yuan, Z. Zhang, X. Yang, W. Ji, N. Mao, J. Hong, K. Li, D.
Wu, C. Jin, J. Zhang, D. Lv, X. Zhang, M. Probert, L. Xie, and Q. Feng, "Exploring
atomic defects in molybdenum disulphide monolayers," Nat. Commun. 6, 1-8 (2015).

M. Amani, D. H. Lien, D. Kiriya, J. Xiao, A. Azcatl, J. Noh, S. R. Madhvapathy, R.
Addou, K. C. Santosh, M. Dubey, K. Cho, R. M. Wallace, S. C. Lee, J. H. He, J. W. Ager,
X. Zhang, E. Yablonovitch, and A. Javey, "Near-unity photoluminescence quantum yield
in MoS2," Science (80-. ). 350, 1065-1068 (2015).

M. Amani, R. A. Burke, X. Ji, P. Zhao, D.-H. Lien, P. Taheri, G. H. Ahn, D. Kirya, J. W.
Ager, E. Yablonovitch, J. Kong, M. Dubey, and A. Javey, "High Luminescence Efficiency
in MoS 2> Grown by Chemical VVapor Deposition,” ACS Nano 10, 6535-6541 (2016).



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

64

T. L. Atallah, J. Wang, M. Bosch, D. Seo, R. A. Burke, O. Moneer, J. Zhu, M. Theibault,
L. E. Brus, J. Hone, and X. Y. Zhu, "Electrostatic Screening of Charged Defects in
Monolayer MoS2," J. Phys. Chem. Lett. 8, 2148-2152 (2017).

S. Mouri, Y. Miyauchi, and K. Matsuda, "Tunable photoluminescence of monolayer
MoS2 via chemical doping,” Nano Lett. 13, 5944-5948 (2013).

C. Zhou, Y. Zhao, S. Raju, Y. Wang, Z. Lin, M. Chan, and Y. Chai, "Carrier Type Control
of WSe 2 Field-Effect Transistors by Thickness Modulation and MoO 3 Layer Doping,"
Adv. Funct. Mater. 26, 4223-4230 (2016).

K. Xu, Y. Wang, Y. Zhao, and Y. Chai, "Modulation doping of transition metal
dichalcogenide/oxide heterostructures,” J. Mater. Chem. C 5, 376-381 (2017).

J. Martincova, M. Otyepka, and P. Lazar, "Is Single Layer MoS2 Stable in the Air?,"
Chem. - A Eur. J. 23, 13233-13239 (2017).

Y. Lee, G. Ghimire, S. Roy, Y. Kim, C. Seo, A. K. Sood, J. I. Jang, and J. Kim, "Impeding
Exciton-Exciton Annihilation in Monolayer WS2by Laser Irradiation,” ACS Photonics 5,
2904-2911 (2018).

X. Weli, Z. Yu, F. Hu, Y. Cheng, L. Yu, X. Wang, M. Xiao, J. Wang, X. Wang, and Y.
Shi, "Mo-0 bond doping and related-defect assisted enhancement of photoluminescence
in monolayer MoS2," AIP Adv. 4, (2014).

L. Qi, Y. Wang, L. Shen, and Y. Wu, "Chemisorption-induced n -doping of MoS2by
oxygen," Appl. Phys. Lett. 108, (2016).

W. L. Chow, X. Luo, S. Q. Quek, and B. K. Tay, "Evolution of Raman scattering and
electronic structure of ultrathin molybdenum disulfide by oxygen chemisorption,” Adv.
Electron. Mater. 1, 1-7 (2015).

N. Kang, H. P. Paudel, M. N. Leuenberger, L. Tetard, and S. I. Khondaker,
"Photoluminescence quenching in single-layer MoS2 via oxygen plasma treatment,” J.
Phys. Chem. C 118, 21258-21263 (2014).

J. Gao, B. Li, J. Tan, P. Chow, T.-M. Lu, and N. Koratkar, "Aging of Transition Metal
Dichalcogenide Monolayers,” ACS Nano 10, acsnano.5b07677 (2016).

K. F. Mak, K. He, C. Lee, G. H. Lee, J. Hone, T. F. Heinz, and J. Shan, "Tightly bound
trions in monolayer MoS 2," Nat. Mater. 12, 207-211 (2013).

D. Y. Qiu, F. H. Jornada, and S. G. Louie, "Optical Spectrum of MoS 2 : Many-Body
Effects and Diversity of Exciton States," 216805, 1-5 (2013).

J. W. Christopher, B. B. Goldberg, and A. K. Swan, "Long tailed trions in monolayer MoS
2 : Temperature dependent asymmetry and resulting red-shift of trion photoluminescence
spectra,” Sci. Rep. 1-8 (2017).



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

65

R. Rao, A. E. Islam, P. M. Campbell, E. M. Vogel, and B. Maruyama, "In situ thermal
oxidation kinetics in few layer M0S2," 2D Mater. 4, (2017).

B. Chakraborty, A. Bera, D. V. S. Muthu, S. Bhowmick, U. V. Waghmare, and A. K.
Sood, "Symmetry-dependent phonon renormalization in monolayer MoS 2 transistor,"
Phys. Rev. B - Condens. Matter Mater. Phys. 85, 2-5 (2012).

