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ABSTRACT

JOEL M. SOLOMON. Femtosecond laser-induced breakdown of monolayer
molybdenum disulfide. (Under the direction of DR. TSING-HUA HER)

Two-dimensional materials such as graphene and transition metal dichalcogenides
(TMDs) have been extensively studied due to their extraordinary electronic and op-
toelectronic properties. In particular, monolayer semiconductor TMDs such as MoSs,
WS,, and MoSe, are of great interest due their direct band gap and strong excitonic
resonances. Due to its reduced dimensionality, MoSy exhibits many strong optical
nonlinearities including high harmonic generation and giant multiphoton absorption,
making it an excellent candidate for attosecond photonics, mode locking, optical lim-
iting, and multi-photon detectors. Given the multitude of applications, understanding
the optical limitations of MoS,; under intense excitation is essential to optimize its
performance. Accordingly, we investigate the femtosecond laser induced breakdown
of monolayer MoS, with a variety of techniques. In this study, the substrate is discov-
ered to have a profound effect where the ablation threshold itself can vary by more
than one order of magnitude due to a simple interference phenomenon within the
monolayer. Via substrate engineering, the ablation threshold can be reduced such
that laser patterning using pulse energies less than 100 pJ is possible. Similar to
many other optical nonlinearities, absorption measurements and theoretical model-
ing reveal that avalanche ionization is also enhanced where more than 75% of the
generated free carriers at breakdown are due to avalanche ionization. Finally, multi-
shot studies demonstrate that MoSs is one of the most optically robust materials with
very weak incubation effects. Notably, the onset of optical damage results in the for-
mation of nano-voids where clusters of atoms are removed while the overall integrity
of the monolayer remains intact. These nano-voids are found to strongly influence

the optical properties of the MoS; monolayer due to the presence of mid-gap states
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introduced by dangling bonds. The study shows that these nano-voids only form for
fluences within 80% of the ablation threshold. All of these findings help establish
MoS, as a promising candidate for strong field devices and provides foundational

knowledge regarding the strong field physics of two-dimensional materials.
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CHAPTER 1: INTRODUCTION

Two-dimensional (2D) materials are a class of materials that consist of a single
atomic layer and possess extraordinary physical and chemical properties due to ef-
fects of quantum confinement. These materials often occur naturally, consisting of
layered structures with graphene as the most famous example. Since the first demon-
stration of mechanical exfoliation and graphene-based field effect transistor in 2004
[1], research has expanded to include a multitude of 2D materials. Graphene has led
this research where it has been applied in electronics, optics, and chemistry. Despite
the promising results, graphene-based devices are often limited by the semi-metallic
nature of graphene. Since graphene is a zero band gap material, there is a need of
non-zero band gap 2D materials to push the future of nanoelectronics. This need
led to the research of transition metal dichalcogenides (TMDs) with molybedenum
disulfide (MoS3) being one of the most popular materials.

To promote the development and production of nanoelectronics, lasers provide a
chemical free route to modify, manipulate, or pattern 2D materials for device fab-
rication. Much research has already been performed regarding this application for
graphene, but little has been investigated for TMDs. The scope of this dissertation is
to investigate the ultrafast ablation of MoS, and to fill the knowledge gap between the
ablation of graphene and TMDs. Additionally, 2D materials in general offer a unique
opportunity to study the effects of reduced dimensionality on strong field physics.
In the following sections, the importance of TMDs and ultrafast ablation will be re-
viewed and summarized in order to better understand the motivation of the studies

presented here. Finally, the objectives and scope of this dissertation will be outlined.



1.1  Transition Metal Dichalcogenides

Transition metal dichalcogenides or TMDs is a group of 2D materials that possess
the generalized chemical formula MX, where M is a transition metal and X is a
chalcogen, i.e., S, Se, and Te. Many of these TMDs form layered structures with
individual layer thicknesses of about 0.65 nm. An individual monolayer consists of
hexagonal plane of transition metal atoms sandwiched between two hexagonal planes
of chalcogen atoms. The bonds between the transition metal and chalcogen atoms
are generally covalent in nature whereas individual layers are bound together by
weak van der Waals forces. In their bulk form, they follow one of three polytypes or
stacking structures: hexagonal (2H), rhombohedral (3R), or trigonal (17T) [2, 3]. The
polytype strongly determines the physical properties of the TMD which can range
from insulators, semiconductors, metals, and even superconductors. The TMDs that

form layered structures are highlighted in Figure 1.1.

H He
2 13 14 15 16 17

Li | Be B C N (0] F Ne

Na | Mg Al Si P S Cl | Ar

3 4 5 6 7 8 9 10 11 12
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Rb | Sr Y Zr | Nb [Mo | Tc | Ru | Rh [ Pd | Ag | Cd [ In | Sn | Sb | Te I Xe

Cs | Ba |La-Lu| Hf | Ta | W | Re | Os Ir Pt [ Au | Hg | TI | Pb | Bi | Po | At | Rn

Fr | Ra [Ac-Lry] Rf [ Db | Sg | Bh | Hs | Mt [ Ds | Rg [ Cn | Uut | F1 [Uup | Lv [ Uus | Uuo

Figure 1.1: Periodic Table of Elements. The highlighted elements show which TMDs
can form layered structures.

In particular, semiconducting TMDs such as MoSe;, MoS,, and WS, are of great
interest due to their transitions from indirect to direct band gap in their monolayer

form. For example, bulk 2H-MoS, has an indirect band gap of 1.2 eV; however, as
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the number layers is reduced to a monolayer, the optical band gap increases to about
1.8 eV and transitions from indirect to direct [2-4]. This transition occurs because
of reduced dielectric screening and strong quantum confinement in the monolayer
limit, resulting in the formation of excitons that are stable at room temperature
and have large binding energies that are greater than 0.5 eV. This transition is also
accompanied by a strong increase in photoluminescence (PL), which makes these
materials promising candidates for optoelectronic applications.

Monolayer semiconducting TMDs exhibit many novel properties. MoS, has high
field mobilities that are comparable to graphene, but with low turn-on voltages and
high on/off ratios reaching up to 10® which are ideal for transistor applications [2, 5].
They also demonstrate great mechanical stability where MoS, has a Young’s modulus
of 270 GPa which is larger than that of stainless steel (205 GPa) [6]. Additionally, the
breaking strength of MoS, is about 10% of its Young’s modulus which is more than an
order of magnitude larger compared to steel. Due to their mechanical stability, TMDs
have also demonstrated strong reversible photoexcitation that is not sustainable in
bulk media. MoS, has shown to retain its crystal structure at fluences up to 70% of its
ablation threshold wheres bulk materials will undergo amorphization at these fluences
[7-9]. Due to the strong, reversible photoexcitation, TMDs have demonstrated strong
nonlinear optical responses in the monolayer limit such as high harmonic generation
[10].

2D materials in general, including graphene, h-BN, and TMDs, have been studied
since the 1960s where they were first used as solid lubricants for applications in tri-
bology [4, 11]. These materials though have only been recently studied as atomically
thin materials for electronic and optoelectronic applications due to the mechanical
exfoliation of graphene in 2004 [1]. For these materials to be promising candidates
for future nanoelectronics, reliable methods of producing high-quality monolayer films

needed to be developed. Few-layer and monolayer TMD flakes can be cleaved and
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transferred from bulk crystals by using scotch tape due to the weak van der Waals
forces binding the individual layers together. This technique is referred to as mechan-
ical exfoliation and generally produces the best quality monolayer samples but is not
scalable due to lack of control on flakes thickness and size [2, 3]. Liquid exfoliation
can be used for production of large quantities of monolayer films. This technique
consists of submerging a bulk crystal in an ionic solution for an extended time. Once
the ions intercalate between the crystal layers, the bulk crystal is exposed to water
which results in a volatile reaction that separates the individual layers. For some 2D
materials such as graphene, liquid exfoliation allows for efficient, scalable production
of monolayers, but this method does not extend for all materials. For example, the
liquid exfoliation of MoS, can alter the Mo atom coordination from trigonal prismatic
(2H-MoS3) to octahedral (1T-MoS,), changing its properties from a semiconductor

to a metal [2].
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Figure 1.2: (a) Schematic for the CVD growth of MoS,. (b) Image of monolayer MoS,
grown on c-cut Al,O3. (c) Optical images showing change in MoS, density from a
continuous film in A to single crystal flakes in C. The images A, B and C correspond
to the points A, B, and C in (b).

Chemical vapor deposition (CVD) offers a bottom-up approach to growing both

monolayer flakes and films on large scales. Figure 1.2a illustrates the CVD growth
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process of MoS,. Sulfur and MoO3 powder are used as precursors which are heated
in ceramic boats in a hot-wall CVD chamber. Under an argon flow, the sulfur vapor
is carried from heating zone I to heating zone II where it reduces the MoOg3 vapors,
forming a MoO3_ suboxide. The suboxide is deposited on the c-cut sapphire (Al;O3)
substrate where it further reacts with the sulfur gas to grow monolayer MoS, flakes
[12-14]. The density of the flakes is determined based on the substrates position in
the chamber. The end of the substrate closest to the sulfur and MoOg3 powder yields
the highest density growth, resulting in a continuous monolayer MoS, film. The edge
of the substrate furthest from the reactants gives single crystal, monolayer flakes.
Figure 1.2b shows an example of MoS, grown on Aly,O3 where the point A was closest
to the reactants. Optical microscope images of the points A, B, and C are shown in
Figure 1.2¢, highlighting the difference in density from that of a continuous film to
individual flakes. Single crystal flakes can vary in size with side lengths ranging from
5 um to 100 pum. The size of the flake can be tuned based on the growth conditions.
Other TMDs such as MoSes; and WS, follow a similar growth process.

Using c-cut Al,O3 is important to obtained what is known as highly-oriented MoS,.
Unlike CVD grown graphene or h-BN, a CVD grown MoS; film is not a single crystal.
It consists of multiple crystals growing into each other which results in local variation
in crystal orientation. When MoSs is grown on c-cut Al,O3, the MoSs crystal domains
preferentially grow along those of the Al,O3 substrate. As a result, MoS, grows at 0°
and 60° orientations on c-cut Al,O3 which are rotationally equivalent. If MoS, was
grown on an SiO,/Si substrate, the MoS, crystals will grow in random orientations
due to the amorphous nature of the SiO, film [15, 16].

There are only a couple limitations of CVD. Currently, CVD growth of TMDs is
limited in cases where monolayers are desired. Conditions can easily be controlled
to ensure monolayer growth, but controlled growth of multi-layer films has yet to be

realized. Additionally, MoS, is the only TMD that has been successfully grown as a
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highly-oriented, continuous film. Other TMDs such as MoSe; and WS, are grown as
single crystal flakes. CVD growth of 2D materials may be limited to a single or couple
of substrates. To overcome this limitation, techniques to transfer monolayer flakes
and films to any number of substrates have been developed. One such technique uses
polymethyl methacrylate (PMMA). For example, CVD grown MoS, films on Al;O3
are often covered or coated with a layer of PMMA. The PMMA coated MoS, is then
submerged in a NH4;OH solution heated up to 100 °C for 20 minutes which allows the
PMMA-MoS, composite to be removed from the Al,O3 substrate and transferred to
another substrate. Once transferred, the PMMA layer is then dissolved with acetone

and cleaned with isopropanol, leaving behind the MoSs on the new substrate [14].
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Figure 1.3: (a) AFM scan of as-grown MoS; on Al,O3. (b) AFM scan of transferred
MoS; on Al;O3. (¢) Photoluminescence spectra of as-grown MoS; on AlyO3. The
lines A, B, and C correspond to the image in Figure 1.2b. (d) Raman spectra of
as-grown MoSs on Al Os.

For the work considered in this dissertation, all TMDs are CVD grown and then
transferred following the procedures listed above. Additionally, TMDs are character-
ized by Raman spectroscopy, PL spectroscopy, and atomic force microscopy (AFM)

to ensure monolayer growth with examples shown for MoSs in Figure 1.3. The term
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“as-grown” is used to refer to TMDs that were CVD grown on their current sub-
strate (e.g., Al;O3) and have not been transferred. Conversely, “transferred” refers
to TMDs that were CVD grown on Al,O3 and subsequently transferred to a new sub-
strate. From Figure 1.3a, AFM easily confirms the pristine MoS, flake is a monolayer
where a step height of 0.63 nm is measured. Due to the transfer process, monolayer
flakes can be damaged, developing cracks and wrinkles as shown in Figure 1.3b. In
extreme cases, parts of the flake can be completely destroyed, resulting in large holes
which may leave the flakes unusable for experiments. Since many semiconductor
TMDs have a direct band gap in their monolayer form, they have strong PL signa-
tures which can also be used to confirm the presence of monolayers. The number of
layers can also be measured using Raman spectroscopy. The Raman spectra of MoS,
is characterized by two peaks labeled as E%g and A;, in Figure 1.3d, which represent
the in-plane and out-of-plane vibrational modes of the S atoms, respectively. The
frequency spacing for these modes is about 18 cm™' for monolayer MoS,. As the
number of layers increase, the frequency separation also increases up to 25 cm™! for

bulk MoS, [17, 18].
1.2 Femtosecond Laser Ablation

Since the invention of the first laser in 1960, researchers have using lasers to control,
modify, and ablate materials. As early as 1963, researchers were using lasers to
treat tumors [19, 20]. In 1965, the deposition of thin films through laser controlled
vaporization was demonstrated [21]. Shortly after, the first picosecond laser was built
in 1966, with the first femtosecond laser being developed in 1981 [22, 23]. Since then,
femtosecond lasers have been used to study laser-induced material modification and
ablation. Due to the high electric field strengths obtainable with femtosecond pulses,
nonlinear ionization mechanisms could now be probed in transparent materials. This
section serves as brief introduction for the ionization mechanisms that are prevalent

in femtosecond ablation and outlines how these ionization rates may be estimated.



1.2.1  Ionization Mechanisms

Femtosecond laser ablation is also commonly referred to as ultrashort or ultrafast
laser ablation. All three terms refer to the same process which is the removal of
material with optical pulses with pulse durations of a few hundred femtoseconds
or less. Studying femtosecond ablation is important for a number of reasons. For
practical purposes, femtosecond ablation has shown to have better controllability and
precision for micromachining and nanopatterning. From a theoretical perspective,
femtosecond ablation offers an opportunity to investigate light-matter interaction in
the strong field regime where thermodynamic and electrical responses can easily be

separated due to the timescale of the excitation process.
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Figure 1.4: Photoionization mechanisms for atoms (top row) and for semiconductors
and insulators (bottom row).

For laser ablation to occur, optical energy must be deposited in the material. For
opaque materials, the energy of a photon of visible light is sufficient to excite an
electron through one-photon absorption (1PA); however, many materials, such as
dielectrics and some semiconductors, are transparent in the visible and near infrared
(IR) part of the spectrum. Optical ablation for these materials requires high electric

field strengths to induce nonlinear excitation or photoionization (PI) to deposit energy



into the material.

Figure 1.4 illustrates possible PI mechanisms for both atoms and solids. Multi-
photon absorption (MPA) or multi-photon ionization (MPI) requires the simultaneous
absorption of multiple photons to excite an electronic transition. For MPI, an electron
must absorb enough photons such that total absorbed photon energy is greater than or
equal to ionization potential or band gap. For tunneling ionization (TT), the presence
of the high electric field strength is enough to suppress, screen, or skew the Coulomb
potential binding the electron to the atom or valence band (VB). If electric field is
strong enough, the Coulomb potential can be skewed enough to allow the electron to
tunnel through the barrier and become a free electron.

Once a free electron has been created, other absorption or ionization mechanisms
can take place. The first one is free carrier absorption (FCA), which is a specific case
of 1PA. For solids, a free electron in the conduction band (CB) can absorb a single
photon and be excited further up into the CB. This process is also known as inverse
bremsstrahlung. If a free carrier is excited sufficiently high in the CB, it can collide
with a bound electron in the VB. The free electron imparts some of its energy to the
bound electron where it falls to the base of the CB and the bound electron is excited to
the base of the CB. This process further ionizes the atom, leaving two free electrons
in the CB. This mechanism is the opposite of Auger recombination and is known
as impact ionization. Given a number of initial free electrons in an optical field, a
FCA and impact ionization can occur simultaneously and feed into each other. This
runaway process is known as avalanche ionization (AI) and can potentially generate

large numbers of free carriers.
1.2.2  Keldysh’s Theory for Ionization of Solids

One of the first steps to understanding the ablation dynamics or the optical dielec-
tric breakdown (ODB) of a material is identifying and quantifying which ionization

mechanisms are dominate. There are generally two approaches in predicting the
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strength of MPI or TI: perturbative or nonperturbative. The perturbative approach
uses time-dependent perturbation theory to describe the probability of MPI or TT in
a crystalline solid and was originally developed by Goppert-Mayer in 1931 [24]. For
the specific case of two-photon absorption (2PA), the electronic transition from the

VB, v, to the CB, ¢, can be expressed as

Waps = —/‘Z AR BT 51,00 - B0 2l s (L)

where Wsp4 is the 2PA transition probability rate per unit volume and W; are the
Bloch wave functions describing electrons in the ™" band with energy E;. The delta
function describes the energy convservation requirements. The integration covers the
first Brillouin zone in k space and H is the interaction Hamiltonian [25]. Equation
(1.1) is simple to comprehend. The transition probabilities from all states are summed
and integrated over all space in the crystal to determine the probability of a transition.
The difficulty in evaluating this expression arises from the fact that all of the possible
states and their transitions and interactions need to be well documented in order to
obtain an accurate evaluation of Wsp 4.

The other nonpertubative approach was originally developed in 1965 by L. V.
Keldysh [26]. He developed a set of expressions to describe MPI and TI for nonres-
onant excitation for both atoms and solids. By describing the electron states with
modified Houston functions in a simple harmonic electric field (€(t) = &g cos(wt)),
Keldysh derived a general formula describing the ionization rate Wp; of a solid which

is given by
2m
= — 1.2
Wi h/( ) 32 0(Ea(p) - ifo). (1.2)

E.,(p) represents the energy gap between an initial state in the valence band to a

final state in the conduction band, and E.,(p) represents the cycle-average energy of
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the transition expressed by

Falo) = - | (p + sin(as)) dr, (13)

—T

where x = wt. L.,(p) is a matrix element that describes the strength of the amplitude

and is often referred as the ionization amplitude where

1 £ |
Leo(p) = 5 7{ Veo (p + %u) 5 dy, (1.4)

u = sin(wt), Veo(p) = jh [ug (r)e€oVpul(r) dr is the optical matrix element, and

ug" are periodic functions describing the lattice. S(u) is the classical action given by

1 £
S(u):a/o B (‘p+ew%

with v = sin(wt). To evaluate Equation (1.2), knowledge of the band structure is

) \/% (1.5)

needed much like in the perturbative case. Fortunately, analytical solutions can be
obtained when simple two-band models are used. The two most commonly used band
structures are a parabolic model and Kane’s model [27]. Occasionally, a cosine band
structure model has also been used [28-30]. The equations for the models are listed

below:

p2

parabolic : E.(p)=E, + sy (1.6)
m,
?
Kane : Ecv(p) = Eg 1+ W, (17)
r=g
h? h? d
cosine : E.(p)=E,+ pooe s Bt cos® (%) : (1.8)

where d is the lattice constant and m, is the reduced mass. The reduced mass is
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given by
1 1 1

o = m m (1.9)
where m, and m,;, are the effective masses of an electron in the CB and a hole in the
VB, respectively. The above expressions for the energy structure have been simplified
for the case of isotropic crystals.

Using Kane’s model from Equation (1.7), the ionization rate Wp; from Equation

(1.2) becomes

2w [ m,w 3/2 A A X, —¢&
= — ! — S [ | i 1.1

where |x] is the floor operator in which only the integer part of z is used. The

function Q(v, A/hw) is defined as

B T ~— X, —¢& 2 2]z + 1] —2x + ()
Q(%x)—,/m;em{—ﬁg—l”}é \/ % E (1.11)

where @ is the Dawson integral. Much of the notation used above has been adopted

from [31] where
1

’Yf: m?

