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Abstract

This thesis explores the production, characterization, and water oxidation efficiency of
wide bandgap semiconductors made through femtosecond-laser irradiation of various
materials. Our investigation focuses on three main aspects: 1) producing titanium
dioxide (TiO) from titanium metal, 2) using our laser-made materials in a photoelec-
trochemical cell for water oxidation, and 3) utilizing the femtosecond laser to create a
variety of other mixed metal oxides for further water oxidation studies and biological
applications.

We first discuss producing TiO, and titanium nitride. We report that there is
chemical selectivity at play in the femtosecond laser doping process so not all dopants
in the surrounding atmosphere will necessarily be incorporated. We then show that
the material made from laser-irradiation of titanium metal, when annealed, has a
three-fold enhancement in overall water oxidation when irradiated with UV light. We
attribute this enhancement through various material characterization methods to the
creation of a more pure form of rutile TiOy with less defects. We then present a variety
of studies done with doping both TiO, and other oxides with broadband photoelectro-
chemistry and offer that the dopant incorporation hurts the overall water oxidation

rate. Lastly, we use the laser-treated titanium to test cell adhesion and viability.
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Our results demonstrate an ability to femtosecond-laser process semiconductors to
produce materials that no one has made previously and study their properties using

collaborations across chemistry and biology, yielding true interdisciplinary research.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Femtosecond-laser processing has provided many new avenues for light-trapping and
opened the field of hyperdoping when Black Silicon was first produced twenty years
ago. We have now extended this method to a whole host of other materials, namely
oxides. Wide bandgap semiconductors possess many properties that make it more
difficult to work with than silicon, including multiple constituent elements and a
bandgap that does not absorb our 800-nm laser wavelength. In addition, we used
our knowledge gained with silicon to approach a different problem in the field of
solar fuels, where we use materials that can both absorb light and perform water
oxidation to produce hydrogen for the hydrogen economy. With femtosecond-laser
processing, we can produce surface structures and introduce new materials into a host

material. In this dissertation, we demonstrate that we can first produce oxides by
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laser-texturing metal surfaces in an oxygen-containing atmosphere and show the first
successful implementation of laser-made TiO, for water oxidation applications. We
then present studies on dopant-inclusion in oxides, perform photoelectrochemistry,
and consider how the oxidation state of the dopant affects the water oxidation rate.
Lastly, we discuss using TiO, as a platform for cell adhesion and viability for biological

applications.

1.2 Organization of the dissertation

This thesis reports on our progress in extending our fs-laser hyperdoping process to
oxides, namely TiO,, and using the materials made to perform water oxidation and
cell growth for biological applications.

Chapter 2 gives an overview of all types of material processing of semiconduc-
tors using ultrafast lasers and describes a variety of applications, including surface
modification, bulk modification, and deposition techniques.

Chapter 3 investigates the production of TiOs from femtosecond-laser processing
of titanium metal in oxygen and shows the chemical selectivity at play between oxygen
and nitrogen doping during laser irradiation.

In Chapter 4, we study the efficiency of water oxidation for non-doped TiO, and
give an in-depth elemental analysis of the laser-made material. We also compare our
annealed, laser-treated sample to two different control samples to show we produce a
more efficient, higher-qualtiy rutile TiOy with femtosecond laser irradiation.

Chapter 5 presents the doping of a variety of wide bandgap semiconductors. In

this section, we demonstrate that laser doping of TiOy and other oxides is possible
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with different dopants, but the doping does not increase the overall efficiency of water
oxidation and that the dopant oxidation state is an important factor in the resulting
photoelectrochemistry.

Chapter 6 introduces a study of cell adhesion and viability on the laser-structured
titanium metal and shows that the surface structures aid the growth of cells when
compared to titanium foil, producing a potential new material for dental implants.

Chapter 7 summarizes the main results obtained in this thesis and proposes
future avenues of research in hyperdoping and surface structuring with femtosecond
lasers.

Appendix A provides information on the history and implementation of Chirped

Pulse Amplification for ultrafast lasers.



CHAPTER 2

ULTRAFAST PROCESSING OF SEMICONDUCTORS

AND APPLICATIONS

In this chapter, we cover various applications of femtosecond laser processing and give
an overview of the different processes that can result from using an ultrafast laser on
a host of materials. We cover surface and bulk applications and show how femtosec-
ond lasers can be used to deposit various materials. We will show the advantages
and disadvantages of using ultrafast lasers compared to lasers that operate in other

regimes.