D. Lloyd, X. Liu, J. W. Christopher, L. Cantley, A. Wadehra, B. L. Kim, B. B. Goldberg,
A. K. Swan, and J. S. Bunch, "Band Gap Engineering with Ultralarge Biaxial Strains in
Suspended Monolayer M0S2," Nano Lett. 16, 5836-5841 (2016).

I. Paradisanos, E. Kymakis, C. Fotakis, G. Kioseoglou, and E. Stratakis, "Intense
femtosecond photoexcitation of bulk and monolayer MoS2," Appl. Phys. Lett. 105,
(2014).

A. Bera, D. V. S. Muthu, and A. K. Sood, "Enhanced Raman and photoluminescence
response in monolayer MoS2 due to laser healing of defects,” J. Raman Spectrosc. 49,
100-105 (2018).

H. M. Oh, G. H. Han, H. Kim, J. J. Bae, M. S. Jeong, and Y. H. Lee, "Photochemical
Reaction in Monolayer MoS2via Correlated Photoluminescence, Raman Spectroscopy,
and Atomic Force Microscopy," ACS Nano 10, 5230-5236 (2016).

Z. He, X. Wang, W. Xu, Y. Zhou, Y. Sheng, Y. Rong, J. M. Smith, and J. H. Warner,
"Revealing Defect-State Photoluminescence in Monolayer WS2by Cryogenic Laser
Processing,” ACS Nano 10, 5847-5855 (2016).

H. Liu, N. Han, and J. Zhao, "Atomistic insight into the oxidation of monolayer transition
metal dichalcogenides: From structures to electronic properties,” RSC Adv. 5, 17572—
17581 (2015).

H. Lu, A. Kummel, and J. Robertson, "Passivating the sulfur vacancy in monolayer
MoS2," APL Mater. 6, (2018).

S. Kc, R. C. Longo, R. M. Wallace, and K. Cho, "Surface oxidation energetics and
kinetics on MoS2monolayer," J. Appl. Phys. 117, (2015).

W. L. Spychalski, M. Pisarek, and R. Szoszkiewicz, "Microscale Insight into Oxidation of
Single MoS2 Crystals in Air," J. Phys. Chem. C 121, 26027-26033 (2017).

C. Gonzalez, B. Biel, and Y. J. Dappe, "Adsorption of small inorganic molecules on a
defective MoS2monolayer,” Phys. Chem. Chem. Phys. 19, 9485-9499 (2017).

"Supplementary material for “Strong Photoluminescence Enhancement of MoS 2 through
Defect Engineering and Oxygen Bonding,”" 1, 2-3 (n.d.).



52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

66

S. V. Sivaram, A. T. Hanbicki, M. R. Rosenberger, G. G. Jernigan, H.-J. Chuang, K. M.
McCreary, and B. T. Jonker, "Spatially Selective Enhancement of Photoluminescence in
MoS ; by Exciton-Mediated Adsorption and Defect Passivation,” ACS Appl. Mater.
Interfaces acsami.9b00390 (2019).

J. Lu, J. H. Lu, H. Liu, B. Liu, K. X. Chan, J. Lin, W. Chen, K. P. Loh, and C. H. Sow,
"Improved photoelectrical properties of MoS2 films after laser micromachining,” ACS
Nano 8, 6334-6343 (2014).

S. Zeng, S. Hu, J. Xia, T. Anderson, and X. Dinh, "Sensors and Actuators B : Chemical
Graphene — MoS 2 hybrid nanostructures enhanced surface plasmon resonance
biosensors," Sensors Actuators B. Chem. 207, 801-810 (2015).

M. Donarelli and L. Ottaviano, "2D Materials for Gas Sensing Applications: A Review on
Graphene Oxide, MoS2, WS: and Phosphorene," Sensors (Basel). 18, (2018).

H. Li, Z. Yin, Q. He, H. Li, X. Huang, G. Lu, D. W. H. Fam, A. I. Y. Tok, Q. Zhang, and
H. Zhang, "Fabrication of single- and multilayer MoS 2 film-based field-effect transistors
for sensing NO at room temperature,” Small 8, 63-67 (2012).

M. M. Arafat, B. Dinan, S. A. Akbar, and A. S. M. A. Haseeb, "Gas sensors based on one
dimensional nanostructured metal-oxides: A review," Sensors (Switzerland) 12, 7207—
7258 (2012).

Y. Yu, S. Hu, L. Su, L. Huang, Y. Liu, Z. Jin, A. A. Purezky, D. B. Geohegan, K. W.
Kim, Y. Zhang, and L. Cao, "Equally E ffi cient Interlayer Exciton Relaxation and
Improved Absorption in Epitaxial and Nonepitaxial MoS 2 /WS 2 Heterostructures,"
(2015).

A. Gurarslan, Y. Yu, L. Su, Y. Yu, F. Suarez, S. Yao, and Y. Zhu, "Surface-Energy-
Assisted Perfect Transfer of Centimeter-Scale Films onto Arbitrary Substrates,” 11522—
11528 (2014).

Y. Yu, Y. Yu, Y. Cai, W. Li, A. Gurarslan, H. Peelaers, D. E. Aspnes, C. G. Van De
Walle, N. V. Nguyen, Y. W. Zhang, and L. Cao, "Exciton-dominated Dielectric Function
of Atomically Thin MoS2 Films," Sci. Rep. 5, 1-8 (2015).

K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, "Atomically thin MoS2: A new
direct-gap semiconductor,” Phys. Rev. Lett. 105, 2-5 (2010).