Ky =XK(vy), Ky = K(vvy),

Elzg(fyf)’ 8W28<77f)7

(1.12)

where K(z) and €(z) are the complete elliptic integrals of the first and second kind,

respectively. Using the same notation, the effective band gap A can be written as

” (1.13)

This quantity is the energy that an electron needs in order to be excited from the

valance band to the conduction band. An electron in an optical field will oscillate
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with the incident electric field, changing the energy of the electron. This oscillating
energy is known as the quiver energy. The cycle-average of the quiver energy is known

as the ponderomotive energy.
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Figure 1.5: Calculated photoionization rates based on the Keldysh equations for SiO,
(Ey, =9eV, m, = 0.5m,) excited at 800 nm .

The most important parameter for the previous equations is the dimensionless
quantity ~, which is known as the adiabaticity parameter. For solids,

/by (1.14)

= 680
Besides containing the field strength &, the adiabaticity parameter provides an indi-
cator on the relative strengths of MPI and TI. The ionization rate in Equation (1.10)

includes both MPI and TI. There are two limits of interest. For v > 1, MPI is the

dominant mechanism. For v < 1, TT is the dominant ionization mechanism. In the
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MPI limit, Equation (1.10) can be reduced to give

2w /mpw3/2 A 2A
WMPI:—< ) P 2\‘—+1J—a

97 \ h hw
~ (1.15)
A 1 1 | A/hw+1]
2l —+1| |1 - —
S i ( 4%) (1672>
where the effective band gap A is
~ e2&?
A:Eg+m. (1.16)

In the MPI limit, one can easily see that the energy necessary for ionization is simply
the sum of the intrinsic band gap of the material plus the ponderomotive energy of

the electron. In the tunneling limit, Equation (1.10) becomes

3/2 5/2

2 () (1) [ ) o

Equations (1.10), (1.15), and (1.17) are plotted in Figure 1.5 for SiO4 excited at 800
nm. The ionization rates are plotted on the left vertical scale while the adiabaticity
parameter 7 is plotted on the right vertical scale. As mentioned previously, for v > 1,
Wyrpr matches well with Wp; whereas Wy agrees well with Wp; for v < 1. Another
important feature to point out is the step-like behavior that is seen for the Wy,ps
and Wpy curves. This step is known as channel closing and occurs when the MPA
order changes. For example, if SiOy (E, = 9eV) is excited by 800 nm (£ = 1.55eV)
light, then absorption can only occur by a six photon absorption process. As the
intensity of the light increases, so does the ponderomotive energy of the electrons as
well. Given a sufficiently strong optical field, the ponderomotive energy can increase
enough to switch the MPA order from six- to seven-photon absorption. This effect

gives rise to the channel closing phenomenon.
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1.2.3  Avalanche lonization

Avalanche ionization (AI) refers to the rapid multiplication of free carriers through
the combination of FCA followed by impact ionization in the presence of a strong
optical field. These two process feed into each hence the term avalanche. In order
for Al to generate carriers, seed electrons must first be excited typically through
processes such as MPI or TI (Figure 1.6). Avalanche ionization has always been
considered when the ultrafast laser ablation of transparent materials is investigated,

but the relative importance and strength of Al is still debated to this day.
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Figure 1.6: Hlustration of PI seeding Al for solids. The combination of FCA and
impact ionization is Al.

Since Al is still actively researched, there have been multiple models proposed
to predict Al rates in materials ranging from semiconductors to insulators [32-39].
Conceptually, one of the simplest models to understand was proposed by Stuart et al.

where he used a single-rate equation (SRE) of the form

dN
— = Wer 74l ()N (1) (1.18)

where N is the free electron population density and 47 is known as the avalanche

coefficient [34, 35]. The second term on the right accounts for both FCA and impact
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ionization and represents the carriers generated by AI. At its simplest, Al depends
on the intensity of the incident pulse and the number of free carriers in the CB. This
proportionality is reasonable on the surface. As the intensity increases, FCA should
also increase. Additionally, as population density increases, both FCA and impact
ionization should increase since more free electrons are available to absorb incident
photons or to collide with electrons in the VB.

Though Equation (1.18) is simple and straight forward to understand, it does not
directly highlight another important factor for AI. In order for Al to occur, the
energy of a free electron must be above a critical energy U,..;; such that enough
energy can be imparted during a collision to excite a bound electron such that both
electrons remain in the CB after energy conservation is considered. On the surface,
one would expect U, to simply be 2E, or twice the energy of the band gap; however,
the pondoromotive energy of the electron and momentum conservation needs to be

considered during the collision. Accounting for these conditions, the critical energy

202

Mep 4m,w?

becomes

The first term containing m,/m appears due to momentum conservation [40]. The
second term which matches Equation (1.16) is the effective band gap which includes
the ponderomotive energy. Only free electrons, with energy U..;, can partake in

impact ionization.
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1.3 Overview and Objectives

2D materials such as graphene, TMDs, and h-BN have been extensively studied
due to their extraordinary electronic and optoelectronic properties [2, 41-43]. Specif-
ically, monolayer semiconductor TMDs such as MoSy, WSy, MoSe,, and WSe, are
of particular interest since they exhibit strong excitonic resonances and possess a di-
rect band gap in their monolayer form due to effects of quantum confinement [3, 44].
These semiconducting TMDs have already been utilized for nanoelectronics such as
field effect transistors [5, 45, 46], phototransistors [47, 48], LEDs [49, 50], and chem-
ical sensors [51, 52]. Moreover, TMDs have demonstrated strong optical nonlineari-
ties including high harmonic generation [10], saturable absorption [53, 54|, and giant
multi-photon absorption [55-57] which make them excellent candidates for attosecond
photonics, optical limiting, and multi-photon detectors. Many of these TMD-based
devices are developed from natural crystals where single atomic layers are extracted
through mechanical exfoliation which is time consuming and yields low densities of
monolayer films. Conversely, single crystal and large, highly-oriented MoS, films can
be synthesized through CVD which can then be easily transferred and patterned for
rapid device development and manufacturing. Many studies regarding laser pattern-
ing and ablation of graphene have been reported for this application but little has
been discussed regarding TMDs [58-64].

A few studies have investigated the response of monolayer MoSs to intense fem-
tosecond excitation near the ablation threshold but provide little information on the
ablation process itself [7, 65]. Paradisanos et al. demonstrates that the Raman modes
of both bulk and monolayer MoS, flakes slowly decrease after multiple exposures to
ultrafast pulses. They showed that monolayer flakes were more resistanct to degra-
dation than its bulk counterpart where they believed damage occurred through sub-
limation, resulting in a decrease in the Mo-S bond density [65]. Pan et al. studied the

ultrafast ablation of bulk MoS, and determined breakdown can either result through
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sublimation at low fluences or the material can form a superheated liquid at higher
fluences [66]. While their results are insightful, the excitation dynamics of bulk and
monolayer MoS, differ significantly. Therefore, studying and quantifying the abla-
tion process and features of TMDs is important in order to understand how these
materials respond to intense excitation and to optimize the laser patterning process.

Moreover, 2D materials provide a unique opportunity to study strong field physics
due to their reduced dimensionality. The intense excitation and laser-induced break-
down of bulk metals, semiconductors, and dielectrics have been thoroughly researched
where the role of MPI, TI, and Al have been analyzed, discussed, and modeled. Al-
though much of this literature can be utilized, certain effects such as spatial-temporal
beam propagation, self-limiting and intensity clamping, self focusing, and longitudinal
carrier diffusion, which are important in the ablation of bulk materials, are negligi-
ble for 2D materials due to their thinness. Additionally, the quantum confinement
effects introduced by the reduced dimensionality can significantly impact the energy
coupling, energy distribution, and carrier densities in monolayer TMDs, leading to
enhanced or mitigated processes compared to those observed for bulk materials with
MPA providing a perfect example.

This research aims to study the dielectric breakdown of TMDs, specifically MoS,
since it is a promising candidate for future nanoelectronics. Hereto, multiple experi-
ments have been designed and performed to investigate and characterize the ablation
of MoS, when exposed to ultrafast pulses. This dissertation is broken down into four
main chapters. Chapters 2, 3, and 4 are written such that each chapter may stand
on its own as a research article with their own introductions and conclusions. Specif-
ically, Chapter 4 is based on my publication in AIP Advances [67]. Although, these
chapters are ordered in the most logical progression of the research that is presented,
one does not have to read Chapters 2, 3, and 4 in sequential order to understand their

important messages. Alternately, the content in Chapter 5 depends on the material
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presented in the previous chapters, requiring the reader to have read the previous

content. The body of the dissertation is summarized in the following:

e Ultrafast Laser Ablation, Intrinsic Threshold, and Nanopatterning of Monolayer
Molybdenum Disulfide. The optical excitation of 2D materials is greatly influ-
enced by strong interference effects due to their dielectric surroundings. This
etalon effect is systematically investigated in the context of ultrafast ablation
of 2D materials using MoS, as an example whose ablation threshold is found
to vary by more than one order of magnitude across multiple substrates. Given
the atomic thickness of 2D materials, simple analytical expressions are devel-
oped that predict the excitation enhancement for arbitrary substrates and are
universal for all 2D materials. Using these equations, substrates are designed
and fabricated to engineer the ablation threshold of MoSy such that ultrafast

patterning can be conducted using a low-power oscillator.

e Femtosecond Laser-Induced Breakdown and The Role of Avalanche Ionization
in Molybdenum Disulfide. Monolayer MoS, has demonstrated strong optical
nonlinearites such as second harmonic generation, high harmonic generation,
saturable absorption, and giant two-photon and three-photon absorption. Given
its strong nonlinear absorption, one may expect that multi-photon absorption
to dominate carrier generation at optical excitations intense enough to result in
ablation; however, research has shown that Auger recombination is enhanced in
MoS, as well. Since avalanche ionization is the inverse of Auger recombination,
the avalanche process may also be enhanced in MoS,. As such, the femtosecond
ablation of MoS, is investigated with strong emphasis on the characterization
of the ablation features and development of a theoretical model that predicts

the carrier dynamics at ablation.

e Ultrafast Multi-Shot Ablation and Defect Generation in Monolayer Molybdenum
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Disulfide. In practice, ultrafast ablation is generally studied as an intended con-
sequence of laser patterning or an unintended consequence of laser-induced dam-
age to an optical device. In either case, ablation or damage typically results
from exposure to several pulses where incubation effects reduce the ablation
threshold before material is ultimately removed. Considering incubation, the
multi-shot ablation of MoS, is studied and compared to a variety of materi-
als. Specifically, the generation of laser-induced defects in MoS, is investigated
where a separate damage threshold is found that is below the ablation thresh-

old. These defects are found to have a profound effect on the optical properties

of MoS, [67].

Additional Experiments and Challenges. Experiments that do not directly con-
tribute to the previous chapters above are presented here. Much of the research
presented here is still ongoing but their potential contribution may be deserv-
ing of its own thesis or dissertation. Thus, only the initial investigations are
reported. Additionally, challenges that were encountered are presented as a

resource for future experiments.

A number of appendices are also included that help explain or outline many exper-

imental designs or practices that are useful for femtosecond-based experiments in

general. Many of these appendices also serve as supporting information for Chap-

ters 2, 3, and 4. The results of all the performed experiments are summarized and

presented in Chapter 6. Potential future projects are also outlined and presented to

provide additional direction for this work.



CHAPTER 2: ULTRAFAST LASER ABLATION, INTRINSIC THRESHOLD,
AND NANOPATTERNING OF MONOLAYER MOLYBDENUM DISULFIDE

2.1  Introduction

Single atomic layer materials such as graphene, transition metal dichalcogenides
(TMDs), and hexagonal boron nitride have been studied extensively for their novel
electronic and optical properties and for their applications in optoelectronic devices
[2, 42]. Graphene exhibits strong wavelength-independent absorption of 2.3% and
high carrier mobilities reaching 200,000cm?/V s [42, 68]. Semiconducting TMDs such
as MoSy, and WSy are of great interest because of their transition from indirect to
direct band gap and strong excitonic resonances at room temperature as the number
of layers is reduced to a monolayer [3, 44]. Both graphene and MoS, have demon-
strated phenomenal mechanical robustness [6, 69] and optical stability under intense
femtosecond excitation [7, 70]. These properties have led to the research and devel-
opment of 2D material-based electronic and optoelectronic devices such as transistors
[5, 42], photodetectors [12, 42], and additional heterostructure devices [71].

For such device applications, reliable patterning techniques are essential to selec-
tively remove 2D materials for specific sizes and geometries. Although electron beam
and photolithography have been used extensively to pattern 2D materials, they suffer
from high costs, complexity, vacuum operation requirements, and more importantly
are prone to leave behind contaminates or polymer residues, causing damage or un-
wanted doping which can inadvertently degrade their electrical properties [72-78]. In
this regard, laser ablation is a promising technique to pattern 2D materials that is in
situ, resist-free, and maskless. Specifically, the ultrafast laser ablation and patterning

of graphene based on oxidative burning has been demonstrated on several substrates
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[79]. Scanning rates as high as tens of mm/s can be achieved with a laser fluence
of a couple hundred mJ/cm® from laser amplifiers [46]. In addition, sub-diffraction-
limited ablated features under 100 nm can be obtained with shaped picosecond laser
beams [79]. In contrast, little research has been conducted on the femtosecond ab-
lation of TMDs. Paradisanos et al. has studied the multi-shot degradation of exfo-
liated monolayer and bulk MoS,; and reported single-shot ablation thresholds based
on the appearance of submicron-sized distortion [65]. Pan et al. investigated ablation
mechanisms of bulk MoS, under intense femtosecond excitation, and determined that
the ablation was mediated by sublimation at weak pumping and melting at strong
pumping [66]. Despite these efforts, a rigorous investigation of the threshold fluence
and ultrafast laser patterning of monolayer TMDs has not been demonstrated. We
note that continuous-wave 532 nm (CW) lasers have been demonstrated to sublimate
monolayer MoSs on a SiO4/Si substrate with a 200 nm spatial resolution, though the
patterning speed is slow due to its photothermal nature [80]. The throughput, how-
ever, can be substantially increased using a photothermoplasmonic substrate which
then requires transfer of the patterned MoS; to other substrates [81].

Since many applications require a supporting substrate, understanding its effect
on the laser ablation of 2D materials is important. Although ultrafast laser ablation
of graphene has been extensively studied, the role of the substrates is still not clear.
The reported ablation thresholds from many studies made by similar pulse widths
(~50—100 fs) and wavelengths (~800 nm) differ by one order of magnitude among
suspended graphene and graphene supported by borosilicate glass, Al,O3, and 285 nm
SiO4/Si substrates [46, 58, 60, 82-84]. Surprisingly, such differences have never been
discussed or understood. Beyond mechanical support, substrates have been routinely
claimed to act as a heat sink to explain why CW laser thinning of multi-layer graphene
and MoS, self-terminates at monolayers [80, 85]. Other groups also observed that the

ablation threshold for both femtosecond and CW excitation are lower for suspended
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2D materials than those supported on a SiO, /Si substrate, which was again attributed
to heat dissipation through the supporting substrates [82, 86]. Optically, substrates
are known to enhance the light outcoupling of 2D materials through the etalon effect.
For SiO,/Si substrates, the Raman scattering was shown to strongly depend on the
SiOq thickness for graphene [87], which led to the optimization of both the Raman
scattering and photoluminescence of WSe; by controlling the SiO, layer thickness
where the largest enhancement occurred for a SiO, thickness of about 90 nm for 532
nm excitation [88]. Similar enhancement for Raman scattering, photoluminescence,
and second harmonic generation was obtained by using distributed Bragg reflectors
(DBR) as a substrate for MoS, [89]. Improved optical contrast of graphene and MoSs
was achieved by designing multilayer heterostructure substrates where an optical
contrast of 430% was obtained for monolayer MoS, [90, 91]. We note that the etalon
effect has been previously shown to modulate the laser thinning efficiency of multilayer
graphene, but has never been studied for laser ablation of 2D materials [85].

In this work, we studied the femtosecond laser ablation of monolayer MoSs on a
variety of common substrates. Notably, we demonstrated this process is both high
speed (~5 mm/s) and high resolution (~250 nm with a 0.55 NA objective at 800
nm). Moreover, the influence of substrates on the ablation threshold fluence Fy, was
investigated, both in single-shot and line-scan modes. It was shown that femtosecond
laser ablation of transferred monolayer MoS, is adiabatic where the heat dissipation
through the supporting substrates is negligible, and the variation in F}, among sub-
strates can be largely explained by the substrates’ etalon effect. Based on our finding,
an all-dielectric DBR substrate was realized to reduce Fj, by 7x compared to that of

sapphire to enable laser pattering using low-power femtosecond oscillators.
2.2 Zero-Thickness Approximation

Previous studies on the etalon effect of monolayer 2D materials focused on engi-

neering the Raman scattering, photoluminescence, and second-harmonic generation
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by optimizing the internal field at the excitation wavelength and the outcoupling ef-
ficiency at the emission wavelength [89-91]. As a result, the theoretical enhancement
can only be calculated computationally. For ablation, only the excitation enhance-
ment is of concern and we show below that the internal field Epjys at the excitation
wavelength has a simple analytical approximation. The substrates used in this study
include sapphire (Al;O3), borosilicate glass, 70 nm thick gold (Au) film on a glass sub-
strate, 90 nm SiO4/Si, and two custom designed DBR substrates: one DBR substrate
(DBR800(+)) targets maximal intensity enhancement and the other (DBR800(-)) tar-
gets maximal intensity suppression. The system can be modeled as an asymmetric
etalon composed of air, a 2D material, and a substrate (Figure A.1). If the effec-
tive reflection coefficient between the monolayer and the substrate 715 = rg exp(i¢) is
known, then the spatial distribution of the electric field inside the monolayer Espy ()
can be rigorously calculated using the Airy formula (see Equation (A.1)). Since mono-
layer 2D materials are much thinner compared to the wavelength investigated here,
we introduce the zero-thickness approximation (ZTA) to simplify the internal field
Espar(x) to become

147,
Eapm = 52251\1?1 = Einctor <1%) ) (2.1)
— T1sT10

where &;,,. 1s the incident electric field and fl-j and 7;; are Fresnel transmission and
reflection coefficients from the ™" to ;' medium, respectively. For single-material
substrates such as Al;Os, glass, or a thick Au film, 7, is simply the Fresnel reflection

coefficient (see Equation (A.3)), and the internal field Epys becomes

2
%ﬁ@z&m<1+ﬁ), (2.2)

where 7, is the complex refractive index of the substrate. For SiO,/Si substrates with

a silica layer thickness of ds, 715 can be calculated analytically using an asymmetric
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etalon composed of a TMD, SiO, and Si (see Equation (A.4)), and Epyr becomes

approximately

ITA _ o 2 [(fg + 1) — (7 ﬁ2) i2,32d2}

1+ n2)(n2 + ns) ( — ﬁ2)61252d2

where By = 2wy /N, and ny and 7, are the refractive indices of SiOs and Si, re-

spectively. For DBR substrates, an analytical expression of £} can be found in

Equation (A.12). Details about the DBR design and fabrication can be found in Ap-
pendix A (Figure A.2). Equations (2.2)-(2.3) and Equation (A.12) clearly show 214
is independent of the 2D material. In fact, this result can be extended to arbitrary

stratified substrates with the proof being presented in Appendix A (see Equation

(A.9)).
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Figure 2.1: (a) Comparison of the internal intensity enhancement factor calculated
from the rigorous Airy formula ¢ and ZTA £z74 at 800 nm. The red line represents
the ideal one-to-one ratio. (b) The percent difference between & and £zr4 for the
substrates in (a). A positive percentage means ¢ is larger than {z74.