Y. Yu, A. W. Bataller, R. Younts, Y. Yu, G. Li, A. A. Puretzky, D. B. Geohegan, K.
Gundogdu, and L. Cao, "Roomerature Electron-Hole Liquid in Monolayer MoS2," ACS
Nano 13, 10351-10358 (2019).

T. Stoica and L. Vescan, "Line shape analysis of electron-hole plasma
electroluminescence in fully strained SiGe epitaxial layers,” J. Appl. Phys. 94, 4400-4408
(2003).



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

67

R. W. Martin and H. L. Stormer, "On the low energy tail of the electron-hole drop
recombination spectrum,” Solid State Commun. 22, 523-526 (1977).

P. Coleman, "Introduction to Many-Body Physics," in (Cambridge Univversity Press,
2015), pp. 127-175.

M. M. L. Devices, O. Salehzadeh, N. H. Tran, X. Liu, I. Shih, and Z. Mi, "Exciton
Kinetics, Quantum E ffi ciency, and E ffi ciency Droop of Monolayer MoS 2 Light-
Emitting Devices," Nano Lett. (2014).

Y. Yu, Y. Yu, C. Xu, A. Barrette, K. Gundogdu, and L. Cao, "Fundamental limits of
exciton-exciton annihilation for light emission in transition metal dichalcogenide
monolayers," Phys. Rev. B 93, 26 (2016).

M. Amani, P. Taheri, R. Addou, G. H. Ahn, D. Kiriya, D. H. Lien, J. W. Ager, R. M.
Wallace, and A. Javey, "Recombination Kinetics and Effects of Superacid Treatment in
Sulfur- and Selenium-Based Transition Metal Dichalcogenides,” Nano Lett. 16, 2786—
2791 (2016).

J. Feng, X. Qian, C. W. Huang, and J. Li, "Strain-engineered artificial atom as a broad-
spectrum solar energy funnel,” Nat. Photonics 6, 866-872 (2012).

A. Castellanos-Gomez, R. Roldan, E. Cappelluti, M. Buscema, F. Guinea, H. S. J. Van
Der Zant, and G. A. Steele, "Local strain engineering in atomically thin MoS2," Nano
Lett. 13, 5361-5366 (2013).

E. Blundo, M. Felici, T. Yildirim, G. Pettinari, D. Tedeschi, A. Miriametro, B. Liu, W.
Ma, Y. Lu, and A. Polimeni, " Evidence of the direct-to-indirect band gap transition in
strained two-dimensional WS 2 , MoS 2 ,and WSe 2 " Phys. Rev. Res. 2, 1-7
(2020).

J. N. Kirchhof and K. Hoflich, "Neutral and charged excitons interplay in non-uniformly
strain- engineered WS 2 Neutral and charged excitons interplay in non-uniformly,”
(2020).

J. Chaste, A. Missaoui, S. Huang, H. Henck, Z. Ben Aziza, L. Ferlazzo, C. Naylor, A.
Balan, A. T. C. Johnson, R. Braive, and A. Ouerghi, "Intrinsic Properties of Suspended
MoS2 on SiO2/Si Pillar Arrays for Nanomechanics and Optics," ACS Nano 12, 3235-
3242 (2018).

W. Wang and X. Ma, "Strain-Induced Trapping of Indirect Excitons in
MoSe2/WSe2Heterostructures,” ACS Photonics 7, 2460-2467 (2020).

J. Kern, I. Niehues, P. Tonndorf, R. Schmidt, D. Wigger, R. Schneider, T. Stiehm, S.
Michaelis de Vasconcellos, D. E. Reiter, T. Kuhn, and R. Bratschitsch, "Nanoscale
Positioning of Single-Photon Emitters in Atomically Thin WSe2," Adv. Mater. 28, 7101
7105 (2016).



76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

68

H. J. Conley, B. Wang, J. I. Ziegler, R. F. Haglund, S. T. Pantelides, and K. I. Bolotin,
"Bandgap engineering of strained monolayer and bilayer MoS2," Nano Lett. 13, 3626—
3630 (2013).

S. Golovynskyi, I. Irfan, M. Bosi, L. Seravalli, O. I. Datsenko, I. Golovynska, B. Li, D.
Lin, and J. Qu, "Exciton and trion in few-layer MoS2: Thickness- and temperature-
dependent photoluminescence,” Appl. Surf. Sci. 515, 146033 (2020).

A. Vutukuru, Mounika; Ardekani, Hossein; Chen, Zhuofa; Wilmington, Ryan; Gundogdu,
Kenan; Swan, "Enhanced dielectric screening and photoluminescence from strain-induced
charge and exciton funneling in multilayer M0S2," ACS Appl. Nano Mater. (Under Rev.
(2021).

K. Kojima, H. E. Lim, Z. Liu, W. Zhang, T. Saito, Y. Nakanishi, T. Endo, Y. Kobayashi,
K. Watanabe, T. Taniguchi, K. Matsuda, Y. Maniwa, Y. Miyauchi, and Y. Miyata,
"Restoring the intrinsic optical properties of CVD-grown MoS2 monolayers and their
heterostructures,” Nanoscale 11, 12798-12803 (2019).

M. G. Harats, J. N. Kirchhof, M. Qiao, K. Greben, and K. I. Bolotin, "Dynamics and
efficient conversion of excitons to trions in non-uniformly strained monolayer WS2," Nat.
Photonics 14, 324-329 (2020).

A. Chernikov, C. Ruppert, H. M. Hill, A. F. Rigosi, and T. F. Heinz, "Population
inversion and giant bandgap renormalization in atomically thin WS 2 layers,” Nat.
Photonics 9, 466-470 (2015).

A. Raja, A. Chaves, J. Yu, G. Arefe, H. M. Hill, A. F. Rigosi, T. C. Berkelbach, P. Nagler,
C. Schiiller, T. Korn, C. Nuckolls, J. Hone, L. E. Brus, T. F. Heinz, D. R. Reichman, and
A. Chernikov, "Coulomb engineering of the bandgap and excitons in two-dimensional
materials,” Nat. Commun. 8, 1-7 (2017).

S. Gao and L. Yang, "Renormalization of the quasiparticle band gap in doped two-
dimensional materials from many-body calculations,” Phys. Rev. B 96, 1-8 (2017).

S. Gao, Y. Liang, C. D. Spataru, and L. Yang, "Dynamical Excitonic E ff ects in Doped
Two-Dimensional Semiconductors,” (2016).

H. Ardekani, R. L. Wilmington, M. Vutukuru, Z. Chen, and A. Swan, "Broadband Micro-
Transient Absorption Spectroscopy Enabled by Improved Lock-in Amplification,” AIP
Rev. Sci. Instruments (Under Rev. (2021).

J. Cabanillas-Gonzalez, G. Grancini, and G. Lanzani, "Pump-probe spectroscopy in
organic semiconductors: Monitoring fundamental processes of relevance in
optoelectronics,” Adv. Mater. 23, 5468-5485 (2011).

G. G. Rozenman, K. Akulov, A. Golombek, and T. Schwartz, "Long-Range Transport of
Organic Exciton-Polaritons Revealed by Ultrafast Microscopy,” ACS Photonics 5, 105—
110 (2018).



88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

69

E. M. Grumstrup, M. M. Gabriel, E. E. M. Cating, E. M. Van Goethem, and J. M.
Papanikolas, "Pump-probe microscopy: Visualization and spectroscopy of ultrafast
dynamics at the nanoscale,” Chem. Phys. 458, 30—40 (2015).

M. Mrejen, U. Arieli, A. Levanon, and H. Suchowski, "Broadband Pump-Probe Ultrafast
Spectroscopy of Plasmonic Nanostructures,” Dyn. Solid State Surfaces Interfaces 1-XI11
(2012).

Z. Guo, J. S. Manser, Y. Wan, P. V. Kamat, and L. Huang, "Spatial and temporal imaging
of long-range charge transport in perovskite thin films by ultrafast microscopy,” Nat.
Commun. 6, 1-8 (2015).

S. Ahmed, X. Jiang, F. Zhang, and H. Zhang, "Pump-probe micro-spectroscopy and 2D
materials,” J. Phys. D. Appl. Phys. 53, (2020).

M. Vutukuru, J. W. Christopher, C. Pollock, D. J. Bishop, and A. K. Swan, "Modeling and
thermal metrology of thermally isolated MEMS electrothermal actuators for strain
engineering of 2D materials in air," J. Microelectromechanical Syst. 28, 550-557 (2019).

H. Wang, C. Zhang, and F. Rana, "Ultrafast dynamics of defect-assisted electron-hole
recombination in monolayer M0S2," Nano Lett. 15, 339-345 (2015).

L. Tong, Y. Liu, B. D. Dolash, Y. Jung, M. N. Slipchenko, D. E. Bergstrom, and J. X.
Cheng, "Label-free imaging of semiconducting and metallic carbon nanotubes in cells and
mice using transient absorption microscopy," Nat. Nanotechnol. 7, 56-61 (2012).

R. Younts, A. Bataller, H. Ardekani, Y. Yu, L. Cao, and K. Gundogdu, "Near Band-Edge
Optical Excitation Leading to Catastrophic lonization and Electron—Hole Liquid in Room-
Temperature Monolayer MoS2," Phys. Status Solidi Basic Res. 256, (2019).

K. M. McCreary, A. T. Hanbicki, S. V. Sivaram, and B. T. Jonker, "A- and B-exciton
photoluminescence intensity ratio as a measure of sample quality for transition metal
dichalcogenide monolayers," APL Mater. 6, (2018).

P. D. Cunningham, A. T. Hanbicki, K. M. McCreary, and B. T. Jonker, "Photoinduced
Bandgap Renormalization and Exciton Binding Energy Reduction in WS2," ACS Nano
11, 1260112608 (2017).

D. P. Khatua, S. Gurung, A. Singh, S. Khan, T. K. Sharma, and J. Jayabalan, "Filtering
noise in time and frequency domain for ultrafast pump-probe performed using low
repetition rate lasers," Rev. Sci. Instrum. 91, (2020).

M. L. Meade, Lock-In Amplifiers: Principles and Applications, Vol.1 (1983).

C. A. Werley, S. M. Teo, and K. A. Nelson, "Pulsed laser noise analysis and pump-probe
signal detection with a data acquisition card,” Rev. Sci. Instrum. 82, (2011).



101.

102.

103.

104.

105.

106.

107.

108.

109.