Based on Equations (2.1)-(2.3), we can define an internal intensity enhancement
factor & = |Eapar]?/|Eine|?- Figure 2.1a compares the {774 based on the ZTA with the
rigorous & calculated from Equation (A.1). For the latter, the intensity is averaged
over the thickness of the 2D material according to Equation (A.2). Figure 2.1a shows
excellent agreement between & and ;74 for the various substrates under considera-

tion. The red line in Figure 2.1a represents the ideal one-to-one ratio. Interestingly,
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the 90 nm SiO,/Si substrate has a & close to unity (~1.14). Figure 2.1b shows that
the percent differences for various substrates are all within 5% except the Au film
(7.4%) and the DBR800(-) substrate (-8.4%). For the former, the large difference
is due to Au’s large extinction coefficient (~5 at 800 nm), while for the latter the
DBR&00(-) substrate simply has a predicted internal intensity close to zero. The
excellent agreement between ¢ and £774 indicates the internal field &pys inside the
2D material is to a very good approximation solely determined by the surrounding
media. The result is believed to be very useful for practical applications as {774 can

be applied to all 2D materials.
2.3 Intrinsic Ablation Threshold

To experimentally investigate this etalon effect in femtosecond laser ablation of 2D
materials, monolayer MoS, is used since it is one of the most widely studied TMDs,
but the results here are expected to apply for all 2D materials in general. As outlined
in the Materials and Methods section, monolayer MoS, films were CVD-grown on
AL, O3 substrates and transferred to all the substrates used in this work (Figure 2.2a).
A single pulse from an ultrafast amplifier operated at 160 fs and 800 nm was focused
on the MoS, film using a 10X microscope objective with a 0.26 NA. The sample was
translated to a fresh spot for subsequent exposures to avoid incubation effects. Figure
2.2a shows optical images of transferred monolayer MoS, films on various substrates
where single-shot ablated holes with similar diameters are shown in the insets. The
fluences ranged from 20 mJ/em® to 400 mJ/cm®, and no ablation was observed for
the MoS; on the DBR800(-) substrate before the substrate itself was damaged at
a fluence of 660 mJ/ cm®. Overall, Figure 2.2a clearly demonstrates that substrates
have a strong influence on the optical contrast of the films and on the ablation fluence
required to make holes of similar size. Figure 2.2b shows an atomic force microscope
(AFM) image and cross-sectional profile of a typical ablation spot in the MoS, film

on Al,Oj3, indicating that material has been removed.
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Figure 2.2: (a) Optical images of monolayer MoS, films on different substrates,
demonstrating the variation in optical contrast. The scale bar is 50 pm. The in-
set images show ablated holes of similar ablation areas at the indicated laser fluence.
The contour of these holes is outlined. The scale bar of the inset images is 4 pm. (b)
AFM scan and its cross-sectional profile of a typical ablated hole of MoS; on Al;Os.
(c) The ablation areas as a function of the peak fluence of the incident pulse. The
intercept of the fit with the horizontal axis represents the ablation threshold, and the
slope is proportional to the laser spot size.

Next, to accurately measure the ablation threshold, the ablation area was mea-
sured as a function of the pulse energy, following the method outlined by Liu [92].
Figure 2.2c shows the ablated area as a function of incident peak fluence for different
substrates. The experimentally determined threshold fluences Fj;, are approximately
130, 276, 110, 54, and 16 mJ/cm®, for Al,Og, Au film, glass, 90 nm SiO,/Si, and
DBR&00(+), respectively. Figure 2.2¢ clearly shows that Fj, on various substrates
taken by the same laser pulses can differ by an order of magnitude, confirming that
substrates have a very strong influence on the laser ablation of 2D materials. Ac-
cording to the theory of dielectric breakdown, the onset of ablation of materials is
characterized by a well-defined absorbed energy density required to break atomic
bonds, corresponding to a threshold fluence. If the observed variation in Fy;, is purely
due to the etalon effect, F};, should be inversely proportional to the internal intensity

enhancement in MoS,, that is,

Finé =~ Fypéyra = constant = Fi. (2.4)
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Equation (2.4) defines the intrinsic ablation threshold F{*, which is the ablation
threshold fluence for a free-standing 2D material where £zr4 equals unity. Fj is
a unique threshold parameter for a 2D material that is independent of the underly-
ing substrate. By further defining a normalized ablation threshold F}, = F,/Fj",

Equation (2.4) is reduced to a more compact form

Fl&ora=1. (2.5)

The experimentally determined ablation thresholds for MoS, supported by the Al,Os3,
glass, 90 nm SiO,/Si, and DBR800(+) substrates in Figure 2.2¢ are fitted to Fy, =
F" /€774 where F™ is used as a fitting parameter (see Appendix A). This fit yields
Fim ~ 66mJ /cm” for monolayer MoS,. E, and £z74 for various substrates are shown
as solid circles in Figure 2.3, together with the theoretical line of Equation (2.5). The
excellent agreement for all these substrates except the Au film (to be discussed below)
demonstrates that the dominating effect of these substrates in the single shot ablation
of TMDs is the etalon effect, even though their thermal conductivities vary over two
orders of magnitudes [93].

This result may not be too surprising, if we consider that the time scale for energy
deposition by femtosecond pulses is much shorter than any phonon diffusion time such
that there is little time for heat to flow into the substrates during the ablation process.
With high-repetition-rate femtosecond lasers, however, quasi-CW laser heating of the
substrates is expected to occur such that heat transfer to the substrates may occur
during the ablation. To investigate this conjecture, we conduct line-scan experiments
where the MoS, film is exposed to an 80 MHz pulse train from an ultrafast oscillator
while translating at a constant speed. Figures 2.4a-2.4c show respectively an optical
microscope (OM) image, AFM height, and AFM cross sectional profile of a line scan

with a fluence of 34 mJ/cm® and a scan speed of 100 um/s on the 90 nm SiO,/Si
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Figure 2.3: Scaling between the normalized ablation threshold and the calculated
internal intensity enhancement factor at 800 nm for both single-shot and line-scan
ablation. The internal intensity was calculated following the ZTA approximation
for all substrate. An additional point for the internal intensity for the Au film was
calculated by FDTD. The ablation threshold is normalized to the intrinsic ablation
threshold F/*.

substrate. Here, clean removal of monolayer MoS, is also observed.

Similar to the single-shot trials in Figure 2.2¢, a line-scan ablation threshold Fj,
for the MoS, film can be extracted by extrapolating the dependence of the line width
squared on the peak incident fluence. Figure 2.4d shows the data and the fits for
various substrates, taken with a fixed scan rate of 100 um/s and a 0.26 NA focusing
objective. The extracted line-scan Fj, of MoS, are 54, 49, 25, and 5 mJ /cm2 for
Al O3, glass, 90 nm SiO,/Si, and DBR800(+) substrates, respectively. Analogous to
the single-shot thresholds, the line-scan thresholds are fitted to Equation (2.4) (see
Appendix A). This fit yields Fj7"* ~ 26 mJ/cm® for monolayer MoS, at a scanning
speed of 100 um/s. The normalized thresholds F}, for the line-scan trials are then
added to Figure 2.3, exhibiting again excellent agreement with Equation (2.5). Given
the thermal nature of the quasi-CW excitation, the variation of line-scan Fj, is still

largely governed by the etalon effect of the substrates. We conclude that these sub-
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Figure 2.4: (a) An example OM image of a line patterned into a MoS, film on 90 nm
SiOy/Si. The scale bar is 5 wm. (b) The corresponding AFM height map to the OM
image in (a). (c) An average line profile taken from the AFM height map in (b). (d)
Plot the of the line width squared versus the incident peak fluence for lines patterned
in a MoS, on various substrates. The scan speed was set to 100 pm/s.

strates behave as very poor heat sinks for ultrafast laser ablation of 2D materials,
irrespective of the substrates’ thermal properties. In other words, the ablation pro-
cess is adiabatic. We attribute this adiabaticity to the very low thermal boundary
conductance (TBC) between MoS, and the substrates. Literature has reported TBC
values ranging between 0.1-34 MW /m” /K for MoS, on SiO, /Si substrates [94, 95] and
between 19-38 MW /m*/K on a sapphire substrate [96]. Additionally, mechanically
exfoliated and as-grown MoS; monolayers on a SiO,/Si substrate are shown to have
similar TBC values [95]. Therefore, we expect that the ultrafast ablation of as-grown
films share the same adiabaticity as the transferred films.

Our finding that femtosecond ablation is adiabatic is in sharp contrast to the general
belief that the substrates serve as a heat sink for laser processing. For example,
Yoo et al. reported Fy, = 98 rnJ/cm2 for graphene on 285 nm SiO,/Si and Fy, <
43 mJ/em® for suspended graphene in single-shot femtosecond laser ablation [82].
They attributed this difference to the adiabatic condition of suspended graphene
where heat dissipation through the substrate is forbidden. Based on our finding here,
we offer an alternative interpretation. Considering the etalon effect, {;74 are 0.2

and 1 for 285 nm SiOy/Si (see Figure A.1d) and air substrates, respectively. Based
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on Fy, = 98 rnJ/cm2 for graphene on 285 nm SiO,/Si substrate, we can estimate
Fy, ~20mJ/ cm” for a suspended graphene, which is consistent with Fy, < 43mJ/ cm?
reported by the authors. Moreover, the knowledge of F{7* and {774 (i.e., Figure 2.1a)
makes Fy, predictable for any substrate, according to Equation (2.5)). For example,
given that Fj, = 54 mJ/cm® (Figure 2.2¢) and &z74 = 1.14 (Figure 2.1a) for the
90 nm SiO,/Si substrate, the predicted threshold for the DBR800(+) substrate with
Ezra = 3.97 (see Figure A.le) is Fy, = 15 mJ/ch, which matches very well with the

experimental threshold of 16 mJ/ cm”.
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Figure 2.5: (a) AFM height scan of a 1 pm X 1 pum square of the Au surface. (b)
Calculated intensity enhancement {rprp across the simulation surface based on the
AFM image in (a). See the text for details.

Among the single-shot trials (solid circles) in Figure 2.3, the predicted ablation
threshold based on £z74 for a smooth Au film is 40% higher than the experimental
value, indicating the presence of an additional enhancement process beyond the etalon
effect that increases the internal field. An AFM measurement (Figure 2.5a) revealed
that the Au film substrate has a peak-to-peak surface roughness of 13 nm and an RMS
value of 1.54 nm. This rough Au surface could lead to a local plasmonic enhancement
of the incident field. Figure 2.5b shows a FDTD simulation of the electric field
distribution at a fixed height of 0.325 nm (corresponding to half of the monolayer
thickness) above the maximum height in Figure 2.5a. The result is only approximate,

as the MoS, film may conform to the Au surface which is unaccounted in the current
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simulation. Additionally, the MoS, film itself is not included in the simulation to ease
the computational demand and to comply with the ZTA. Nevertheless, the laterally
averaged intensity enhancement factor in Figure 2.5b yields a much better match
with F}, for the Au substrate, as indicated by the empty circle in Figure 2.3. More
importantly, this result demonstrates that plasmonically active substrates could also
be used to enhance the ablation of 2D materials compared to a flat metal surface.
With a stronger plasmonically active substrate, even larger enhancements would be

possible to further increase the ablation efficiency.
2.4  Ultrafast Laser Patterning

For laser patterning applications, the patterning speed and resolution are important
performance metrics. Given that SiO,/Si substrates are commonly used for field-effect
transistors, Figure 2.6a shows the ablated line width in MoS; on the 90 nm SiO,/Si
substrate as a function of the scan rate with a constant fluence of about 46 mJ/ cm”
and a 0.26 NA focusing objective [5]. Selected OM images of ablated lines are shown
Appendix A. As the scan rate increases from 1 um/s, the line width decreases from
8.7 um before leveling off at 2.9 um at 5 mm/s. The leveling off at high scan rates is
due to the mechanical instability of the translation stage used here, where the stage
vibrates resulting in larger widths and uneven lines (see Appendix A). Nevertheless,
Figure 2.6a clearly demonstrates high-speed line patterning of TMDs. This translates
into increased patterning efficiency of an ultrafast source compared to a CW source:
with a scan rate of 5 mm/s, material can be removed at a rate greater than 14,000
um? /s by ultrafast lasers, whereas CW laser thinning can only pattern monolayers at
a rate of 8 um?/min [80].

To demonstrate sub-micron patterning resolution, Figures 2.6b-2.6e show an array
of ablated lines in a MoS, film on the DBR800(+) substrate obtained with a 50x,
0.55 NA focusing objective. The AFM height image has poor quality due to the
surface roughness of the DBR800(+) substrate (see Appendix A), while the AFM
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Figure 2.6: (a) A plot of the patterned linewidth in a MoS; on a 90 nm SiO,/Si
substrate as a function of the scan speed. (b) OM image of parallel channels patterned
in a MoS, on the DBR800(+4) substrate. The incident fluence was 10 mJ/cm® and
the scan rate was 5 um/s. (c) AFM height and (d) phase maps corresponding to
the OM image in (b). (e) Averaged cross-sectional profiles of the AFM height and
phase maps in (¢) and (d). (f) OM image of the UNC Charlotte crown logo patterned
into a monolayer MoS2 film on the DBR800(+) substrate. The incident fluence was
10mJ/cm® and the scan rate was 3 um/s. (g) AFM phase map of the patterned UNC
Charlotte crown in (f).

phase image clearly resolves the grating pattern where an average trench width of
0.52 um and ribbon width of 0.25 um are measured. To demonstrate laser micro-
patterning, the UNC Charlotte crown logo was patterned into a MoS, film on the
DBRS800(+) substrate as shown in Figure 2.6f. The total size of the pattern is 20
um and was engraved using a fluence of 10 mJ/cm® and a low feed rate of 3 pm/s
to avoid skewing the pattern (see Appendix A). The thicknesses of the lines in the
logo were found to be around 0.7 pum as measured by the AFM phase mapping. For
practical applications, cost is also an important consideration. Although Figures 2.2¢
and 2.4d have demonstrated femtosecond ablation and patterning of MoS, on several

substrates, the large field enhancement of the DBR800(+) substrate only requires
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pulse energies as low as 1 nJ for single-shot ablation and on the order of 100 pJ for
line scans, as demonstrated in Figure 2.6. This pulse energy translates to an average
power of 80 mW which is readily available from compact femtosecond oscillators (see
Appendix A). With a proper design, the substrate could be engineered to enhance
both the patterning process and the light-coupling performance of the resulting device.

Alternatively, the patterned film can be transferred to other substrates [81, 97].
2.5 Conclusion

In conclusion, femtosecond laser patterning of monolayer MoS, was performed for
the first time, where we demonstrated scan rates as high as 5 mm/s and resolutions as
low as 250 nm under modest focusing conditions. We observed a nearly 20x variation
in the threshold fluence for the femtosecond ablation of transferred MoS, monolayer
on several substrates. This variation is attributed to the etalon effect where the
substrate modulates the internal light intensity within the monolayer. An intrinsic
ablation threshold F/7 is thereby introduced as a substrate-independent threshold
parameter for laser ablation of 2D materials, which were found to be 66 mJ/cm® and
26 m.J/cm” for single-shot and quasi-CW ablation (80 MHz pulse train at a scan-
ning speed 100 pm/s), respectively, for MoSs. With this knowledge, we showed that
the incident threshold fluence on any substrate is easily predicted. Additionally, we
proved that the ablation process is adiabatic due to the very poor thermal boundary
conductance between the monolayer and the substrates, which contradicts the com-
mon view that substrates serve as heat sink for laser processing. Importantly, we also
introduced the zero-thickness approximation for quick and accurate estimation of the
etalon effect in monolayers, which is shown to be independent of the 2D materials
and applicable for any optical excitation of 2D materials beyond laser ablation. Fur-
thermore, substrate engineering is demonstrated to enhance the ablation efficiency by
7x, enabling future patterning of 2D materials with low-power oscillators. Finally,

the notion of the intrinsic threshold fluence highlights the importance of invoking
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the internal field instead of the incident field for studying strong-field phenomena in
monolayers, including nonlinear absorption, saturable absorption, dielectric break-
down, etc., which, as it stands, also have significantly conflicting reported values,
largely because they all neglect the etalon effect in their analysis [4, 56]. Although
transferred MoS,; monolayers were studied in this work, we expect our findings can
be generalized to other 2D materials, both transferred and as-grown. Our work elu-
cidates the role of substrates and firmly establishes femtosecond laser ablation as a

viable route to pattern 2D materials.
2.6 Experimental Methods and Materials

Highly-oriented, monolayer MoS, films were grown by CVD on c-cut Al,O3 follow-
ing the procedure by Hsu et al. and as outline in Chapter 1.1 [14]. All films were
transfered to their host substrates which included 70 nm Au film, Al,O3, borosilicate
glass, 90 nm SiO,/Si, and two different DBR susbtrates. The transfer process is also
outlined in Hsu et al. [14]. For single-shot ablation trials, MoS, samples were exposed
to 160 fs pulses from an amplified Ti:S laser (Coherent RegA 9000) operated at a cen-
ter wavelength of 800 nm. The laser was operated at a repetition rate of 307 Hz. The
pulses were focused onto the sample surface with a microscope objective (Mitutoyo
M Plan Apo NIR 10x, 0.26 NA). Each spot on the film was exposed to a single pulse
to create an ablation feature while the sample was translated to a fresh spot for each
subsequent exposure. For line-scan experiments, a Ti:S oscillator (Spectra-Physics
Tsunami) was used which emitted 210 fs pulses at a center wavelength of 800 nm
and repetition rate of 80 MHz. Sample positioning and translation was performed
using an Aerotech ANT three-axis motorized translation stage. The pulse energy was
simultaneously recorded using a calibrated photodiode. More information about the

general experimental setup can be found in Appendix D.



CHAPTER 3: FEMTOSECOND LASER-INDUCED BREAKDOWN AND THE
ROLE OF AVALANCHE IONIZATION IN MOLYBDENUM DISULFIDE

3.1 Introduction

Two-dimensional materials such as graphene, transition metal dichalcogenides (TMDs),
and h-BN have been extensively studied due to their extraordinary electronic and op-
toelectronic properties [2, 41-43]. In particular, TMDs such as MoSy, WS,, and
MoSe, are of great interest since they exhibit strong excitonic resonances and pos-
sess a direct band gap in their monolayer form [3, 44]. These semiconducting TMDs
are promising candidates for future nanoelectronics such as field effect transistors
[5, 45, 46|, phototransistors [12, 48], LEDs [49, 50], and chemical sensors [51, 52]
which rival similar graphene based devices. Many of these TMD-based devices are
developed from natural crystals where single atomic layers are extracted through me-
chanical exfoliation. For rapid device development and manufacturing, single crystal
and large, highly-oriented MoS, films can be synthesized through chemical vapor de-
position (CVD) which can then be easily transferred and patterned. Many studies
regarding the laser patterning and ablation of graphene have been reported for this
application but little has been discussed regarding TMDs [58-64].

A couple of studies have investigated how MoS, responds under intense femtosecond
excitation near the ablation threshold but provide little information on the ablation
process itself [7, 65]. Paradisanos et al. examined the Raman modes of both bulk and
monolayer MoS, flakes after multiple exposures to ultrafast pulses. They showed that
monolayer flakes were more resistant to degradation than its bulk counterpart and
suggest that the onset of damage results in the sublimation of the material. However,

further work is necessary to confirm this mechanism. Studying and quantifying the
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the ablation process and features of TMDs is important in order to understand how
these materials respond to intense excitation and to optimize the laser patterning
process.