70

E. Betzig, J. K. Trautman, and J. S. Weiner, "Breaking the Diffraction Barrier : Optical
Microscopy of a Nanometric Scale Author (s): E . Betzig,J. K. Trautman, T.D.
Harris , J . S . Weiner and R . L . Kostelak Published by : American Association for the
Advancement of Science Stable URL :," Science (80-. ). 251, 1468-1470 (2016).

P. Wang, M. N. Slipchenko, J. Mitchell, C. Yang, E. O. Potma, X. Xu, and J. X. Cheng,
"Far-field imaging of non-fluorescent species with subdiffraction resolution," Nat.
Photonics 7, 449-453 (2013).

Y. Bi, C. Yang, L. Tong, H. Li, B. Yu, S. Yan, G. Yang, M. Deng, Y. Wang, W. Bao, L.
Ye, and P. Wang, "Far-field transient absorption nanoscopy with sub-50 nm optical super-
resolution,” Optica 7, 1402 (2020).

E. S. Massaro, A. H. Hill, and E. M. Grumstrup, "Super-Resolution Structured Pump-
Probe Microscopy," ACS Photonics 3, 501-506 (2016).

R. Pandya, R. Y. S. Chen, Q. Gu, J. Gorman, F. Auras, J. Sung, R. Friend, P. Kukura, C.
Schnedermann, and A. Rao, "Femtosecond Transient Absorption Microscopy of Singlet
Exciton Motion in Side-Chain Engineered Perylene-Diimide Thin Films,” J. Phys. Chem.
A 124, 2721-2730 (2020).

H. Taghinejad, M. Taghinejad, A. Tarasov, M. Y. Tsai, A. H. Hosseinnia, H.
Moradinejad, P. M. Campbell, A. A. Eftekhar, E. M. Vogel, and A. Adibi, "Resonant
Light-Induced Heating in Hybrid Cavity-Coupled 2D Transition-Metal Dichalcogenides,"
ACS Photonics 3, 700-707 (2016).

R. C. Longo, R. Addou, S. Kc, J. Noh, C. M. Smyth, and D. Barrera, "Intrinsic air stability
mechanisms of two- dimensional transition metal dichalcogenide surfaces : basal versus
edge oxidation Intrinsic air stability mechanisms of two-dimensional transition metal
dichalcogenide surfaces : basal versus edge oxidation,"” (2017).

B. Birmingham, J. Yuan, M. Filez, D. Fu, J. Hu, J. Lou, M. O. Scully, B. M. Weckhuysen,
and Z. Zhang, "Spatially-Resolved Photoluminescence of Monolayer MoS2 under
Controlled Environment for Ambient Optoelectronic Applications,” ACS Appl. Nano
Mater. 1, 6226-6235 (2018).

K. Christmann, "Introduction to Surface Physical Chemistry," in Topics in Physical
Chemistry; Voll. (Springer US, 1991), pp. 21-23.



APPENDICES

71



72

Appendix A

Supporting Information for Chapter 3

A.1 Investigating laser treatment under various ambient conditions

Normalized PL evolution in 1.5 atm. Oxygen shows spectral narrowing and peak position

blue shifting during the laser treatment

30
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Energy (eV)

Figure Error! No text of specified style in document..1 Normalized photoluminescence spectral evolution on aged 1L-MoS:
at constant photoexcitation (532 nm) power of 22 mW in 1.5 atm. oxygen.

To verify the role of oxygen, laser treatment was done under Ar (1.5 atm), vacuum, and air
successively. Figure A2 a-c show the PL while the sample was irradiated with 22 mW of power

for 85 seconds. During the first 30 seconds when Ar was surrounding the sample no change in the
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PL was observed. At t=30 the vacuum pump valve was opened to suck the Ar gas out and putting
the sample under 10 Torr vacuum, still no change in the PL showed up. At t=60 the vacuum valve
was closed and air valve was opened simultaneously to let the ambient air rush into the chamber.
After about three seconds delay from letting the air in, the PL intensity starts to rise. Same
experiment was repeated with N2 replacing Ar in the first 30 seconds on a different spot on the
sample and the results are shown in Figure A2 d-f. Like previous case, the PL does not start to rise
until t=60, when the air is flowing into the chamber. We note a higher final enhanced PL intensity
for the case where sample was initially placed in N2. This could be due to the difference in initial

defect densities of the two samples under study.
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Figure A.2  Time evolution of photoluminescence spectra of aged 1L-MoS2 with constant photoexcitation (532 nm) power at 22
mW in various ambient condition. (a) From 0 to 30 sec in Argon, (b) from 31 to 60 sec in vacuum, and (c) from 61 to 85 sec in air.
(d) From 0 to 30 sec in Nitrogen, (e) from 31 to 60 sec in vacuum, and (f) from 61 to 85 sec in air.