Due to their reduced dimensionality, 2D materials provide a unique opportunity
to study strong field physics. Much research has been performed regarding the in-
tense excitation and optical breakdown of bulk semiconductors and dielectrics where
the roles of multi-photon, tunneling, and avalanche ionization have been analyzed
and discussed. Effects such as spatial-temporal beam propagation, self-limiting and
intensity clamping, and longitudinal carrier diffusion, which play important roles in
bulk micromachining, disappear in 2D materials. In addition, the effects of quan-
tum confinement may influence the energy coupling, energy distribution, and carrier
densities in monolayer TMDs, leading to enhanced or mitigated processes that dif-
fer from their bulk counterparts. In this chapter, a quantitative study is conducted
to understand the ablation of CVD grown MoS, involving single crystal, monolayer

flakes, and the role of avalanche ionization is discussed.
3.2 Characterization of Ablation Features

All monolayer TMDs used here were grown by CVD on a c-cut apphire (AlyO3)
substrate [14]. The TMD flakes are then transferred to a 90 nm SiOs/Si substrate
using a PMMA film. The PMMA is then dissolved with acetone, leaving behind
only the flakes. Monolayer growth was verified by Raman spectrscopy and atomic
force microscopy (AFM). Monolayer graphene on 90 nm SiO,/Si was purchased from
Graphenea. The TMD and graphene samples are exposed to 170 fs pulses from an
amplified Ti:S laser (Coherent RegA 9000) operated at a center wavelength of 800
nm. The pulses were focused down to a spot size less than 5 um in diameter using
a 10x objective with a 0.26 NA. Each spot on a flake was exposed to a single pulse
to create an ablation feature while the sample was translated to a fresh spot for each

subsequent exposure. The peak fluence was varied between 30-200 mJ/ cm” and at
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least five features were made per fluence to ensure repeatability.
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Figure 3.1: (a) Optical images of the ablation of 2D materials. (b) The ablation
areas are fitted as a function of the peak fluence of the incident pulse. The intercept
with the horizontal axis represents the ablation threshold and the slope if directly
proportional to the laser spot size. (c) The ablation thresholds as a function of band
gap. The optical band gap is plotted for MoSe, and the electronic band gap is plotted
for MoSy and WS5.

The ablation features are first characterized by optical microscopy (OM) as shown
in Figure 3.1a. OM images show clean removal of material with minimal damage to
the underlying substrate. The shapes and sizes of the holes are easily repeatable and
match the spatial profile of the pulse. Using this property, the ablation area A follows

the expression
T F
A: §weffln (F—th) (31)

where wesr = \Jw,w, is the effective spot radius at an intensity of e?

, W, and w,
represent the major and minor axes for an elliptical spot, F' is the peak fluence of the

incident pulse, and Fy, is the peak fluence at the ablation threshold [92]. The areas
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produced by different fluences can be fitted to this equation to accurately determine
the ablation threshold. Equation (3.1) is only true when there is no lateral diffusion
of carriers. If a high order multi-photon process is present and carrier diffusion is
significant, then the effective spot size measured by the fit may underestimate the
real laser spot size [98]. This equation though has shown to hold true experimentally
in the case of two-photon absorption for several materials [37, 99]. For all of the
ablation experiments conducted here, the spot size measured by the fit matched
the spot size measured using a CCD camera to within 5%, allowing this method to
accurately determine the spot size in situ. For example, the average spot size as
determined from the fits in Figure 3.1b was w.sy = 2.23 pm where as the spot size
measured by the CCD was w.rr = 2.18 pm, which yields a difference of 2.2%. The
agreement between the fitted equation and the CCD confirms that the ablation area
remains localized to within the laser spot and that carrier diffusion is minimal on the
time scale of the ablation. Finally, Figure 3.1c plots the measured ablation thresholds
as a function of band gap which will be discuss later.

One discernible difference between the ablation of graphene and MoSs is the produc-
tion of regular hole shapes. When exposed to ultrafast pulses, graphene demonstrates
a folding phenomenon at the edges of the hole which can often result in irregular hole
shapes and sizes [82, 83, 100]. This same phenomena was observed for graphene in
this work but is not apparent from OM for MoS,. To quantify the regularity of the
hole, the spatial profile of the pulse was matched to the ablation features of both
MoS, and graphene as outline in Figure 3.2. By positioning, rotating, scaling, and
setting the laser profile intensity level or clip level, the laser spot can be fitted to
the ablation area to measure how well the laser spot matches the ablation features.
To quantify this fit, the difference between the fitted laser spot profile and a thresh-
olded ablation profile were taken, resulting in an image whose pixels do not overlap

either the laser spatial profile or the ablation profile as shown in Figures 3.2a-3.2d.
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Figure 3.2: (a) The spatial profile of the laser spot at focus. The red outline represents
the level of constant intensity. (b) Ablation hole on a MoS, flake with the spatial
profile of the laser matched to the ablation hole. (c) A thresholded image of the
ablation hole with the matched laser profile. (d) A thresholded image of the ablation
hole showing the difference in pixels between the hole itself and the matched spatial
profile of the laser. (e) Pixel difference between the ablation hole and the spatial
profile for the different hole sizes. (f) The intensity profile clip level that best fits the
ablation hole. (g) The intensity level of the spatial profile that matches the ablation
hole shown in images (a)-(d).

The pixel difference was then normalized to the number of pixels that make up the
ablation feature and plotted as a function of fluence in Figure 3.2e. The pixel differ-
ence for graphene is found to be 2x larger than compared to MoSs, illustrating the
stochastic, explosive nature of ablation for graphene compared to the deterministic
ablation of MoSsy. The explosive nature of graphene is further emphasized at fluences
I < 3F;;,. In this fluence range, the uncertainty in pixel difference and clip level for
graphene increase significantly. For graphite, experiments have shown that Coulomb
explosion dominates ablation at fluences near threshold [101-103]. The presence of
folds and irregular hole shapes may be evidence of Coulomb explosion in the abla-

tion of graphene. The stark contrast in the ablation features of MoS, and graphene

suggest very different ablation dynamics and provide further motivation to study the



41

ablation of MoS,.
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Figure 3.3: (a) AFM scan and (b) Raman scan of MoS, after ablation showing clean
removal of material.

In addition to OM, AFM and Raman spectroscopy were used to further characterize
the ablation features. Similar to OM images, AFM also confirms the clean removal of
material under high fluences as shown in Figure 3.3a where the hole height matches
the height for monolayer MoS,. Raman spectroscopy gives a similar result where
Figure 3.3b shows a line scan across a hole in a MoS, flake. Two dashed vertical
lines at 388 cm™" and 406 cm™" represent the in-plane Ej, and the out-of-plane A,
vibrational modes for monolayer MoS,. A common peak for MoOs is also labeled at
289 cm~!. As the Raman spectra for various points across the hole are recorded, the
peaks associated with MoS, disappear while no peaks were detected for MoOs. No
peaks were also measured at 810 cm ™!, another common peak for MoOs. At fluences
greater than 2F};,, clean removal of material with minimal modification to the edges
of the hole is achieved, which is an attractive feature for laser patterning. These

properties ensure that TMDs can be shaped in any fashion while maintaining their



42

electronic and optical properties for various applications.
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Figure 3.4: (a) OM, AFM, and (b) Raman scan of MoS, at a fluence of 1.5F,.

At low fluences (F' < 2Fy,), some residual material is visible through OM in the
center of the ablation hole. AFM of these features were also recorded and shown in
Figure 3.4a. The height of this residual material is giant (>10nm) when compared to
the height of the monolayer flakes. Additionally, the presence of nanofolds was con-
firmed with AFM where the fold lengths were 150 nm or less. Raman spectroscopy
of the residual material did not reveal any new peaks. There are a couple conclu-
sions that can be made based on this result though. One group proposed material
removal during the ablation of MoSy occurs through sublimation [65]. Since some
material remains after ablation, other mechanisms such as ultrafast melting followed
by evaporation, resolidification, or oxidation are possible.

The absence of the MoO3 peak in the Raman spectrum in Figure 3.4b does not
disprove the oxidation of MoS,. Multiple groups have measured oxidation of MoS,
due to continuous-wave (CW) laser thinning. One group used i-XPS after laser

thinning where they confirmed the presence of Mo,O, with Mo,O5 being the most
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probable state [104]. In the same work, they also showed the presence of amorphous
MoS;. Another group measured the presence of amorphous MoO, through Raman
spectrscopy using a HeCd laser operating at 325 nm [105]. The same Raman modes
were not measurable when 442 nm or 532 nm sources were used. They explain two
reasons for this result. Firstly, since the band gap of amorphous MoQO, is about 3.59
eV, the resonant excitation of 325 nm light leads to enhanced Raman scattering.
Secondly, the Raman scattering cross-section scales as A™* which means the Raman
modes are more efficient for shorter wavelengths. They also gave another indicator
for the presence of MoO,. The density of amorphous MoOQ, is less than MoS,. During
CW laser thinning experiments, the formation of amorphous MoO,. led to the local
increase in film height by up to 6 nm which was easily measurable with AFM. The
volume of the residual material in Figure 3.4a was about 2.8 larger than the volume
of the hole itself. Based on these results, the residual material in Figure 3.4 may be

amorphous MoO, but further work is needed to confirm the material composition.
3.3  Experimental Evidence For Avalanche Ionization

To better understand the carrier dynamics at ablation, the dependence of ablation
on crystal orientation and incident polarization was investigated. The ionization and
ablation of many crystals such as GaAs, ZnSe, MgO, and LiF have been shown to
strongly depend on the crystals’ orientation with respect to the linear polarization of
the incident pulse [31, 106, 107]. This orientation dependence directly corresponds to
the crystalline axes of the material and is easily incorporated into Keldysh’s theory by
simply considering the different electron effective masses along each crystal axis [26].
To investigate this dependence, MoS, was exposed to pulses whose polarization were
aligned with the zigzag and armchair crystalline directions as illustrated in Figure
3.5a. No crystalline dependence was observed with the results for MoS,; shown in
Figure 3.5b.

The first possibility is that the electron and hole effective masses along each crystal
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Figure 3.5: (a) Crystal structure of a single crystal TMD flake. Four polarizations
were tested: linearly polarized light along the armchair and zigzag directions and left
and right circularly polarized light. (b) Ablation areas for the armchair and zigzag
crystal orientations for MoS,. (c¢) Ablation areas for linearly, right circularly (RCP),
and left circularly polarized (LCP) light for MoSs. The linearly polarized light is
randomly oriented to the crystal axes.

axis are the same. This case is true if the carrier transition occurs at the K point
in the band structure where the effective masses are expected to differ by less that
1% between each crystal direction [108]. For MoS,, the transition from the valence
band max to the second conduction band is about 3 eV at the K point, which is
nearly resonant with 800 nm (1.55 eV) excitation when considering 2PA [109]. If
the transition is away from the K point, then the effective masses can differ by up
to 50% depending on the crystal orientation [108]. At the fluences tested here, a
50% difference in effective mass corresponds to a 35% difference in the ionization
rates between the different crystalline directions as determined by Keldysh’s theory
(Figure 3.6).

The second possibility is that the predominant carrier generation mechanism is Al.
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In bulk crystals such as GaAs, the ablation feature size strongly depends on the crystal
orientation for fluences near the threshold where MPI dominates. At larger fluences,
carrier generation transitions from MPI to Al which depends on the average kinetic
energy or temperature of the free electrons and is insensitive to crystal orientation
[107]. Additionally, Al has shown to play an important role for pulse durations greater
than 100 fs [38]. Given that the pulse duration here is 170 fs, Al is expected to have

a significant impact on the ionization rate.
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Figure 3.6: Calculated ionization rates based on Equation (1.7) for monolayer MoS,
for two different effective masses. The region shaded in green corresponds to the
experimental fluence range investigated. The ionization rates differ, on average, by
36% in this fluence range.

To confirm whether MPI or AI dominates, the ablation of MoS, under linearly
versus circularly polarized light was tested. If MPI dominates, then the ionization
rate is expected to be higher for linearly polarized light, leading to a smaller threshold
compared to circularly polarized light. This dependence of the ionization rate has
been observed and successfully modeled for InSb where it was shown that the 2PA
cross-section for linearly polarized light can be up to 33% larger than for circularly
polarized light [110]. Similar results were also observed for fused silica and sapphire

[111, 112]. If AI dominates, then the thresholds are expected to be independent of
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the ellipticity of the incident polarization. Again, the ablation threshold was found to
be independent of polarization as shown in Figure 3.5¢. The lack of polarization and
orientation dependence suggest that Al is the dominate carrier generation mechanism
in MoSs at ablation.

Further insight in the role of Al can be found in how the ablation threshold scales
with band gap. Out of the 2D materials tested here, graphene and MoSe; had the
lowest thresholds of ~45 mJ/ cm” and ~31 mJ / cm2, respectively, despite possessing
different electrical and optical properties. Graphene is a zero band gap semi-metal
while MoSe, is a direct band gap semiconductor with a strong excitonic resonance at
1.57 ¢V [113]; however, both materials exhibit 1PA and saturable absorption (SA) at
800 nm. Comparing linear absorption coefficients between the two materials, the
absorption coefficient of graphene (2.4 x 10° cm™!) is about twice that of MoSe,
(1.3 x 10° em™") [114, 115]. At these high intensities though, nonlinear mechanisms
will surely be prevalent. Considering SA, literature has shown that the saturation
intensity of graphene (~3 GW /cm?) is about three orders of magnitude larger than
MoSe; (~2.5 MW /em®) at 800 nm. The modulation depths of graphene and MoSe,
are 73.6% and 80%, respectively [116-118]. The intensities investigated here are
greater than 150 GrVV/cm2 which is well above the saturation intensities for both
graphene and MoSe,. By considering 1PA and its saturation at the ablation thresh-
old, the surface carrier density generated can be estimated and found to be similar at
~4.3 x 10 cm™2 and ~2.2 x 10'* cm~? for graphene and MoSe,, respectively. Even
though the carriers generated in graphene is twice as large, the threshold is 1.5x
larger than MoSey; was well. This difference can be attributed to the exceptional
mechanical strength of graphene. Graphene possesses a Young’s modulus that is ten
times larger than that found in MoSe; and has a breaking strength that is three times
larger as well [54, 69]. The mechanical robustness of graphene allows for high carrier

generation before intense ionization leads to Coulomb explosion [119].
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The excitation dynamics of MoSy and WSy are different compared to MoSe,. The
optical band gaps or excitonic resonances of MoSs and WS,y are 1.87 eV and 2.02
eV, respectively, which are both larger than the 1.57 eV transition found in MoSe,
[120, 121]. Under 800 nm excitation the incident pulses are resonant with the excitons
in MoSe,, allowing for 1PA and its subsequent saturation. For MoSs and WSs, carriers
must be generated by 2PA to the electronic band gap which are 2.40 eV and 2.73 eV,
respectively [120, 121]. As a result, the thresholds are expected to be larger for MoS,
and WS,. A similar calculation can be performed to determine the number of carriers
generated due to 2PA. For MoS,, the 2PA coefficient is ~60 cm/GW which leads to
a carrier density of ~2.1 x 10" ¢cm~2 with an excitation intensity of ~370 GW /cm’
at ablation [56]. This carrier density is similar to those found for graphene and
MoSe; and demonstrates excellent scaling between the ablation threshold of MoSe,

and MoS,; however, the critical density to cause ablation has not been determined.
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Figure 3.7: Single shot absorption of MoSs for 400 nm pulses. The ablation threshold
was measured to be ~29 mJ/cm® at 400 nm.

To estimate the carrier density required for ablation, a simple absorption exper-
iment was performed. The 800 nm pulses were frequency doubled at 400 nm and

exposed to monolayer MoS, which undergoes 1PA with little saturation at this wave-
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length [7]. The absorption was recorded for fluences above the ablation threshold
with the results given in Figure 3.7. Near the ablation threshold, the absorption was
found to be ~7%, yielding a peak carrier density of ~4.2 x 10* cm~2 which corre-
sponds to 30% of the total valence band population being excited. This percentage is
three times larger than that found in bulk materials such as Si and GaAs at the onset
of damage [122, 123]. This carrier density is also an order of magnitude larger than
those predicted for 800 nm excitation calculated earlier at the ablation threshold for
both MoSe; and MoS; when only 1PA and 2PA were considered. To account for this
discrepancy, Al must account for the majority of the carriers generated. The fact
that 30% of the carriers have been excited provides further evidence that TMDs are
more robust than their bulk counterparts and that Al plays a significant role in the
breakdown of these 2D materials.

To gain further insight into Al and how the AI rate should scale with band gap
in the MPI regime, the total carrier density N can be described to a first order

approximation with a single rate equation (SRE) as

Cil—];f = Wpi(t) +yarl(t)N. (3.2)

The first term represents the photoionization (PI) rate that can include both MPI
and TI. The second term represents the impact ionization rate. Assuming sufficient
seed carriers have been generated and Al is the dominate process, an approximate
analytical solution can be obtained for the electric field strength at threshold (see

Appendix B). The peak field strength & at threshold follows the proportionality
£ o (mwky)"? (3.3)

where m,y, is the effective mass of a hole in the valence band and £} is the band gap.

If AT truly dominates, then the above ratio should be the same for MoSy and WS, at
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their respective ablation fluences. The field strengths at ablation for MoS; and WS,
are 1.85 x 10° V/m and 2.04 x 10° V/m and their effective masses are 0.43m, and
0.40m,, respectively [124, 125]. Using these field strengths and their electronic band
gaps, the ratios for MoSy and WS, from Equation (3.3) only differ by ~7%, further
supporting that Al plays a crucial role in the optical breakdown of MoS,. Figure
3.1c summarizes the ablation thresholds and the important excitation mechanisms

involved.
3.4 Modeling Carrier Dynamics

Although Equation (3.3) provides an explanation for the band gap scaling observed
in Figure 3.1c¢, a number of simplifying assumptions were made in order to obtain an
analytical result. In order to to extract out an reasonable value for the Al coefficient
var, the initial carriers generated by PI and the effects of saturation need to be

considered. Accordingly, a modified SRE is introduced and is given by

dd_];[ = (Wpi(t) +varl(t)N) (1 - ]\]fit) : (3.4)

The second term on the right introduces the effects of saturation due to carrier de-
pletion in the valance band. Given the PI rate, critical carrier density, and the pulse
profile at ablation, the Al coefficient can determined by solving the above equation.

Several approaches are taken to model the PI rate. The first approach is based on

Beer’s law where the PI rate for 2PA is proportional to the squared intensity:

W2PA(L) = 0, I%(1). (3.5)

The term o, represents the 2PA cross section which can be determined experimentally
and is related to the 2PA coefficient 8 (see Appendix B). Zhou and Ji measured [

for monolayer MoS, at various wavelengths by creating a phototransistor and mea-
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suring the induced currents due to 2PA [56]. At 800 nm excitation, they found
B = 58 cm?/GW; however, they failed to account for the etalon effect as previously
demonstrated in Chapter 2. Considering the etalon effect, 3 can be corrected to obtain
the substrate independent 2PA coefficient 3’ which was found to be 3’ = 40cm?/GW.
From (', g, was found to be 8.03 x 10 cmfs/J. The other approaches involve the cal-
culation of the PI rate based on the model first presented by Keldysh [26]. Recently,
another set of expressions describing the photoionization rates for 2D materials were
presented that also account for the proper selection rules due to interefernce between
quantum trajectories for MPA [126, 127]. These theoretical calculations provide an
alternative to the experimentally determined value of § which is shown to have a
strong variation in literature [4, 56]. Additionally, they also account for contributions
from TI. Resultantly, the four methods for predicting the PI rate are: 2PA based
on experimental coefficients (Ji’s Exp.) [56], the Keldysh expression for PI of bulk
materials (3D KLD) [26], the Keldysh expression for PI of 2D materials (2D KLD)
[126], and the Keldysh expression for 2D materials considering quantum interference
(2D KLD wQI) [126].