Figure A3 shows how the PL evolution in air during laser treatment occurring at 22 mW
incident power. Compared to Figure 3.1(a), the PL variation becomes considerably slower by
replacing the oxygen in the chamber with air. The slower rate probably pertains to less oxygen

concentration present in the chamber.
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Figure A.3. (a) 2D view and (b) 3D view of time evolution of photoluminescence spectra caused by laser treatment in air with
constant photoexcitation (532 nm) power at 22 mW on aged 1L-MoS..
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A.2 Raman spectral analysis
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Figure A.4. Comparison of Raman mode peak positions and intensities of 1L- MoS2 before and after laser treatment in various
ambient conditions. (a) E' (left axis) and A"1 (right axis) peak position variation. (b) E' and A1 peak intensity changes. The
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Figure A.5. Laser treatment performed on fresh sample using 22 mW incident power in presence of 1.5 atm. Oxygen. The inset
shows the Peak intensity variation in the span of 30 seconds.
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A.4 Temperature Estimate

In order to estimate the initial local temperature of 1L-MoS; at 22 mW incident power
(laser power used for the treatment process), Raman spectra is collected as a function of incident
power up to 14.4 mW. We did not get too close to 22 mW to assure the laser treatment process
does not initiate during Raman spectroscopy measurements, since upon the onset of treatment the
local temperature is expected to vary drastically. The change in local temperature is evaluated

using the following relation [106]:

h
@, (S1)

s _,
L kexp G

Where, Is, las, and hw are the Stokes intensity, anti-Stokes intensity, and vibration energy
of either E or A; Raman modes, respectively. T and kg are local temperature and Boltzmann
constant. k is a pre-factor accounting for absorption coefficient, scattering cross section, and
incident light components on 1L-MoS; [106]. Two Lorentzian are used to fit the E and A line
shapes. For temperature estimations E is chosen since A; is more sensitive to charge density which
is increasing considerably by increasing photoexcitation power.

Next, we assume that at the lowest laser power used (0.76 mW), the increase in local
temperature compared to room temperature is negligible and T=300 K. from S1 we have:

Is; hw; (S2)

=k
i P ook,

Where Is; and lasi are E' Stokes and anti-Stokes intensities at the lowest power,

respectively. At any higher power, the local temperature is given by:

Isp haw, (S3)
—— =kex
Insp PG Tp)
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Where Isp and lasp are E' Stokes and anti-Stokes intensities at any higher power,

respectively. By solving S2 and S3 for Tp we get:

T, = ©p (S4)
p p/ wj k_B In IS,p X IAS,i)
kB IASp 300 h Isi X IAS
Ln(7=7"2) 7 s
3 0 Is;
IAS,L

Finally, changes in the local temperature with respect to initial temperature is calculated
using:
AT = T, —300 (S5)

Figure A4 shows the change in local temperature as a function of photoexcitation power
accompanied with a linear fit line. The small offset around -4 K shows, our assumption on
negligible temperature variation at the lowet power is valid. The fit parameters are used to
extrapolate the estimated temperature at 22 mW which appears to be:

AT,, = (6.65 x 22) —4.17 = 142K

giving the absolute temperature of around 440K at 22 mW incident power.
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Figure A.6. Evaluated local temperature variation as a function of incident photo-excitation power before laser treatment.
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A.5 Aging and Adsorption mechanisms

Theoretical and experimental studies show that basal plane of defect free MoS: is inert to
initial oxidation while the edges of MoS> sheet is more prone to oxidation due to Mo atoms being
exposed to air [29,107,108]. The attraction of O> molecules by Mo atoms helps the spontaneous
formation of SO, groups which can be easily detached from MoS: crystalline structure, leaving a
sulfur vacancy behind [29]. Once the sulfur vacancies are generated, negative charges on Mo
dangling bonds give rise to defect states in the electronic band structure of MoS: [46]. O2
molecules get attracted to these negative charges resulting in more SO> formation and subsequent
sulfur vacancy creation, hence propagating defect sites all over the basal plane.

As grown MoS: is known to already have sulfur vacancies [17,46] which help propagation
of defect sites happening faster. In general, O> molecules can physically adsorb on the surface of
defect free 1L-MoS> by forming Van der Walls bonds. In the presence of sulfur vacancies oxygen
molecules can form more stable covalent bonds with surrounding Mo atoms. A recent
experimental study confirmed the occupation of sulfur vacancies by oxygen atoms in aged 1L-
MoS:> [18]. Such Mo-O bonds are not still strong enough and can break upon vacuum pumping [7].

Another pathway physically adsorbed oxygen can go through, is the dissociation of O>
molecules into two individual O atoms. O> molecule dissociation faces a large barrier in defect
free 1L-MoS2 which makes its occurrence almost impossible at room temperature. However, in
the presence of sulfur vacancies this barrier is reduced significantly [48]. After dissociation, one
oxygen atom makes a strong ionic bond with surrounding Mo atoms which is referred as oxygen
chemisorption. The other oxygen atom finishes its journey by forming a covalent bond on top of
an adjacent sulfur atom [19]. The chemisorption of oxygen atom at a defect site is

thermodynamically preferable [47] and the formed bond cannot be volatilized easily. However,
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according to kinetic theory [109], the dissociation of oxygen molecules is very slow at room
temperature. This means the population of unoccupied defect sites remains considerably higher
than occupied sulfur vacancies on aged MoS: which explains its highly n-doped nature and
dimmed PL.

Aged MoS; is also suffering from surface contaminants which have reached a relative
stability over time and their removal is not feasible by simple vacuum pumping. Such adsorbates
can act as nonradiative recombination centers, further reducing the PL. Meanwhile, surface
contaminants can hinder the easy access of oxygen molecules to sulfur vacancies as well.

Laser treatment in oxygen ambient can clean the surface exposing the already existing
sulfur vacancies on aged MoS: for efficient oxygen physisorption, while the laser heating can
facilitate faster oxygen dissociation. Both desorption of surface adsorbates and oxygen
chemisorption are thermodynamic processes, which rates depend on the local temperature and
oxygen pressure [109]. However, the distinction between the two processes is not possible at the

moment and requires further investigation.