Given the methods for modeling the PI rate, the transient internal intensity must

also be accurately modeled. To this end, the intensity profile of the pulse is given by

I(t) = Re[n(t)] E27al0(t) (3.6)

where 7(t) is the transient refractive index based on the Drude model (see Appendix
B), €274 is the internal intensity enhancement as given by the zero-thickness approx-
imation (ZTA) due to interference effects with the underlying substrate, and Iy(t) is
the Gaussian intensity profile of the incident pulse. Given the high carrier densities
generated at ablation, the temporal evolution of the refractive index will significantly

affect the internal intensity seen at the end of the pulse compared to the beginning
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due to the presence of free carrier absorption [39]. The transient refractive index is
an important property for bulk materials because it leads to the plasma mirror effect
where the reflectivity drastically increases due to the presence of free carriers in the
conduction band. Moreover, the current description of the intensity does not con-
sider any spatial propagation into the material. For bulk materials, properties such
as diffraction and the Kerr nonlinearity are important to consider due to their strong
effects on the propagation of the pulse and its intensity. In contrast, these effects
can be ignored for 2D materials due to their thinness where the increase in reflectiv-
ity and effects of self-focusing are expected to be negligible, greatly simplifying the

computation of the intensity and resulting carrier density.
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Figure 3.8: Avalanche ionization coefficients for MoS, and several bulk materials
found in literature. All coefficients were determined by single rate equations [128-
130]. ULE is a doped fused silica containing SiOs (92.5%) and TiO, (7.5%). BBS is
a barium aluminum borosilicate glass.

With Equations (3.4)-(3.6), the AI coefficient v4; was determined for the four
different descriptions of the PI and were found to range from 20 cm?/J to 33 cm?/J.
The AT coefficients are summarized in Figure 3.8 along with several bulk materials

found in literature. All of these Al coefficients were based on single rate equations to
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ensure comparability. Regardless of the PI model used, the Al coefficients for MoS,

are generally larger by a factor of 2 or more than those for most bulk materials with

TiOs being the only exception [129].
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Figure 3.9: Carrier generation in monolayer MoS, at the ablation threshold along
with the intensity profile of the pulse. The carriers density due to photoionization
were calculated using the experimentally determined 2PA coefficient (Ji’s Exp.).

Figure 3.9 shows the carrier density generated at ablation and their contributions
from both PI and AI based on Ji’s Exp. This calculation method represents the

lower limit of carriers generated by Al. Nevertheless, Al generates more than three

times the number of carriers than PI alone. Specifically, Al accounts for 76.8%,

98.7%, 95.9%, and 94.5% of the generated carriers for the methods Ji's Exp., 3D
KLD, 2D KLD, and 2D KLD wQ], respectively (see Figure B.2). Regardless of the
calculation method employed, Al is found to clearly dominate carrier generation in
monolayer MoSs. The large Al rate is not overly suprising since Auger recombination
was also found to be enhanced in MoS, [131]. This enhancement may be due to
the reduced dimensionality of 2D materials resulting in quantum confinements effects

that enhance several properties of MoS,. Further investigations utilizing microscopic

theory is needed to understand this origin though.
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3.5  Conclusion

In closing, several experiments were conducted to investigate the single-shot ab-
lation of monolayer MoS,. At fluences greater than 2F},, the ablation consisted of
clean removal of material as indicated by OM, AFM, and Raman studies. At fluences
below 2F};,, residual material was found in the center of the hole whose height was
greater than 10 nm above the surface of the monolayer flake. Based on its volume, the
residual material is most likely an amorphous oxide of MoS,. As such, ablation may
result in the sublimation of MoS; at high fluences where as other processes such as
ultrafast melting may be possible at fluences near the ablation threshold. Moreover,
the effect of the incident polarization on ablation was studied which showed that the
ablation threshold was independent on the orientation or ellipticity of the incident
polarization, suggesting that Al is the dominate mechanism of carrier generation over
2PA. Correspondingly, the Al coefficient was determined by solving a SRE that de-
scribed the carrier generation due to both PI and Al. The Al coefficient was found
to vary between 20 and 33 cm?/J for MoS,, which is more than 2x larger than Al
coefficients for most bulk materials. This large coefficient showed that more than 75%
of carriers generated at ablation were due to Al alone. Similar to Auger recombina-
tion, the avalanche process could be enhanced due to quantum confinement effects
induced by the reduced dimensionality of 2D materials, similar to that found for MPA
based on the 2D Keldysh PI rate equation. The research presented here provides a
stepping stone to further understand the effects of reduced dimensionality on strong

field physics and is expected drive the innovation of future strong field devices.



CHAPTER 4: ULTRAFAST MULTI-SHOT ABLATION AND DEFECT
GENERATION IN MONOLAYER MOLYBDENUM DISULFIDE

4.1  Introduction

Understanding the optical responses of two-dimensional (2D) materials under strong
excitation is important. For example, semiconductor transition metal dichalcogenides
(TMDs) have demonstrated strong optical nonlinearities such as second harmonic gen-
eration (SHG) [7, 132], high harmonic generation [10], saturable absorption [53, 118],
and giant two-photon and three-photon absorption [4, 55, 57]. These properties make
TMDs an excellent candidate for attosecond photonics, mode locking, optical lim-
iting, and multi-photon detectors. For such applications, performance is limited by
the optical damage of 2D materials so understanding the laser-induced damage under
repetitive excitation in these materials is critical to improve their performance met-
rics. Additionally, ultrafast lasers have been demonstrated to selectively remove 2D
materials for specific sizes and geometries [97]. Compared to electron-beam and pho-
tolithography which have high costs, complexity, and degraded device performance
due to unwanted dopants, contaminates, and polymer residues [78], ultrafast laser
ablation is a promising technique to pattern 2D materials that is in situ, resist-free,
and maskless. For this application, knowledge of multi-shot ablation is essential to
select optimal laser parameters for the best results. As the onset of ablation and
damage are governed by similar physical principles, determining the ablation thresh-
old fluences Fy, of 2D materials as a function of the number of pulses N admitting
on the same spot of the substrate is important.

Such a phenomenon, commonly referred to as incubation, is well known in pulsed

laser-induced ablation and damage of bulk materials for optimizing laser processing
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and avoiding catastrophic damage of optical components [133]. Starting from the
single-shot ablation threshold Fy;(1), the threshold fluence decreases monotonically
with NV until it approximately saturates at Nyy. For N > N, Fy, varies in a small
range of fluence, defined as Fy,(00). If the fluence is below Fy;,(00), ablation does not
occur for any number of pulses, at least theoretically. The ratio R = Fij,(00)/Fy(1)
is a measure of the degree of incubation: the larger the R, the less pronounced the
incubation and the more resistant the material is to radiation damage. For bulk
materials, large R values were reported for HfOy (R ~ 0.73 for 50 fs and 0.84 for 1
ps) [134], and TayOs5 films (R ~ 0.67 for 150 fs) [129].

To date, a few studies have investigated 2D materials under repetitive excitation
below or near the ablation threshold. Wetzel et al. reported the first incubation
study of femtosecond ablation of graphene but their study was purely experimental
without any discussion or understanding [83]. Paradisanos et al. investigated the
multi-shot degradation of exfoliated monolayer MoS, induced by ultrafast excitation
[65]. They showed both the Raman Ay, and Ej, modes decay by 30% and 60% over
10° shots, when excited at 25% and 40% of F,(1), respectively. They attributed
the Raman weakening to a decrease of the Mo-S bond density, as revealed in the
formation of macroscopic holes within the monolayer that progressively increased in
size upon further exposure. Despite these studies, incubation in terms of Fy,(N) for
monolayer TMDs has not been investigated, nor discussed for graphene in literature.
In this work, the multi-shot ablation of monolayer MoS, and WS, is studied and
compared to results found in literature for graphene and several bulk materials based
on a phenomenological model. Notably, MoS, exhibits a unique response where the
threshold saturates within the first 10 pulses. Moreover, the saturation threshold is
found to be about 75% of the single-shot ablation threshold and coincides with the
damage threshold as measured by second harmonic generation. Finally, transmission

electron microscope (TEM) images show that the onset of damage begins with the
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removal of clusters of atoms, resulting in dangling bonds that permanently modify
the optical properties of MoS,.

Monolayer MoS, films and WS, flakes were grown by chemical vapor deposition on
c-cut sapphire (AlyO3) and transferred to a borosilicate glass and Al,O3 substrate,
respectively [14]. A Coherent RegA 9000 producing 160 fs pulses at a central wave-
length of 800 nm is used to conduct all ablation experiments. The repetition rate
was kept constant at 307 Hz where a mechanical shutter was used to select a single
or multiple pulses from the pulse train. The laser pulse energy was controlled using
a continuous neutral density filter wheel or a half-wave plate with a polarizer, where
a calibrated, fast photodiode was used to record individual pulse energies E. The
pulses were focused on to the MoS, film by a 10x, 0.26 NA objective which also
allowed for in situ imaging of the experiment. The MoS, sample was mounted on an

Aerotech ANT three-axis motorized translation stage for precise positioning control.
4.2 Multi-Shot Ablation and Incubation

The ablation threshold F};, was determined by measuring the ablated hole area as a
function of the incident peak fluence I’ where the linear extrapolation of the hole area
versus In (F') yields the threshold fluence Fy, at zero area [92]. This area method is
illustrated in Figure 4.1a for MoSsy on a glass substrate and N =1, 3, and 10 pulses.
For fluences above Fy,, the ablation produces deterministic holes with a well-defined
shape, as illustrated in Figure 4.1b. As previously demonstrated in Chapters 2 and
3, this method allows the determination of the laser spot radius and Fj; of monolayer
MoS,. Figure 4.1c shows Fj;, of MoSy; and WS, for selective N up to 1000 pulses. As
a comparison, Figure 4.1c also displays Fy,(N) for graphene from Ref. 83. For MoS,,
F};, decreases monotonically from N = 1 to 10 before saturating at Ny, ~ 10. For
WS, and graphene, F}, quickly reduces for the first three pulses and then experiences
an inflection, before leveling off at 1000 pulses. The R values for MoSy and WS, were

found to be larger than the majority of bulk materials [129, 133, 135]. Only HfO,
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(R ~ 0.73, Ngy ~ 10,000) and TayO5 (R ~ 0.67, N ~ 1000) films were found to
have comparable R values to MoS; and WSy, respectively [129, 134]. Among all these

materials, MoS, has the fastest saturation.
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Figure 4.1: (a) Determination of the ablation threshold of MoS, for 1 pulse, 3 pulses,
and 10 pulses. (b) Optical microscope image of an ablated hole made in a MoS, film
due to a single pulse. (c¢) Multi-shot ablation thresholds for monolayer MoSs, WSs,
and graphene [83].

To model the data, we generalize the phenomenological model introduced by Sun
et al. to 2D materials [133]. We assume the absorption A = AFE/E and the critical
surface energy density G/ change over successive pulses according to

AN, F') = Ay + AA (1 - e*ﬂF’N) ,

(4.1)
(N, F) = G+ AG (1-e7Y),

where Ag is the initial absorption, AA = A,,.. — Ap is its maximal change (typi-

cally positive), Gj, is the initial critical surface energy density needed for single-shot
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ablation, and AG' = G/

Lin — GG 1s its maximal change (typically negative). The
coefficients  and ~ are the laser-induced rate of change of A and G’ towards their
respective final values. Importantly, F’ = ;74 F is the internal fluence inside the 2D
materials where ;74 represents the intensity enhancement factor due to the inter-
ference effect of the supporting substrate and was shown to vary up to 20x among
different substrates in Chapter 2. Using the internal fluence allows the determination
of substrate independent coefficients. According to this model, the threshold fluence

Fyu(N) is reached when the energy density deposited by the N'! pulse equals the

critical energy density modified by the preceding N — 1 pulses:

A(N =1, Fjy(N)) Fi(N) = G/ (N — 1, Fj,(N)) . (4.2)

By combining Equations (4.1) and (4.2), the multi-shot threshold satisfies the follow-

ing transcendental equation

AA ,
Fl,(1) — | F},(1) — F,(00) (1 T A_)} [1 — e FhMW-1]
Ft,h(N) = AA o ON N1 (43)
1 + A_O |:1 — 67'8 th( )( - ):|

where F}, (1) = G{ /Ay is the intrinsic single-shot ablation threshold and F}, (c0) is the
intrinsic multi-shot ablation threshold at saturation. From Equation (4.3), R can be
expressed as a simple analytical function of the maximal fractional change in critical

energy AG’/GY, and absorption AA/Ay according to

Fin(o0) _ 1+ AG'/Gy

R = .
Fa(l) — 1+ AAJA,

(4.4)

To obtain a large R value, Equation (4.4) indicates AG" and A A should be as close to
zero as possible. Equation (4.3) is applied to fit experimental data for 2D materials

and extract the fitting parameters AA/A, 3, and 7. F},(N) can be determined
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experimentally through F "= EzraF where E574 = 0.63 and 0.53 for borosilicate
glass and Aly,O3, respectively. AG’/GY is then calculated from Equation (4.4). The
dashed curves in Figure 4.1 are the theoretical fits where all the fitting parameters
are shown in Table 4.1 in the descending order of R. Though these materials have
similar AA/A values, MoS, has the smallest AG’/Gj, yielding the largest R value
and the smallest Ny, with a single decay trend in its measured Fi,(N). For WS, and
graphene, the initial fast decay in Fy, is due to the fast saturation of AA (i.e. large
), followed by a slow decay due to the slow saturation of AG’ (i.e. small 7), leading
to a larger Ny Figure 4.2 includes the multi-shot ablation thresholds for various
bulk materials in literature with their fits to the original equation proposed by Sun

et al. [133]. Their fit parameters are also summarized in Table 4.1.
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Figure 4.2: Normalized multi-shot threshold for various materials. The excitation
conditions were similar for all materials (800 nm, 100~200 fs) except for diamond
(1064 nm, 10 ps) [135-138]. The thresholds are normalized to the single-shot thresh-
old.

4.3  Single-Shot Sub-Threshold Damage and Defect Generation

Our finding is consistent with the report by Mannebach et al., where they observed
the transient second harmonic (SH) signal from a monolayer MoS, is completely re-

covered when it was repeatedly excited at 70% of ablation threshold [7]. As SHG is
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Table 4.1: Fit parameters for Figures 4.1c and 4.2.

. AA Aa AG AG 8 ~
Materials R or or o 5
Ao (87)) G6 G() (Cm /J) (Cm /J)

MoS, | 0.75 0.31 -0.013 6.3 0.052
WS, | 0.69 0.25 -0.14 13 0.16
Graphene | 0.44 0.55 -0.32 15 0.35
Tungsten | 0.36 0.62 -0.42 1.2 0.11
AlL,O3 | 0.27 0.12 -0.70 1.5 0.026
Si0, | 0.22 0.088 -0.76 0.0015 0.089
Diamond | 0.089 0.13 -0.90 0.0012 0.045

sensitive to the change in crystal structure, we performed a correlated area method
and SHG experiment, in which the MoS, sample is exposed to a single intense pump
pulse, followed by a train of weaker pulses to probe the resultant structural modifi-
cation using static SHG. The result is shown in Figure 4.3 for various pump fluences
below and above Fy,(1). For fluences above Fy;, (1) where holes are created determin-
istically, the SH signal decreases with increasing fluence, indicating the SHG is due to
the spatial overlap of the probe pulse with the edges of the hole. For pump fluences
below 89 mJ/ cm®, the SH intensity remained the same as that of pristine MoS,, in-
dicating the material is intact. Between them where no visible hole was seen, the SH
signal is still below the pristine value, signifying that the film is permanently dam-
aged. Accordingly, we define Fy,, = 0.78F},(1) as the fluence causing permanent
damage to the film. This result indicates that SHG is more sensitive than the area
method to detect sub-ablation damage. Importantly, comparing Figures 4.2 and 4.3
shows Fjj,(00) ~ Fiymg, implying as long as the pulse fluence is below F,,,, monolayer
MoS, will not be ablated for an infinite number of pulses. Similarly, the sub-ablation
damage observed represents the beginning stages of incubation. For N-pulse exposure
at Fy,(N), each pulse will generate sub-ablation damage, accumulatively creating a
deterministic hole at its zero-area limit.

To search for further evidence of such sub-ablation damage, a MoS, film was trans-

ferred to a holey carbon film grid for high resolution transmission electron microscopy
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Figure 4.3: SH intensity of damage to the MoSs film due to a single pump pulse. The
fluences in the red region creates a hole visible under an optical microscope. Fluences
in the yellow region damage the film without visible evidence. No permanent damage
to the film occurs for fluences highlighted in green. The probe pulse fluence is 30%
of Fip(1). The left axis is logarithmic, and the right axis is linear.

(HR-TEM). The left image in Figure 4.4 shows a HR-TEM image of pristine MoSs
where the dark spots represent the sulfur atoms and the bright spots are the molyb-
denum atoms. The images on the right show MoSy exposed to a single pulse at
F = 0.93F;,(1) where clusters of atoms ranging up to a few nanometers across are
removed without destroying the overall integrity of the film. Figure 4.4 reveals that
such sub-ablation damage is stochastic in nature where voids appear sporadic with
random sizes and shapes within the exposed area. This is in sharp contrast to the
deterministic ablated holes seen in the area method (Figure 4.1a). The nano-voids
in Figure 4.4 show a decrease of roughly 5% in atomic density, which translates to
a 10% reduction in SH intensity. Figure 4.3, however, indicates a 20% reduction in
SH intensity, implying the presence of other defects in addition to the nano-voids.
We note that Figure 4.4 lacks the resolution to resolve native and laser-induced point
defects.

To reveal more information regarding these defects, we performed various optical

spectroscopies on pristine MoSy and MoS, exposed to a single pulse at 0.83F,(1).
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Figure 4.4: (left) HR-TEM of pristine monolayer MoS,. (right) Damaged MoS, film
exposed to a pulse with a fluence F' = 0.93F,(1).

Figure 4.5a shows the SH polar profile for pristine MoSy by rotating the incident
polarization while recording the SH signal at x- and y-polarizations. The data follows
the theoretical curve (solid line) for this method, indicating excellent crystallinity [7].
The polar profile at the center of the damaged region is shown in Figure 4.5b. As the
damaged region is significantly smaller than the probe pulse spot size, the SH signal
is dominated by the surrounding pristine MoSs where a 4-fold symmetry is clearly
resolved. Compared to Figure 4.5a, however, the depolarization (reduced contrast) is
evident where the maximal SH intensity reduces by ~20% and the minimum never
drops completely to zero. A more pronounced depolarization can be seen for MoSsy
exposed to 2F,(1) where more of the SH signal is from the edge of the hole (see
Appendix C). In addition to SHG, Figures 4.5¢-4.5d show the PL and Raman spectra
recorded at the center of the damaged spot. As a reference, pristine spectra are also
shown in blue. The line profile of the PL peak intensity and center energy across the
damaged spot is presented in Figure 4.5e, showing an obvious intensity reduction of
~25% and blue shift in the PL after exposure. Similar results were also recorded for
the Raman line scan as shown in Figure 4.5f, where the intensity of both the Ezlg and
A, peaks are reduced ~25% in the damage region of the MoS, film. Additionally,
the £, mode experiences a maximal redshift of 1.6 cm™" while the Ay, peak shows a
maximal blue shift of 0.9 cm™*.