A.6 Tuning the PL using Ultrafast excitation

Tuning the PL with ultrafast excitation is not limited to laser treated samples since oxygen
physisorption occurs even on defect free TMD surfaces [107]. However, applying this method
after laser treatment gives much wider range for PL tuning. Figure S5 shows the PL of an untreated
sample before and after fs pulse photoexcitation. In all panels, blue curves are taken before fs
photoexcitation while black and green curves show PL after 10 seconds and 5 minutes of fs pulses
being ceased, respectively. Also red curves show the PL while fs pulses are delivered to the sample.
As can be seen, except the lowest power, the PL did not recover considerably within 10 seconds

of fs pulse being blocked (black curves). However, waiting for 5 minutes (green curves) helped in
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getting the PL close to the treated condition. As illustrated in Figure 5e, for the highest power used,
5 minutes was not sufficient for PL recovery but 10 minutes wait time cures the PL more than
95%. This justifies our hypothesis about gradual oxygen physisorption on the treated spot,

demonstrated in Figure 3.5, as well.
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Figure A.7. Effect of fs pulses on the oxygen adsorption at the surface of untreated 1L-MoSzin presence of Oxygen. Blue curves
are the PL collected by CW excitation before fs pulses hitting the sample. Red curves are PL collected by CW+ fs excitation with
(a) 3 pdfum?, (b) 6 pJlum?, (c) 9 pJium?, (d) 12 pJ/um?, (e) 15 pJ/um? pulse energy. Black, green, and pink curves are PL collected
by CW excitation after 10 seconds, 5 minutes, and 10 minutes of fs pulses being ceased, respectively.
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As final confirmation, the same experiment was done in vacuum on an untreated spot.
Figure A8 shows that for none of the fs pulse energies used, the PL changes after pulses hitting

the sample, confirming the direct role of oxygen in PL tuning.
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Figure A.8. Effect of fs pulses on the oxygen adsorption at the surface of untreated 1L-MoSz in vacuum. Blue curves are the PL
collected by CW excitation before fs pulses hitting the sample. Red curves are PL collected by CW+ fs excitation with (a) 3 pJ/um?,
(b) 6 pJium?, (c) 9 pdflum?, (d) 12 pJ/lum?, (e) 15 pJ/um? pulse energy. Black, green, and pink curves are PL collected by CW
excitation after 10 seconds, 5 minutes, and 10 minutes of fs pulses being ceased, respectively.
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Appendix B

Supporting Information for Chapter 5

B.1 Basics of Lock-in Detection

Lock-in detection is the most common technique used in transient absorption spectroscopy
(TAS). In this method, the pump beam is modulated periodically by a mechanical chopper or an
acousto-optic modulator (AOM), and the modulation waveform is sent to a lock-in amplifier (LIA)
as the reference signal. Simultaneously, the probe light is transmitted through (or reflected from)
the sample, then spectrally filtered and detected by a photodiode, as shown in Figure B.1 (reflection
geometry) and Figure B.2 (transmission geometry).

Lock-in amplifiers fall into two categories: analog and digital. The latter is preferable for
pump-probe measurements when higher dynamic reserve is required. In a digital LIA the input
pulse coming from the photodetector is amplified and then digitized at a certain sampling rate
determined by the built-in A\D converter. Meanwhile, the reference waveform provided by the
modulator is sampled and digitized in the same fashion. The two arrays of digitized values, one
from the input signal and one from the reference signal, are then multiplied and sent to a digital
low-pass filter, such that only input signals which have oscillating frequencies equal or very close
to the reference frequency can pass. As a result, LIAs can detect signals obscured by high noise

levels.
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Figure B.1 Schematic of a typical ultrafast pump-probe spectroscopy setup in reflection geometry.
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B.2 Appropriate Photodetector for Micro-TAS

The appropriate choice of photodiode depends primarily on the intensity of the probe beam.
Although probe beam detection consisting of laser pulses seems to be trivial with currently
available sensitive photodiodes, it becomes more challenging when the probing spot size is
reduced to few microns or less. That’s because as the probe spot gets smaller, the probe beam
intensity should be reduced as well to maintain its fluence low compared to the pump fluence.
Also, microscope objectives (50x-100x) used to achieve such small spot size tend to absorb 30%-
50% of transmitted light. In addition, characterization of materials on opaque substrates are
performed in reflection geometry, requiring the addition of a beam splitter that further reduces the
available signal level (see Figure B.1). Finally, in transient absorption spectroscopy the differential
change in the transmitted/reflected probe light is of interest, which appears to be only a fraction of
a percent of the incident probe light. The sum of these factors reduces the signal level significantly,
leaving avalanche photodiodes (APD), the most sensitive one among different types of
photodiodes, as the only suitable detector for sub-micron pump probe spectroscopy.