For single pulse exposure at 0.83F,(1), these nano-voids revealed by HR-TEM
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Figure 4.5: Second harmonic polar profile of (a) pristine MoSs and (b) damaged
MoS; by a pulse of F' = 0.83F,(1). (c) Photoluminescence and (d) Raman spectra of
pristine and damaged MoS,. (e) Photoluminescence and (f) Raman line scans across
damaged MoS,. The second harmonic polar plot in (b) and the PL. and Raman scans
in (c¢)-(f) were all recorded for the same damaged spot.

only account for less than a 5% reduction in the number of atoms which alone is not
enough to explain the near 20%-25% drop in SH, PL, and Raman intensities. The fact
that the SH intensity in the polar plot never drops to zero is similar to that seen for
polycrystalline MoS,, suggesting that the local crystal lattice has become disordered
[139]. Such disorder most likely happens at the edges of the nano-voids, which will
contribute to the reduction of the maximal SH intensity in the polar plot. In addition,
several types of vacancies associated with S and Mo atoms are likely present around
the edges of the nano-voids or in the MoS, film after exposure. The dangling bonds
associated with these vacancies are known to introduce mid-gap states in the band
structure of MoS, which could strongly quench the PL intensity and cause a blue
shift similar to that observed here [140-144]. Such mid-gap states could increase
light absorption (AA/Ap) of successive laser pulses during incubation, leading to a

reduction in the threshold fluence [145]. Additionally, the lateral strain introduced
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locally by the defects and lattice disorder can cause the Raman intensities to decrease
(146, 147]. The blue shift in the A, and red shift in the E%g peaks could be explained
by a combination of p-doping from the presence of Mo-O bonds [76, 148] and strain

introduced by laser-induced defects and lattice disorder [143, 146].
4.4  Conclusion

In summary, we show that MoSy and WS, have weak incubation effects. A modified
phenomenological model was applied to describe the incubation behavior of MoSs,
WS,, and graphene with good agreement, revealing that MoS, is the most resistant
to laser-induced bond softening, which is foundational to its weakest incubation (R ~
0.75) and fastest saturation (Nsu: ~ 10). Moreover, static SH measurements reveal
the threshold for sub-ablation damage to be Fy,,,, = 0.78 Fy;, (1) for MoS,, below which
MoS; remains intact for many pulses. For fluences slightly above Fy,,, incubation
starts with laser generated vacancies which introduce mid-gap states that quench the
PL and increases subsequent pulse absorption. Such vacancies also introduce strain
and disorder in the lattice that weaken the Raman and SH intensities. Successive
pulse exposure leads to nano-voids with random sizes and shapes, which grow in size
with subsequent pulses, until a deterministic ablation hole with a theoretical zero
area is reached. At pulse fluences between Fy,, and Fy;,(1), nano-voids could form
during the first shot, requiring fewer number of pulses to reach the onset of ablation.
The fast saturation and weak incubation establish MoS, as an attractive material for

high-throughput laser processing and strong field devices.



CHAPTER 5: ADDITIONAL EXPERIMENTS AND CHALLENGES

Chapters 2, 3, and 4 provide important foundational knowledge for the ultrafast
ablation of monolayer MoS; and TMDs in general. During the course of this research
several other experiments were conducted in addition to those discussed in the previ-
ous chapters. The initial findings from some of these experiments necessitate further
investigations that are beyond the scope of this dissertation; however, the potential
impact of these experiments could be significant and warrant discussion. Correspond-
ingly, this chapter is broken into three short sections discussing the initial findings of

three of these preliminary studies and to promote further investigation.
5.1  Double Pulse Ablation

The previous studies either involved ablation due to a single pulse or a stream of
pulses whose separation is longer than most lifetimes found within the MoS; mono-
layer. As a result, most transient processes during ablation had to be handled the-
oretically such as the refractive index or free carrier absorption (FCA). To probe
these transient effects, time-resolved studies have to be conducted. To date, a few
time-resolved experiments involving intense excitation have been performed regarding
TMDs but none of these studies investigate fluences large enough to cause ablation
[7, 149-152]. On the contrary, several time- and spatial-resolved studies have been
conducted for bulk materials at ablation, revealing interesting material responses
at breakdown including Coulomb explosion, phase transitions, and enhanced double
pulse ablation to just name a few [8, 9, 102, 103, 122, 153-165]. Correspondingly,
a time-resolved double pulse experiment was designed and performed for monolayer

MoSs, WS,, and graphene.
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Figure 5.1: Schematic for double pulse ablation.

Figure 5.1 shows a diagram for a double pulse ablation experiment. A single pulse
is split using a 50/50 beam splitter (BS) along two arms, similar to that in a Michelson
interferometer. One arm consists of a mirror aligned at normal incidence set on a
delay stage to control the time separation between the two pulses. The second arm
consists of a stationary mirror and a quarter-wave plate (QWP) which rotates the
polarization by 90° after a double pass through the QWP. Rotating the polarization
is important to avoid interference effects at the surface of the 2D material when the
pulses are temporally overlapped. The translation stage was capable of producing
delays greater than £400 ps. The fluence for each pulse was set to be below the
two pulse ablation threshold Fj,(2). Setting this fluence is important to ensure the

ablation area goes to zero for large delays.
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Figure 5.2: Double pulse ablation of graphene, MoS,, and WS,.

Using this setup, the ablation area can be recorded as a function of the pulse
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separation as shown in Figure 5.2 for graphene, MoS,, and WS,. The data in red
represents positive delays while the data in blue marks negative delays. Across all
three 2D materials, the ablation area decreases towards zero at long delays as expected
since the fluence of each pulse is below Fy;,(2). For MoS; and WS,, the decay in the
ablation threshold agrees well with a simple exponential decay given by the solid lines
in Figure 5.2. This result can be described using a SRE similar to that in Equation
(3.2) given by

dN N

E = Wp[(t) + ’)/A[[(t)N — ? (51)

where the new term with 7 describes the relaxation of carriers. If the pulse separation
At is greater than the pulse duration 7py s, the carrier density is approximately

given by

N(At) = N, [1 + exp <~’C7%F _ g)} exp (f/%‘”F - TFWHM) (5.2)

2 T

where N is the initial carriers created by MPI, and f and f’ represent the fraction
of the fluence that contributes to Al [164]. The above equation yields an exponential
decay in terms of At which qualitatively describes the trend seen for MoS, and WS,.

There are multiple features in the double pulse ablation of graphene that are unique
compared to the results for MoS; and WSs. First, graphene exhibits a very strong
peak at zero time delay. This peak could be an indicator that the optical breakdown
of graphene occurs through Coulomb explosion. Time of flight experiments measuring
the ions ejected from graphite due to ultrafast ablation show that the optical break-
down of graphene is due to Coulomb explosion [102, 103]. In particular, a similar
double pulse experiment was performed for graphite which showed that the ion yield
increased substantially when the two pulses were overlapped temporaly. In fact, the
ion yield nearly drops to zero with a pulse separation of less than 200 fs [102, 103].

Consequently, the strong peak observed for the double pulse ablation of graphene
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may also indicate the presence of Coulomb explosion.

The second unique aspect observed for graphene in Figure 5.2 are the humps ob-
served at time delays of about £50ps and +150ps which are not present in MoS, and
WS,. These resonances could potentially describe some unique carrier dynamics. In
particular, graphene exhibits many remarkable properties when excited by femtosec-
ond pulses. Once carriers are generated, they rapidly relax through strong electron-
phonon interactions, leading to a hot lattice temperature. This energy is typically
dissipated through lateral diffusion in the graphene film; however, given a sufficiently
strong optical excitation, energy can be dissipated via out-of-plane acoustic phonons
where the energy is transferred to the underlying substrate or the air [166, 167]. In
fact, one group reported the generation of sound through opto-thermo-acoustic waves
from graphene when excited by a femtosecond pulse [167]. These phonons were found
to effect the reflectivition and and transmission properties of graphene. Similar pump
probe experiments showed oscillations in both the reflectivity and transmissivity of
graphene for time delays of 50 ps and larger [166]. Given the intense excitation used
in these experiments, the effects of acoustic phonons on the ablation of graphene may
be significant and give rise to the humps observed in the double pulse ablation data.

In summary, the results presented in Figure 5.2 are only preliminary. Further exper-
iments are needed to understand the complex carrier dynamics that occur at ablation.
Importantly, the double pulse ablation of MoSs and WS, present an opportunity to
expand upon the SRE from Chapter 3 and further probe the effects or free carrier
absorption and impact ionization in TMDs. Additionally, the current SRE in Equa-
tion (5.1) could be used to extract effective lifetimes for carriers. Moreover, effects
such as band gap renormalization are expected to be present within this experiment.
Both MoS; and WS, exhibit giant band gap renormalization and columb screening
effects due to femtosecond excitation [150-152]. Specifically, bilayer WS, has shown

a band gap reduction of 0.5 eV and complete screening of the exciton when excited
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by 515 nm pulses [150]. These previous experiments only observed these effects due
to 1PA excitation. The double pulse ablation gives the opportunity to identify these
same processes for nonlinear excitation. Furthermore, this study may provide the first
experimental evidence of Coulomb explosion in graphene. To date, only molecular dy-
namic simulations have been performed to investigate Coulomb explosion in graphene
[119]. Additional experiments investigating the ablation threshold as a function of
pulse separation will provide complementary information to that previously presented
and may be easier to model. Nevertheless, further insight and understanding can be
obtained from these time-resolved experiments, potentially revealing unique physical

processes that result from the reduced dimensionality of these materials.
5.2 Ultrafast Laser Thinning

Most of the work presented here is focused on the physical mechanisms leading to
the optical breakdown of MoS,. While this knowledge is important for understanding
the limitations of this material, little has been discussed regarding immediate appli-
cations. Chapter 2 does discuss in some detail the application of ultrafast ablation to
pattern MoS, for different devices, though this is just one application. One of the most
studied processes is the laser thinning of MoS, [80, 86, 104, 105, 168, 169]. While
this is another laser patterning application, the focus is on producing high-quality
monolayers for devices from multi-layer MoS,. While these studies show promise,
there are some noticeable issues that need resolved. Many studies reveal that the
surface roughness of laser-thinned monolayer MoS, is two to three times higher com-
pared to a pristine monolayer and that the surface is covered by amorphous particles
[80, 104, 168, 169]. Although these particles can be moved or removed, they can inad-
vertently effect the optical and electrical properties of the monolayer. Additionally,
all studies to this point have utilized a continuous-wave (CW) source which relies
on material removal via thermal heating and sublimation of the MoS, layers. This

process easily allows for oxidation of the resultant monolayer [104, 105, 168]. To avoid
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Figure 5.3: Incidental ultrafast laser thinning of bilayer MoSs during laser patterning
trials.

such oxidation, the laser power has to be reduced which lowers the patterning rate,
or the thinning process has to be conducted in a vacuum environment.

The use of an ultrafast source may be able to circumvent some of these issues.
During the laser pattering experiments presented in Chapter 2, ultrafast laser thinning
was accidentally demonstrated for bilayer MoSs as shown in Figure 5.3. The bilayers
can easily be identified under an optical microscope due to their strong change in
contrast [170]. There are multiple potential advantages to the use of an ultrafast
source. First, with the proper selection of power level, the optical breakdown can be
governed by electronic processes instead of thermal which could limit the effects of
oxidation and the formation of amorphous particles. Additionally, if 800 nm pulses
are used, laser thinning to a monolayer will be self-terminating based on the difference
in band structure. Current CW laser thinning studies claim that monolayer formation
is self-terminating due to the substrate acting as a heat sink for the final MoS, layer
where as heat coupling between layers is minimal since the layers are held together
by van der Waals forces [80, 168]. The results from Chapter 2 and thermal boundary

conductance studies contradict this exact claim, proving that little thermal energy
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is transferred to the underlying substrate [94, 95]. Band structure calculations and
measurements reveal that multilayer MoS, has an indirect band gap of 1.2 eV while
monolayer MoS, has a direct band gap with an optical transition at 1.8 eV [3]. As
a result, monolayer formation should be self-terminating due to the transition from
1PA to 2PA for multi-layer and monolayer MoS,. Ultimately, a comparative study

between CW and ultrafast laser thinning needs to be conducted to test these claims.
5.3  Ablation of As-Grown MoS,

Chemical vapor deposition (CVD) is an important tool to produce monolayer
2D materials with graphene and MoSy being the two biggest examples. Monolayer
graphene and MoS; can also be obtained by mechanical exfoliation from bulk crystals
but this process requires trial and error and often results in multi-layer films with a
few regions consisting of monolayers. For this reason, CVD grown MoS,; was used for
all studies since CVD provides the best method for mass producing monolayer MoS,
films; however, all films that were grown were transferred from their host substrate to
a new substrate for experiments. This transfer process can harm the MoS,; monolayer
as shown in Figure 1.3 where cracks are visible in the transferred monolayer flake. On
occasion, the transfer process can completely destroy the monolayer flakes as shown
in Figure 5.4. Subsequently, the transfer process can induce defects that degrade
the optical and electrical properties of the 2D material and limit its performance for
device applications. The best solution would be to grow the 2D material directly on
the intended substrate. For example monolayer MoS,; has been successfully grown
on both Al,O3 and SiO,/Si substrates. Out of these two substrates, the SiOq/Si
substrate is a popular choice for FET devices. Given that, studying the ablation of
as-grown MoSs is equally, if not more important than transferred MoS,.

The preliminary results for the ablation of as-grown MoS, flakes were surprisingly
different than flakes that were transferred. Figure 5.5 shows OM images and scanning

electron microscope (SEM) images of ablation of as-grown flakes. Initially, OM images
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Figure 5.4: Failed transfer of CVD grown monolayer MoS, (left) and WS, (right).

reveal a clean hole similar to those observed for transferred flakes in Figure 3.1 yet
SEM images reveal that the holes themselves contained residual material. Figure 5.6
summarizes several forms of characterization including OM, SEM, AFM, and Raman
spectroscopy for a single hole. Similar to the results in Figure 3.4 for a transferred
MoS; flake, AFM measurements reveal that the residual material is significantly taller
than height of the flake itself. Raman measurements of the hole were also similar in
that the peaks associated with MoS, reduce to zero while no other peaks were recorded
for the residual material in the center of the hole. Following a similar line of logic,
the residual material is believed to be an amorphous molybdenum suboxide just as
in Chapter 3.

More importantly, this residual material was there regardless of the incident flu-
ence. SEM and AFM images of the surrounding substrate show a high density of the
seed sites that serve as precursors for the flakes to grow. It is believed that these
precursors significantly contribute to the formation of the residual material after ab-
lation. Further investigation of this residual material though needs to be conducted

if as-grown flakes and films are to be used to MoS,-based devices.
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F=1.98F;, F=1.39F;, F=1.15F,

Figure 5.5: OM images (top row) and SEM images (bottom row) of ultrafast ablation
of as-grown monolayer MoS, flakes on Al;Os.
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Figure 5.6: (a) OM, (b) SEM, and (c¢) AFM images of a single ablation hole in a
MoS, flake on Al,O3. (d) AFM height profile as marked in (c). (e) Raman line scan
across the hole as indicated in (a).



CHAPTER 6: CONCLUSIONS

Transition metal dichalcogenides are a unique class of 2D materials that posses
special properties due to their reduced dimensionality. Specifically, semiconductor
TMDs such as monolayer MoS, are of particular interest due to their direct band
gap, strong excitonic resonances, and exceptional nonlinear optical properties that
make them ideal candidates for future nano- and optoelectronic devices. Therefore,
investigating the optical limitations and breakdown of MoS, is imperative to maximize
the performance of these TMD-based devices. Additionally, understanding the ultra-
fast ablation of these materials is important in order to optimize the laser patterning
process as a viable route for rapid device production. Moreover, MoSy provides an
opportunity to study the effects of reduced dimensionality on strong field physics. To
that end, this dissertation provides the first in-depth research on the ultrafast abla-
tion of monolayer MoS,. The studies included here provide insight on the impact of
the underlying substrate, the role of avalanche ionization, and the process of defect
generation in the intense ultrafast excitation of MoS,. Finally, this dissertation con-
cludes with future projects that will further reveal the underlying physics governing

the intense excitation of TMDs.
6.1  Summary

For the first time, a systematic study on the role of the substrate in the ultrafast
ablation of 2D materials was conducted. Experiments revealed that the ablation
threshold can vary by nearly 20x across several substrates for MoSy. This variation
was found to be due to the optical interference produced at the surface of the substrate

within the TMD. Simple analytical expressions were derived that showed that the
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optical excitation is independent of the 2D material within the zeroth order. With
these expressions, substrates can easily be designed to engineer the robustness of 2D
materials by either raising or reducing the ablation threshold through destructive or
constructive interference, respectively. As demonstrated, two DBR substrates were
designed that yielded total constructive or destructive interference within the MoS,
monolayer where the threshold differed by more than 40x. With the large reduction
in threshold produced by the one DBR susbtrate, high-speed laser patterning using
a low power ultrafast oscillator was easily demonstrated where feature sizes less than
250 nm were achieved with modest focusing conditions. Furthermore, the excellent
scaling with the etalon for both single-shot and line-scan ablation revealed that the
ablation process is adiabatic, meaning that negligible thermal energy is transferred
to the underlying substrate during ablation. This work highlights the importance
of the substrate in the optical breakdown of MoS; and 2D materials in general and
establishes femtosecond ablation as a viable route to pattern 2D materials.

With the role of the substrate clarified, the underlying physical mechanisms of
ablation were studied for monolayer MoS,. The ablation threshold was found to be
insensitive to the orientation of the flake or incident polarization of the pulse. Both
these results indicated that avalanche ionization (AI) plays a significant role in the
optical breakdown of MoS,;. With the combination of absorption measurements and
theoretical modeling, the Al coefficient was found to be greater than 20 cm?/J, which
is two times larger than those found for those bulk materials. In fact, the model
used here showed that more than 75% of the carriers generated at ablation were
due to Al, providing evidence that the avalanche process is also enhanced in these
2D materials. In addition, atomic force microscope images revealed the presence of
residual material after ablation which is believed to be an amorphous molybdenum
suboxide. This residual material proves that sublimation is not the only mechanism

governing material removal at ablation. Other processes such as ultrafast melting,
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oxidation, and evaporation can occur.

Although understanding the ultrafast ablation due to a single pulse is important,
most cases of laser induced-damage or patterning occur due to repetitive excitation.
With this process in mind, the multi-shot ablation and the role of incubation in MoS,
was also investigated. The study showed that MoSs has weak incubation effects where
the threshold only reduces by 25% and saturates within the first 10 pulses when under
repetitive intense excitation. Modeling revealed that the record robustness of MoS, is
due to the small reduction in critical energy needed for ablation, where the threshold
only reduces due to the increased absorption from laser-induced defects. Transmission
electron microscope images revealed that the onset of damage occurs through the
formation of nano-voids that disorder the local crystal lattice. The dangling bonds
created by these nano-voids along with the presence of vacancies result in mid-gap
states that increase the absorption for subsequent pulses and act as quench states
as observed in the photoluminescence spectra of damaged MoS,. Importantly, the
fast saturation and weak incubation establish MoS, as attractive material for future

strong field devices.
6.2  Future Work

The work presented here provides fundamental insight into the strong field physics
governing the ablation of monolayer MoS, and lays the foundation for further research
endeavors. Many projects, including experimental, theoretical, and practical, can di-
rectly build upon this work. Experimentally, only the ultrafast ablation of transferred,
CVD-grown MoS, was systematically investigated. As a result, the role of native de-
fects has not been studied. Literature has shown that natural, CVD-grown, and
PVD-grown monolayer MoSs all possess different defects and defect densities [171].
Repeating several previous experiments for other variations of MoSs monolayers will
reveal the impact of these native defects during ablation.

Additionally, only the ablation by 800 nm excitation was thoroughly studied. The
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nonlinear absorption and optical breakdown due to other wavelengths can reveal new
information. Some groups have reported on the two-photon and three-photon absorp-
tion coefficients in MoS, but they failed to include the etalon effect and the contribu-
tion of second harmonic generation in their analysis [4, 56, 57]. As a result, accurate
measurements of these nonlinear coefficients remain elusive. Moreover, discussion
regarding tunneling ionization in MoS, is severely lacking. MoS; has demonstrated
strong high-harmonic generation which is believed to be mediated by tunneling ioniza-
tion [10]; however, the 2D Keldysh expression predicts that the tunneling ionization
is mitigated in 2D materials [126]. Therefore, experiments designed to probe tunnel-
ing ionization need to be conducted which can be done by investigating the intense
excitation of MoS,; due to mid-IR pulses to reduce the contribution of multi-photon
absorption. Similarly, the ablation of other TMDs and 2D materials such as MoSe,,
WSey, WS,, and h-BN can offer similar insight due to their differing band gaps.

In addition to other wavelengths, varying the pulse duration can also highlight
different ionization mechanisms. The pulse durations utilized in this study were
all around 160~170 fs. Literature suggests that avalanche ionization will strongly
contribute for pulse durations greater than 100 fs [38]. By pushing to pulse durations
below 50 fs, one can attempt to isolate multi-photon ionization in the breakdown of
2D materials. Conversely, if the avalanche process is enhanced in 2D materials, then
a weak pulse duration dependence may be observed in the ablation of MoSs.

Theoretically, the single rate equation is a great starting point to model carrier
generation, though it greatly simplifies the avalanche process into a single coefficient.
Other modeling methods such as the two-temperature model or multiple rate equa-
tions can give further insight regarding the role of avalanche at breakdown. For
example, a multiple rate equation model will allow characterization of free carrier ab-
sorption and impact ionization independently. Combined with time resolved studies

such as double pulse ablation and degenerate pump-probe experiments, both free car-
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rier absorption and impact ionization can be described completely, both theoretically
and experimentally. Moreover, a multiple rate equation model will be able describe
the contribution of the laser-induced defects observed during the multi-shot ablation
of MoS,. These defect states introduce mid-gap transitions that can enhance both
the absorption and avalanche process. Moreover, the role of the exciton has not be
discussed regarding the optical breakdown of MoS,. A multiple rate equation model
can account for both the defect states and the exciton transition.

Practically, ultrafast laser thinning and patterning experiments remain largely un-
explored. As discussed in Chapter 5.2, ultrafast sources may be able to bypass some of
the drawbacks seen in CW laser thinning applications. Moreover, while the ultrafast
laser patterning of MoS; was demonstrated, the electrical and optical performance
of patterned MoS, has yet to be investigated for device applications. Ultimately, to
prove that ultrafast laser patterning is a viable route for rapid production of MoS,-
based devices, a transistor or similar device needs to be created from a laser patterned
MoS; film and tested to see if its performance is comparable with similar MoS,-based
devices seen in literature. These projects will help push the boundaries of strong field

devices, enabling miniaturization and advancement of future technologies.
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APPENDIX A: SUPPORTING INFORMATION FOR ULTRAFAST LASER

ABLATION, INTRINSIC THRESHOLD, AND NANOPATTERNING OF
MONOLAYER MOLYBDENUM DISULFIDE

A.1 Calculation of Internal Field in 2D Materials

When light is incident on 2D materials (2DMs) such as graphene, hexagonal boron
nitride, or transition metal dichalcogenides (TMDs), the field inside the 2DM can be
enhanced or attenuated due to the etalon effect between the air, 2DM, and substrate.
The system can be modeled as an asymmetric etalon composed of air (refractive index
ng), 2DM (71), and a substrate (75) (see Figures A.la and A.1b). By considering
a normally incident field &;,. and their multiple reflections from two interfaces, the
electric field & pyr at a point  within the 2DM follows the standard Airy formula to
be

(A.1)

ifrx 5 oif1(2d1—x)
~ e + 7ris€
Eapr () = Eincton ( ) ;

1 — rsFypet2frch
where 3; = 277, /A, dy is the thickness of the 2DM, #o; = 2/(1 + ;) and 719 =
(ny —1)/(7y + 1) are Fresnel coefficients, and 7, is the effective reflection coefficient
of the substrate, as seen from the 2DM. The internal intensity quoted in this work is

the average |Eapar|?, calculated from Equation (A.1) by

1 (%
\52DM!2=d—1 i spn () E2p0 () da. (A.2)

For single-material substrates such as Al;O3, cover glass, or a thick Au film, 7, is

simply the Fresnel reflection coefficient:

(A.3)
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For SiO,/Si substrates, 71, can be calculated analytically using an asymmetric etalon

composed of a TMD, SiO,, and Si, which yields

(N 4 1g) (R — Do & & (A.4)

Tls = —— e — - St A ,
! (ng + ns)(nl + TIQ) + (n1 + ng)(ng — n5)67“262d2
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where ds is the thickness of the SiO, layer and 71, 1o, and 7, are the refractive indices
of the 2DM, SiO,, and Si, respectively. 715 as a function of the thickness of the SiO,
layer is shown in Figure A.lc, from which the intensity enhancement factor ¢ based

on Equation (A.1) is shown as the blue solid line in Figure A.1d.
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Figure A.1: (a) Diagram for calculating the internal field strength in a 2D material.
(b) Diagram for calculating the internal field in a 2D material on a stratified media
based on a transfer matrix method. (c) The calculated effective reflection coefficient
T1s between a MoSy and a SiO,/Si substrate as a function of SiOs thickness, when
excited at 800 nm. The reflection coefficient 7, is expressed as 71, = 79€’® to plot in
terms of its amplitude and phase. (d) The intensity enhancement factor for an MoS,
film supported by an SiO/Si substrate. (e) The calculated intensity enhancement
factor as a function of the effective reflection coefficient 71, = roe’®. The substrates
tested in Chapter 2 are marked within the plot.

For arbitrary stratified substrates, the effective reflection coefficient 715 can be
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calculated using a transfer matrix method (TMM). The layer indices are shown in
Figure A.1b, where dashed lines indicate the position to which fields are referenced.
The substrate is composed of layers 2 through m — 1, which connects the input and

output fields according to

Er N P et . Er
= [12T2123T3 T Tm—llm—l,m = Msub s (A5)
& Em Em
where _
A 1 1 ﬁjk

I, = Interface Matrix =

R

~+

ik | F 1

R e~idi ()
T; = Propagation Matrix = , (A.6)
0 e?Bids

y Msuboo  Msub,01
M., = Substrate Matrix = s su

Msub,lO Msub,ll

In the above equation, 7 is the Fresnel reflection coefficient, fjk is the Fresnel trans-
mission coefficient from the j™ to k™ medium, and d; is the thickness of the j*™

material. If the field in the final layer traveling left (&

) is zero, dividing Equa-
tion (A.5) by & yields the effective reflection and transmission coefficients of the

composite substrate given by

- 51_ o Msub,lO
1s — oFx — F 5
gf_ Msub,OO (A 7)
i’ o £$ o 1 '
o (€1+ B Msub,OO‘

To prove that 413} is independent of the 2DM for arbitrary stratified substrates, we
note that the only dependence on the 2D material’s refractive index is at the interface

between layers 1 and 2. We then define a S matrix according to Msub =1 123 and the
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effective reflection coefficient 71, can easily be shown to be

- S10 + 712500

Fle = _ , A8
! Soo + 712510 (4.8)

where Equation (A.8) is rigorous. To prove that £Z1: is independent of the 2DM,

substituting Equation (A.8)) into Equation (2.1) gives

2(So0 + Sho)
(1 4+ 72)So0 + (1 — 7g)Sh0

ZTA
52DM = Eine

(A.9)

Equation (A.9) offers a general proof that the £41%} is independent of the 2D material’s

refractive index (7;) for any arbitrary substrate when light is at normal incidence.
For the DBR800(+) substrate with /N periodic bi-layers (see Figure A.2a; even
layers are SiOy and odd layers are TiOs), the S matrix at normal incidence can be

calculated analytically according to [172]

g B SOO 801 B AUN_l —Un_» BUy_4 (A 10)
S0 Su CUn_1 DUy_1 — Uy_»
where
A = g i“ e*i52d2€*iﬁgd3 (1 - f§3€i263d3) :
23132
B = _f23 6—52112 (ei/33d3 _ 6—33113)
toslso ’
C g {{;;)%eiBQdZ (6—i53d3 _ eiﬁ3d3) ’
1 i52d2 _iﬁ3d3 ’L'2/83d3 ~9 (All)
D= %e € (e —733) ;
1
sin {(N + 1) arccos [§(A + D)} }
Uy = .

\/1—3(A+D)2
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The E4TY} for the DBR800(+) substrate at normal incidence is therefore

2(AU — Uyp + CUny)
(1 -+ ’ﬁ,g)(AUll — UlO) + (1 — flg)CUll

ZTA
52DM = Einc

(A.12)

where N = 12.
A.2  DBR Design and Characterization

As noted in Chapter 2, two custom designed distributed Bragg reflector (DBR)
substrates were fabricated: one of which (DBR800(+)) targets maximal intensity
enhancement of 4 (§z74 = 4, 19 = 1, ¢ = 0) and the other (DBR800(-)) targets
maximal intensity suppression ({zr4 = 0, ro = 1, ¢ = m) for 800 nm light. Both
DBRs feature multiple quarter-wave stacks of the low index material SiOs (n = 1.45)
and the high index material TiOy (n = 2.08) for a center wavelength of 800 nm. The
design of the DBR800(+) is shown in Figure A.2a, which contains 12 pairs of stacks
including SiO, as the terminating layer to produce a zero-phase shift upon reflection
for total constructive interference within the 2D material. The design of the DBR800(-
) is shown in Figure A.2d, which contains 11 pairs of stacks plus an additional TiOq
layer as the terminating layer to produce a m-phase shift upon reflection for total
destructive interference within the 2D material.

To account for manufacturing imperfections in thickness control of the DBR sub-
strates, their reflectivities were measured and fitted to their theoretical design to
extract actual layer thicknesses (Figures A.2b and A.2e). These extracted values are
then used to calculate the theoretical reflectivity and phases (Figures A.2c and A.2f)
and the effective reflection coefficients of the DBR substrates using Equation (A.8),
which yield 7o = 1.0, ¢ = 0.0117, and ry = 1.0, ¢ = 0.76m for the DBR800(+)
and DBR800(-), respectively. Measuring the actual layer thicknesses is important to
best model the DBR’s performance and to predict the actual field enhancement or

attenuation experienced by the 2D material.
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Figure A.2: (a) Design for the DBR800(+) substrate. (b) Measured and fitted reflec-
tivity for the DBR800(+). (c) Calculated reflectivity and phase for the DBR800(+).
(d) Design for the DBR800(-) substrate. (e) Measured and fitted reflectivity for the
DBR800(-). (f) Calculated reflectivity and phase for the DBR800(-)

As part of the DBR and MoS, film characterization, AFM scans of the surface were
taken. Figure A.3a shows an AFM height map of the edge of the MoS, film on the
DBR800(+) substrate. The height of the monolayer is difficult to resolve due to the
surface roughness of the DBR substrate itself. The MoS, film can be clearly resolved
using the phase mapping capability of the AFM instrument as shown in Figure A.3b.
A significant phase change is measured when the probe is tapping the DBR surface
versus the MoS, film. This capability allows one to identify when the material prop-
erties on the surface has changed. Although the DBR surface was not smooth, the
surface roughness had negligible impact on the surface field enhancement as seen in

the good agreement between the experimental results and the TMM calculations in

Figure 2.3.
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Figure A.3: (a) AFM height map of monolayer MoS2 supported by the DBR800(+)
substrate. (b) AFM phase map for the same region as in (a).

A.3  Determination of Focused Laser Spot Size, Threshold Fluence, and Intrinsic

Threshold Fluence

For a Gaussian spot, the diameter D of an ablation feature is given by [92]

E F
D? =2w? In(— ) =2w? In|— A.13
u,v wu,v n (Eth) wu,v n <Fth) ( )

where w is the laser spot radius at an intensity e=2, E is the pulse energy, Ej, is the
pulse energy at the ablation threshold, F' is the peak fluence of the pulse, and Fj,
is the peak fluence at threshold. The subscripts v and v represent the major and
minor axes, respectively, of the laser spot profile. The peak fluence for a pulse with

a Gaussian spatial and temporal profile is given by

2F 2K
F— — = 2F e (A.14)

Tw,w, — TWw? i

where werr = /w,w, is the effective laser spot radius and Fy,. is the average laser
fluence. Equation (A.13) consists of two expressions for pulses with elliptical spatial

profiles; however, the two equations can be combined in terms of the ablation area
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giving

T, EN 7w, F
A = Eweff In (E—th) = Eweff In <F—th> y <A15)

where A is the ablation area. This relationship also allows the determination of both

Zintensity beam

the laser spot size and ablation threshold in situ. The effective e
radius determined from the fits were found to be 1.9 um for the single-shot ablation
trials, which agrees with the spot measured by a beam profiler within 5%. Examples

of the fits for Equations (A.13) and (A.15) are demonstrated in Figure A.4 for the

ablation of monolayer MoS, on borosilicate glass.
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Figure A.4: (a) Ablation diameters for MoS2 on a borosilicate glass cover slip. The
major and minor axes are fitted to Equation (A.13)). (b) Ablation area for MoS, as a
function of pulse energy with its fit to Equation (A.15). (c) Ablation area of MoS, as
a function of the peak fluence of the incident pulse with its fit to Equation (A.15)).

When determining the damage threshold with the oscillator as shown in Figure
2.4d of the main text, the line width is fitted to Equation (A.13) to extract the
threshold. Although the experimental data follows the same logarithmic dependence
on the fluence, care needs to be taken when extracting out the spot size. Equations
(A.13) and (A.15) were derived under the assumption that lateral carrier diffusion is
negligible. For line scans with an oscillator, material modification or breakdown is
dominated by thermal mechanisms where lateral carrier diffusion may not be negli-
gible. Additionally, line scans only scan across one axis of the laser spot which was

found to be slightly elliptical. Due to these two reasons, the effective laser spot radius
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Figure A.5: Determination of the intrinsic ablation threshold F}** for the single shot
and oscillator-based line scan experiments. For the single shot experiments, Fji" =
66mJ/cm”. For the line scans with an 80 MHz oscillator, the scan rate was set to 0.1
mm/s and Fj7"* = 26 mJ/cm®. The theoretical fit is done with Equation (2.4).

was determined using a CCD camera and was found to be 2.0 um for the oscillator.

After extracting the ablation thresholds with Equations (A.13) and (A.15) for the
line scan and single shot experiments, respectively, the intrinsic ablation threshold
was determined by fitting the thresholds to Equation (2.4). These fits are shown in
Figure A.5.

A4 Ultrafast Oscillator Laser Patterning

As mentioned in Chapter 2, laser line scans and patterning were limited by the
performance of the three-axis stage used in this work. At large scan speeds, mechani-
cal vibrations would skew lines and widen linewidths as shown in Figure A.6. For the
UNCC logo in Figure 2.6f, scan rates larger than 3 pm/s would overshoot sharp cor-
ners due the size of the logo, skewing the pattern. For the features created here, the
speed was ultimately limited by the three-axis translation stage used. Galvo scanners
can overcome these imitations and offer improved patterning rates and efficiencies

where scan speeds reaching up 25 m/s are possible [173].
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0.1 mm/s 1 mm/s 3 mm/s

Figure A.6: OM images of lines patterned into a MoS, film supported by a 90 nm
Si04/Si substrate. The fluence was set at 46 mJ/ cm?. The scan rates are 0.1, 1, 3,
and 5 mm/s from left to right. All images are set to the same scale.

Ideally, ultrafast laser patterning of 2DMs would be conducted using oscillators due
to their small form-factor and reduced cost compared to amplifiers. Fiber oscillators
are especially attractive due to their superior robustness, stability, and overall ease-
of-use versus their free-space counterparts. To that end, we designed the DBR800(+)
substrate in order to reduce the ablation threshold of 2DMs as low as possible such
that laser patterning with a commercial off-the-shelf fiber oscillator would be possible.
For monolayer MoS; on the DBR800(+) substrate, single shot ablation was obtain-
able with 1 nJ pulse energies and laser patterning with a scan rate of 0.1 mm/s can be
done with pulse energies as low as 0.37 nJ when using a 10x objective. The UNCC
logo in Figure 2.6f in the main text was patterned with a pulse energy of 65 pJ when
the pulses were focused down with a 50x objective. All-fiber, ultrafast oscillators
such as erbium-doped oscillators operating at 780 nm or yitterbium-doped oscilla-
tors operating at 1030 nm typically only produce pulses that reach up to a couple
of nJ. With the DBR800(+) substrate, laser patterning with these types of systems
is possible. Additionally, with recent progress made in the synthesis of wafer-scale,
highly-oriented MoS, films, this example further demonstrates the potential for rapid
production of MoSs-based devices using ultrafast laser patterning [15]. Experimen-

tally, a high-power Ti:S oscillator (Spectra-Physics Tsunami) capable of producing 10
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nJ pulses at the sample was used for patterning purposes. These larger pulse energies

were needed to pattern MoS, films supported by the Al,O3 and glass substrates.
A.5  Ultrafast Laser-Induced Oxidation

In ultrafast laser patterning, the incident fluence and scan rate provide a processing
matrix, allowing for fine control over the feature types and sizes. In Figure 2.6a, the
fluence was set such the material removal occurred for every scan rate. At lower
fluences though, the material can be potenitially modified similar to that observed
for graphene [64]. Figure A.7 shows optical (Figure A.7a), AFM height (Figure A.7b),
and AFM phase (Figure A.7c) images of lines patterned into a MoS, film supported
by a 90 nm SiO,/Si substrate using an oscillator with different scan speeds and a
fixed peak fluence of 38 mJ/ cm?. Their cross-sectional profiles are shown in Figure
A.7d, where the optical contrast is defined as relative pixel difference between the
hole and the MoS, film, normalized to the MoS, film. At low scan rates up to 3
um/s, removal of material is demonstrated by a high optical contrast and a smooth
flat trench in the AFM height profile. At a scan rate of 50 um/s, the AFM height
profile shows an increase in height with a local valley. At a scan rate of 5 mm/s, the
valley develops into a plateau that is 2 to 3 nm taller than the monolayer MoS, film.
This rise in film height is similar to those observed in continuous-wave laser thinning
of MoS,, where an increase in film height of greater than 4 nm was measured due
to the formation of an amorphous MoO,, suboxide [105, 143]. Additionally, Raman
and photoluminescence measurements show a strong decrease in the MoSs peaks,
providing further evidence that the material has been oxidized [105, 143]. At very low
and very high scan speeds, AFM height and phase profiles are identical, whereas the
AFM profiles deviate by various degrees for intermediate scan speeds. Similar AFM
scans were taken for lines patterned in the DBR800(+) substrate; however, the DBR
was found to have a high surface roughness which prevented accurate measurement

of the MoS, film height after patterning (Figure A.3). The AFM phase mapping
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was able to resolve the location of the patterned lines but to a lesser extent when
compared to the results in Figure A.7.
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Figure A.7: (a) OM images of lines patterned into a MoS, film on a 90 nm SiO,/Si.
The scale bar is 5 um. (b) Corresponding AFM height images. The scale bar is 2 pum.
(c) Corresponding AFM phase images. (d) OM contrast (blue solid), AFM height
(red dashed), and AFM phase (green dash-dotted) cross-sections of corresponding
OM, AFM height, and AFM phase images, respectively. The scale bars for the AFM
height (red) are all set for a range of 5 nm. The peak fluence for these line scans was
38 mJ/cm”.

Since the optical contrast of the lines change depending on how the material has
been altered, the optical contrast can be used as an indicator whether material has
been removed or oxidized, or if the material is in transition between those two states.
For practical applications, calibrating the OM contrast can remove the need for time-
consuming AFM measurements. Figure A.8 shows how both the line width and
optical contrast scale with scan speed and which regions correspond to hole forma-
tion, modification, or oxidation. As the scan rate increases, the line linewidth slowly
decreases before leveling off for both substrates. The linewidth decreases since each
spot on the film effectively sees a lower number of pulses and total deposited energy,

which reduces the produced linewidth. For the 90 nm SiO,/Si substrate in Figure
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Figure A.8: Measured linewidth with varying scan rate for MoS, on (a) 90 nm SiO9/Si
and (b) DBR800(+). Measured OM contrast with varying scan rate for MoS, on (c)
90 nm and (d) DBR800(+).

A.8c, the OM contrast also decreases with increasing scan rate. Similar results are
also obtained for the DBR800(+) in Figure A.8d. The OM contrast here is negative
since the hole in the film has a lower pixel value than the MoS, film (see Figure 2.2a),
but the results are qualitatively similar.