When receiving ultrashort pulses at rep. rates in the range of 1-250 kHz, the immediate
output of a high bandwidth (more than 10 MHz) APD is not appropriate for lock-in detection. This
is due to low duty cycle of the input signal provided for the LIA as explained in the manuscript.
It’s important to note that increasing the gain of the APD in order to increase output pulse
amplitude is no help in improving the lock-in detection since too large of pulse amplitude
overloads the LIA input. To increase lock-in detection efficiency, the APD electric output must be

stretched.
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B.3 Circuits Used for Electric Pulse Stretching
B.3.1 RC Circuit

Figure B3 shows the diagram of a 1% order low pass RC circuit (RC differentiator). The
electric pulse coming from the APD builds up charge on the capacitor and once the pulse is turned
off, the charged capacitor spills the charges into the resistor and discharges gradually. Since the
charge/discharge rate of any RC circuit is determined by the RC time constant, we can control the
rate of the change in output terminal voltage, hence stretching the output pulse. To obtain wider

output pulses, higher RC time constants should be adopted.
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Figure B.3. Circuit diagram of 1st order low pass circuit. The input is received from APD output and the output signal goes to
LIA.

B.3.2 Peak Detector Circuit

Figure B.4 shows the diagram of a typical peak detector (PD) circuit. Once the electric
pulse coming from the APD reaches the diode, if V,_p > V), the capacitor charges and the voltage
across capacitor reaches V:

Ve =Vp_p—Vp

Where, Vp.p is the peak-to-peak voltage of the incoming pulse and Vp is the forward voltage of
the diode. Once the pulse ceases, the capacitor discharges gradually into the resistor with a

characteristic time related to the RC time constant. Hence, the extent of pulse stretching depends
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on the R and C values used in this circuit. In an ideal peak detector circuit, the R is eliminated to

allow keeping the output voltage max for an infinite amount of time.
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Figure B.4. Circuit diagram of a typical peak detector circuit. The input is received from APD output and the output signal goes
to LIA.

In our experiment we need to deplete the capacitor before the next pulse comes in to allow
the circuit capture the new pulse’s voltage. When the circuit is connected to an oscilloscope or
LIA, the load impedance of those devices gets parallel with the resistor and capacitor of the circuit.
This means, even connecting a “diode only” circuit to an oscilloscope or LIA produces a peak
detector circuit. Our oscilloscope has 20 pF input capacitance and 1 MQ input resistance. This
gives the RC time constant of 20 ps. Noting the 4.27 us pulse separation in our experiments, we
need to shrink the pulse width. As a result, we only use a resistor connected to the diode in our
peak detector circuit to decrease the output pulse width. In general, choosing higher C values helps
stretching the output pulse more since capacitors add up when connected in parallel. On the other
hand, increasing R values reduces the output pulse width faster since the net resistance of several
resistors connected in parallel is less than each individual resistor.

Considering the 20 pF input capacitance of our oscilloscope, the 70 kQ resistor used in
Figure 5.3(b) gives the RC time constant of about 1.4 ps. Noting the 3 time constant required to
reach 95% of any RC circuit final value, this resistance value is again very consistent with optimal

value required to maximally stretching pulses in our case, considering 4.27 us pulse separation.
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For the diode, we chose a Schottky diode with 350 mV forward voltage Since the APD

output voltage ranges between 1-3 V in our experiments. Regular diodes have higher forward
voltage which might not let the circuit to operate under our experimental condition. Finally, we
note that the input impedances of our oscilloscope and LIA are slightly different. however, the
lock-in detection enhancement is not extremely sensitive to the small changes in pulse width since
the sampling points of our LIA are 4 us apart. This is important to note when applying this method

to LIAs with much higher sampling rates.

B.4 Experimental Setup

In our experimental setup 800 nm beam generated from a Ti:Sapphire ultrafast amplifier
(RegA 9000, Coherent) is split into two parts. One part goes to a 3-BBO crystal to generate 400
nm pump beam, and the other part is focused onto a sapphire window to produce white light
continuum (WLC) used as probe beam. The time difference between the pump and probe pulse
incident on the sample is adjusted by using a mechanical delay line on the pump path. Both beams
are focused to the same spot on the sample, with the spot size about 700 nm, using an ultralong
working distance 100X objective (NA=0.7). The reflected probe light is collected with the same
objective lens and sent to a monochromator. The spectrally filtered light emerging from the
monochromator is picked up by an APD (Thorlabs Inc, APD410A2) and detected with a LIA
(Stanford Research, SR830). The time constant of the LIA is set to 300 ms for all measurements.
The output of the LIA is analyzed by a PC.

To capture the spectral profile of WLC shown in Figure 5.2(c,d) and Figure 5.3(c,d), the
monochromator is scanned from 550 nm to 750 nm while probe beam is modulated at 1.3 kHz
using a mechanical chopper (Stanford Research, SR540). For differential reflection measurements

shown in Figure 5.3 we applied the well-known double chopping lock-in detection technique by
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modulating both pump and probe paths. The APD output is fed into the LIA while the sum

frequency of the chopper wheel is provided as ref. frequency of the first LIA. The monitor out of
the first LIA is connected to a second LIA of the same model while the outer frequency of the
chopper wheel provides the ref. frequency for this LIA. In this configuration, the first LIA produces
the differential reflection signal (4R), while the second LIA detects the reflected probe signal (R).
To capture the spectral profile of differential signal the monochromator is scanned from 560 nm
to 750 nm while pump and probe pulses temporally overlap (zero delay). To measure the temporal
dynamics, the monochromator is fixed at 675 nm where the A-exciton resides and the delay line
is scanned from -50 to 400 ps. For all measurements with the RC or PD circuits, the circuit is

simply located between APD output and LIA input by using BNC cables.
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