When patterning with an oscillator, material breakdown can be dominated by
either electronic or thermal mechanism depending upon the incident fluence. For the
latter case, as energy is deposited into the MoS, film, the lattice heats up which can
result in several chemical processes such as oxidation, melting and evaporation, or
sublimation. For the 90 nm SiO,/Si substrate at scan rates less than 4 pm/s, enough
energy is deposited to remove the MoS, film where material removal is thought to
occur by sublimation, but this mechanism has yet to be confirmed [65, 80, 168]. At
scan rates between 4 um/s to 200 pm/s, the material is modified and can consist
of some material removal and oxidation, whereas uniform oxidation occurs for scan
rates greater than 200 um/s. The oxidation observed here is noticeably different than

those presented in literature. In CW experiments where an increase in film height was
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observed, the feature height was not uniform or contained sharp peaks [105, 143]. In
lasing thinning experiments, the oxide forms as loose, amorphous particles scattered
across the surface of the MoS, film [86, 104, 169]. Similar to graphene, the uniform
oxidation obtained with ultrafast pulses illustrates the ability to tune the optical and
electrical properties of MoS, [174]. With both graphene and MoS,, oxidation results
in an increase of band gap, where the band gap shifts to 3.59 eV for MoS, [105, 175].
The increase in band gap changes the excitation process from two-photon absorption
to three-photon absorption which is less efficient than the former. As a result, once
the oxide forms, it will be more robust to intense optical excitation than the pristine
MoS, film, requiring either a higher fluence or slower scan rate to deposit enough

energy to remove the material.
A.6  Optical Contrast Measurements
As previously mentioned, when the MoS, film is oxidized, there is a visible change
in contrast which can be used to identify the material without AFM measurements.
The optical contrast used in this work is defined by

C— szlm

OM Contrast =
C’film

(A.16)

where C' is the value of the pixel of interest and Cy;,, is the pixel value of the MoS,
film. In order to measure the contrast, the image had to be converted to a grayscale
image or into its individual red, green, and blue (RGB) color channels as shown in
Figure A.9a. Since each software has its own algorithm to convert a color image to
grayscale, the grayscale images presented here were created by simply averaging the
pixel values of the RGB channels. Line profiles of the pixel values as shown in Figure
A.9b are then taken and substituted in Equation (A.16) to generate the contrast
profile. The optical contrast plotted in Figure A.9c represents the minimum value in

the contrast profile. The contrast profiles presented Figure A.7d were based on the
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Figure A.9: (a) Example OM image and its RGB channels of a line patterned into
an MoS, film on a 90 nm SiO,/Si substrate. (b) Pixel cross-section of the above
component images. The dashed line represents C'i;,. (¢) Measured optical contrast
based on the component images.
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APPENDIX B: SUPPORTING INFORMATION FOR FEMTOSECOND

LASER-INDUCED BREAKDOWN AND THE ROLE OF AVALANCHE
IONIZATION IN MOLYBDENUM DISULFIDE

B.1  Experimental Setup for One-Photon Absorption Measurements

When modeling the ablation of materials, a critieria has to be set that marks the
onset of ablation. The two most common criteria are a critical electron density or
a critical energy density, both of which are closely related [39]. The critical electron
density is commonly adopted since much research shows that the response of a mate-
rial changes for high population inversions. As such, if a sufficient number of valence
electrons, which are responsible for bonds within a solid, are excited, the lattice will
become unstable and breakdown. Determining the critical carrier density for ablation
though is challenging. Many have adopted the plasma criteria which says says that
ablation occurs when plasma frequency w, due to excited carriers equals the laser
frequency w given by

2
w2 = e (B.1)

mo€o .

The rationale for this plasma critical carrier density follows from the fact absorption
will dramatically increase once the plasma frequency matches the laser frequency. As
a result, any small increase in pulse energy will be entirely deposited into the material
and cause ablation. Although the plasma criteria is simple and easy to adopt, the
above equation implies the critical carrier density then depends on wavelength and
is not a material dependent parameter. This property can be considered unphysical
when free carrier absorption is already accounted within the model [176]. As a result
many choose a flat percentage of the total electron density as their critical electron
density which typically ranges between 2% and 10% [122, 123, 176]. Often times
these percentages are based on the plasma criteria for one wavelength and applied to

all wavelengths equally. The drawback to this approach is that the modeling results
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can be strongly dependent on the chosen critical carrier density.
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Figure B.1: Schematic for measuring absorption of single-shot ablation at 400 nm.

To avoid using an arbitrary critical carrier density, absorption measurements were
conducted to obtain an experimental value. Monolayer MoS, offers a unique oppor-
tunity to directly measure the critical carrier density since spatial propagation effects
can be ignored due to its atomic thickness. As a result, the absorption is assumed
to take place at a single point in the monolayer, allowing for direct measure of the
absorbed energy density at the surface of the TMD. Literature has shown that MoS,
exhibits strong 1PA at 400 nm with minimal saturation even at breakdown [7]. There-
fore, by directly measuring the absorption and incident fluence, the critical carrier
density can be easily calculated assuming every absorbed photon generates one free
electron. In order to estimate the critical energy density for ablation, 800 nm pulses
were frequency doubled to 400 nm using a Barium borate (BBO) crystal and exposed
to monolayer MoS,. As shown in Figure B.1, both the reflection and transmission

were simultaneously recorded for a single pulse exposure in order to obtain an accu-
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rate measurement of the absorbed energy density. The absorption was recorded for

several fluences near the ablation threshold as shown in Figure 3.7.
B.2  Band Gap Scaling for Avalanche lonization

For bulk materials, there have been multiple methods to model carrier genera-
tion and dynamics during intense excitation. Such approaches include a single rate
equation, multiple rate equations, and two-temperature models. As a preliminary
approach to understand how the ablation threshold scales with the band gap in the
MPI regime, a single rate equation is adopted. As a first order approximation, the

total carrier density N can be described by

where Wpy is the photoionization rate as describing both MPI and TT and ya7I(t) N
describes the ionization rate due to avalanche. Assuming sufficient seed carriers have
been generated and Al is the dominant process, we can approximate the single rate
equation as

dN

-~ I(t)N B.
i Yarl(t) (B.3)

which yields the simple solution

t

N(t) = Nyexp U

—00

")/A[I(t/) dt,:| . (B4)

If the “flux-doubling” condition is considered and the input pulse is at the ablation
fluence, a critical carrier density N..; will be generated and the term «/(t) can be

described in terms of the free carrier conductivity o, as

o E(H)[*

=g
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where £(t) is the electric field strength and U, is the energy that a free electron

needs for impact ionization. This critical energy can be expressed as

Usrit = (2 - mr) (Eg + M) (B.6)

Mep 4m,w?

where m, and m. are the reduced mass and effective mass of a conduction band
electron, respectively, and £, is the band gap. The coefficient in front accounts
for momentum conservation during the impact process [40]. The second term that
modifies £, is the pondermotive energy. Equations (B.5) and (B.6) can be substituted
into Equation (B.4) to give

) oo P
Nerie = Noexp [2(2 e /Oo B, 1 @l amae ) B7

Now, if a Gaussian pulse described by £(t) = &exp (—t%/2At?) is considered, the

previous equation can be expressed as

207> g2 [ 2/ At?
Ncrit:NoeXp|: il _O/ eXp( / )

(2 —=m,/ma) By J o 472 + exp (t2/At?) dt} (B-8)

where v = w\/m /e&y is the adiabaticity parameter for solids as defined in Equa-
tion (1.14). For the fluences near threshold for MoS; and WS, 7 ~ 2 which suggests
seed electrons are generated by MPI. Additionally, we can approximate 442 > 1
which allows the above equation to be approximated as

o At\/T 5_3
2(2 —m,/ma,) E,

Ncrit = NO exXp
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where At = 7/2v/21n2 with 7 being the pulse duration defined by the FWHM of the

intensity profile. The free carrier conductivity o. is given by the Drude model and is

e’T

M (P +T7) o

O, —

where I' is the total electron scattering rate. We can substitute for o, in Equation

(B.9) to obtain
e’ T Aty/7 &
2(w?+1?)2may —m,) E,

Nevie = Nyexp (B.11)

For MoS; and WS,, many band structure calculations show that the ratio of mg,/my
varies between 0.7 and 1.2 [108, 177-182]. Based on this, it is reasonable to approxi-
mate me &~ m,,. With this approximation, the field at the the ablation threshold is

found to be

. 3(W2+F2) Nerit V2 1/2
£ = [@r (e (muE,)"? . (B.12)

The above relationship demonstrates how the critical carrier density at ablation de-
pends on the electric field strength and band gap when AI dominates. To highlight

this relationship, one can write
Ey x (mvig)1/2 : (B.13)

Many approximations were made to reach this conclusion and does not represent a
complete picture of the carrier dynamics that occur inside the TMDs at large exci-
tation fluences. Further work is being performed to develop a multiple rate equation
model to better understand the complete carrier dynamics of these TMDs at high

excitation conditions.
B.3  Numerical Modeling of Ablation with a Single Rate Equation

The results of the numerical modeling for the Al coefficient v4; regarding MoS,

were summarized and reported in Chapter 3.4. The details regarding the the calcula-
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tions are presented here with all the equations used to describe the carrier generation

processes. As reported before, the carrier density N in the conduction band is de-

scribed by a SRE given by

dN N
— = (Wpr(t) + varl(t)N) | 1 — : (3.4 revisted)
dt Niot

where Wpy(t) represents the photoionization rate and Ny, is the total valence electron

density. The internal optical intensity /(t) is described by

I(t) = Re[n(t)] Ezralo(t) (3.6 revisited)

where 574 is the enhancement factor due to the etalon effect as discussed in Chapter

2. The terms n(t) and Iy(t) are given by

i 3 (N — N (1)) x N(t)e? 1/2
() = [1 * Niot — (Niot — N (1)) mepeow (w + i) (B.14)
_ -l (B.15)
X ng + 2 '
Iy(t) = 106052 exp (_—tQ) (B.16)
277" 272

where I' is the scattering rate for conduction band electrons, n; is the refractive
index of MoSy at 800 nm, and 7, is related to the pulse duration Tpwmy by 7, =
TrwHM/ (2\/%) Equation (B.14) is based on the Drude model and accounts for
the effect of carrier generation on the refractive index of the material. Specifically,
the second term represents the Clausius-Mossotti correction and the second term
accounts for free carrier absorption due to plasma generation [39]. Equation (3.4)
was numerically integrated to solve for the Al coefficient v4; when the generated
carrier density reached N..; as defined by the single-shot absorption measurements

in Chapter 3.3. The values used to solve Equation (3.4) are summarized in Table B.1.
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Table B.1: Values of the parameters used to evaluate Equation (3.4). The thickness
of a monolayer MoS, flake is 0.65 nm.

Parameter Value
A 800 nm
TEFWHM 170 fs
Fi 69.2 mJ/cm®
n 5.05
§zrA 1.14
o2 8.03 x 10%° cm fs/J°
E, 2.4eV
Mep 0.43m,
Mp 0.43m,
Nyt 4.20 x 10" cm?
Niot 1.39 x 10'6 cm?

As mentioned in Chapter 3.4, the PI rate was modeled following four different
methods: 2PA based on experimental coefficients (Ji's Exp.) [56], the Keldysh ex-
pression for PI of bulk materials (3D KLD) [26], the Keldysh expression for PI of 2D
materials (2D KLD) [126], and the Keldysh expression for 2D materials considering
quantum interference (2D KLD wQI) [126]. The Al coefficient for each of the PI
rates were found to be 20.4, 33.2, 29.2, and 27.8 cm?/J, respectively. The predicted
carrier densities for all four PI rates are summarized in Figure B.2. Moreover, given
the Al coefficient and the spot size of the pulse, a spatial-temporal carrier map can
be calculated to predict the ablation area for any incident fluence. Figure B.3a shows
the measured ablation area for MoSs from Figure 3.1 along with the fit from Equation
(3.1). The SRE model from Equation (3.4) was used to predict the ablation area for
fluences above Fy, based on Ji’s Exp. as shown with the dotted green line in Figure
B.3a given a laser spot radius of 2.26 um. The SRE model perfectly agrees with the fit
and matches the experimental data, validating that the SRE model is self-consistent

with the experimental results.
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Figure B.2: Predicted carrier densities for monolayer MoSs when excited by a 170 fs
pulse at the ablation threshold. The photoionization rate was modeled following four

different methods.
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Figure B.3: (a) Measured ablation area as a function of the incident peak fluence for
monolayer MoSs. The red line represents the fit using Equation (3.1). The dotted
green line represents the predicted ablation are based on the SRE in Equation (3.4).
(b) Spatial-temporal carrier map for MoS, excited by a pulse with a fluence of Fj,.
(c) Spatial-temporal carrier map for MoS, excited by a pulse with a fluence of 3.2F},.
The laser spot radius was 2.26 um. The Al coefficient and the PI rate was based on

Ji's Exp.
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APPENDIX C: SUPPORTING INFORMATION FOR ULTRAFAST

MULTI-SHOT ABLATION AND DEFECT GENERATION IN MONOLAYER
MOLYBDENUM DISULFIDE

C.1  Modeling Multi-Shot Ablation

Multiple models have been developed to quantify and predict the incubation be-
havior of materials exposed to multiple pulses. One of the first, and most commonly
used models was developed by Jee et al. [183, 184]. This phenomenological model is

a simple power law given by

Fiu(N) = Fp(1)N5! (C.1)

where N is the number of pulses, S is known as the incubation coefficient, and
Fi,(N) and Fy,(1) are the N-shot and single-shot ablation thresholds, respectively.
This model has been used to fit results from several multi-shot studies on a wide range
materials including metals, semiconductors, and dielectrics [136, 185-190]. The im-
portant parameter here is the incubation coefficient S which describes the degree of
incubation. For S = 1, there are no incubation effects and the threshold is indepen-
dent of the number of pulses. For S < 1, the material is susceptible to incubation
effects where smaller S values indicate a higher likely hood a material will develop
defects after exposure to each subsequent pulse.

The measured ablation thresholds for MoS; and WS, from Chapter 4 were fitted
to Equation (C.1) and presented in Figure C.1. Multishot results for other materials
found in literature were also included with their fits to Equation (C.1) for comparitive
purposes [83, 137, 186-188]. The ablation thresholds were all normalized to the single
shot ablation threshold as determined from their fits which allows for easy comparison
of their slopes. The slopes for the 2D materials are shallower compared to all of the

other included bulk materials which means they are more robust against incubation
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Figure C.1: Normalized multi-shot ablation thresholds for multiple materials found
in literature [83, 137, 186-188]. The single-shot threshold is normalized to 1 based
on the fit to Equation (C.1).

effects, which agree with the results presented in Table 4.1.

Although Equation (C.1) is simple and commonly used in literature, it is unable
to describe the saturation in the threshold observed for the 2D materials here and
several bulk materials in literature such as Al,O3 and SiO,. To account for saturation
effects, multiple groups have proposed modifications or new models. Di Niso et al.
suggested adding Fy,(c0) to Equation (C.1) to account for saturation effects [191].

Ashkenasi et al. proposed a new empirical model given by

Fp(N) = Fyp(00) + [Fn(1) — Fip(o0)] e VY (C.2)

where & describes the strength of defect accumulation [192]. While this model can
successfully fit the the multi-shot ablation thresholds of several materials that exhibit
saturation, it lacks any physical backing and fails to describe materials that exhibit
multiple different decay rates. Other models based on rigorous rate equations have
also been proposed and successfully used to model multi-shot ablation [129, 193].

Although these models provide dynamic rate equations that account for both native
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and laser-induced defect states, extensive knowledge of the material’s defect charac-
teristics (such as lifetimes, densities, energy levels, and ionization cross-sections) and
nonlinear optical properties (such as multi-photon and avalanche ionization rates)
is required to accurately apply the model, many of which are currently not known
for 2D materials. Alternatively, a phenomenological model was introduced by Sun
et al. where they consider two major processes of incubation: laser-induced change
of both the absorption coefficient o and critical energy density G [133]. Even though
this model is still empirical in nature, it does provide some physical insight into the
incubation process where the laser-induced change in absorption and critical energy
density are used as fitting parameters. The model can also account for multiple decay
mechanisms seen in multi-shot such as for WS, and graphene. For this reason, this

model is used to describe the multi-shot data of 2D materials in this work.
C.2  Above Threshold Damage

While Chapter 4.3 provides evidence and discussion regarding sub-threshold dam-
age, similar characterization including HR-TEM and SH spectroscopy was also con-
ducted for above threshold excitation that result in holes in the MoS, film. Figure C.4
shows a SH line scan and corresponding polar profile of a hole created in a MoS, film
by a single pulse with F' = 2.0F},. The SH intensity for the line scan does not go to
zero since the probe pulse spot size is larger than the hole size. Nevertheless, the SH
polar profile shows strong depolarization effects similar to those seen in amorphous
silicon [8]. This depolarization is due to the strong crystalline disorder observed at
the edges of the hole as shown in the HR-TEM images in Figure C.3. Ablation exper-
iments on suspended films revealed that the MoS, readily folds once a hole is created
when compared to supported MoS,, though nanofolds are still present as shown in
Figure 3.4. Nevertheless, several interesting properties are observed excluding the
macroscopic folds. Higher magnification images reveal nano-voids, nano-folds, and

amorphous MoS, at the edges of the hole, all of which can strongly contribute to
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Figure C.2: (left) SH line scan across a hole in a MoS, film caused by a single pulse
with I = 2.0F,(1). (right) the SH polar profile recorded at the spot marked with a
the red circle in the line scan. The MoS, film was supported by a borosilicate glass
substrate.

the depolarization of the SH profile. Similarly, amorphous MoS, was also verified by
TEM images in CW laser thinning studies where nearly the entire rim of the hole was
amorphous [86]. Their result is not surprising given the thermal nature of breakdown
due to CW excitation. The presence of amorphous MoS; due to ultrafast excita-
tion supports the possibility that MoSs can undergo ultrafast melting in addition to
sublimation as claimed by Paradisanos et al. [65]. Additional HR-TEM images are
also shown in Figure C.4 at the ablation threshold for MoS;. These images reveal
nano-voids along with strong disordering around these voids, similar to the results
in Figure 4.4 but with a much higher density. These defects are expected to have a
much stronger effect on the SH, PL, and Raman intensities than those observed in

Figure 4.4.
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Figure C.3: HR-TEM images of a hole created in a suspended monolayer MoS, film
by a single ultrafast pulse with F' = 2.0F};,(1).

Figure C.4: HR-TEM images of a MoS, film excited by single pulse with F' = F,(1).



134
APPENDIX D: GENERAL EXPERIMENTAL SETUP

Figure D.1 shows a schematic of the general experimental setup for femtosecond
ablation of 2D materials. The Coherent RegA 9000 is a titanium:sapphire (Ti:S)
regenerative amplifier capable of producing pulse widths around 160~170 fs at a
center wavelength of 800 nm. Typically, the RegA 9000 operates at a repetition
rate of 100-250 kHz, producing pulse energies of 3-4 wJ. In order to select a single
pulse for experiments, the RegA 9000 was externally triggered to a repetition rate of
about 307 Hz. At this repetition rate, some mechanical shutters are quick enough
to select out a single pulse. The shutter used for this purpose was a NM Laser
Products, Inc. LS200NOIR high power, laser shutter which is capable of selecting
a single pulse from a 1 kHz pulse train. In order to take full advantage of the
numerical aperture of the objective to focus the pulse, a telescope was added after
the shutter to expand the beam to the size of the input aperture of the objective.
A continuous, variable neutral density (ND) filter was used to adjust the energy of
the pulse which was measured using a beam tap and a calibrated photodiode. For
polarization sensitive experiments, a half-wave plate (HWP) or quarter-wave plate
(QWP) was placed before the objective to control the incident polarization of the
pulse. During laser patterning experiments, the amplifier was replaced by a Spectra-
Physics Tsunami which is a Ti:S oscillator that only produces pulse energies as large

as 10 nJ but at a repetition rate of about 80 MHz.
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Figure D.1: Schematic of the experimental setup for femtosecond laser ablation.
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