2.1 Introduction

Ultrafast lasers have been developed over half a century and are becoming more user-
friendly and less costly every year. Ultrafast lasers incorporate both the femtosecond

(1 fs = 10 s) and picosecond (1 ps = 10'? s) time regimes, where both types of
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lasers have been used to interact with and characterize hosts of different materials.
Compared to longer pulse widths, ultrafast pulses are unique in that they are charac-
terized by incredibly high peak intensities and interact with materials on a time scale
faster than heat diffusion. These two features allow ultrafast lasers to very precisely
manipulate materials.

Over the last decades, several factors have increased the interest in applica-
tions of ultrafast processing of semiconductors. [1| Across industries, feature sizes
are becoming smaller, and components are becoming more densely packed which re-
quire ultrafast lasers to manipulate. Along with smaller devices, several applications
employing ultrafast lasers have been established that have given more attention to
ultrafast laser processing, including automobile machining, LASIK eye surgery, and
photomask repair. [2| Lastly, with the development of turnkey ultrafast systems that
are easier to use, more research with ultrafast laser-matter interactions is occurring
across disciplines while industrial users are exploring more avenues for ultrafast ap-
plication processing.

In this chapter, we will first briefly present an introduction to and history of
ultrafast laser processing of semiconductors. Next, we will give an overview of the fun-
damental physical processes that occur in ultrafast light-matter interactions. Then,
we will discuss various surface modification, bulk modification, and deposition appli-

cations of ultrafast laser processing.
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2.1.1 Femtosecond laser history

The creation of mode-locking, or fixing the phase between the longitudinal modes
in a laser cavity, transformed the laser industry in 1964 and made the generation of
picosecond pulses possible for the first time. [3,4] With shorter pulses come higher
peak intensities, and these new picosecond pulses brought intensities on the order
of 10 W/em?. To amplify picosecond pulses and extract these higher energies, the
nonlinear effects that occur at such high powers first need to be taken into account. [5]
As the intensity is spatially-dependent, the nonlinear phase also changes over the
length of the pulse. For a Gaussian-shaped pulse, the nonlinear phase will be largest
in the center of the pulse where the intensity is the highest. This phase results
in a spatially-dependent nonlinear index, and with a larger index of refraction in the
center, the pulse acts like a lens and self-focuses. The process of self-focusing damages
the lasing crystal at high enough intensities.

Chirped Pulse Amplification was developed to amplify the pulses while keeping
the nonlinear effects from destroying the crystal. [6] Chirped Pulse Amplification con-
sists of three steps: pulse spreading, amplification, and pulse compression (Fig. 2.1).
By spreading the pulse orders of magnitude (usually about 10*-108 times), the pulse
can be amplified in the crystal without approaching the damage threshold or having
intensities where nonlinear effects come into play. [7] With a spread pulse, the fluence
remains the same but the power measured at any one frequency is much lower. After
amplification, the pulse is then compressed.

The process of spreading and compressing can be achieved with many configu-

rations, such as gratings, prisms, or lenses. The first spreader was designed in 1985
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Initial short pulse A pair of gratings disperses
the spectrum and stretches
the pulse by a factor
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f\ f\
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g
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A second pair of
reverses the dispersion of the
first pair, and recompresses the pulse.

Figure 2.1: Detailed diagram of CPA, altered from Ref. [8].

using an optical fiber for spreading with parallel gratings for compression and was
improved upon by perfectly matching the spreader and compressor in 1987. |7,9]
With shorter incoming pulses come pulses with very large bandwidths. By
dispersing the pulse with the spreader, the pulse becomes chirped, meaning that the
many frequencies in the bandwidth are separated in time. The chirp is developed
by a combination of self-phase modulation and group velocity dispersion. A more
indepth discussion of Chirped Pulse Amplification is given in Appendix A. Through
the development of Chirped Pulse Amplification, ultrafast lasers have moved to higher

repetition rates, higher powers, and shorter pulse lengths.

2.2 Physical processes in laser irradiation

Femtosecond pulse lengths dictate the kinetics of melting and resolidification of target
semiconductors. A more detailed review of the fundamental dynamics is available in

Ref. [10]. Upon fs-pulse irradiation, the semiconductor experiences several regimes
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of excitation and relaxation, before returning to full equilibrium. The four regimes
are 1) carrier excitation, 2) thermalization, 3) carrier removal, and 4) thermal and
structural effects as detailed in Fig. 2.2. [10] Due to the nature of ultrafast pulses,
we also describe the resulting differences when compared to shorter, nanosecond (1

ns = 10 s) pulses.

2
v

4w
4~

CARRIER absorption of photons
EXCITATION impact ionization
carrier-carrier scattering
THERMALIZATION . .
carrier-phonon scattering

Auger recombination
CARRIER

REMOVAL radiative recombination

carrier diffusion

ablation & evaporation

THERMAL AND thermal diffusion

STRUCTURAL EFFECTS o
resolidification

\ \
0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10
fs ps ns T

Figure 2.2: Four regimes of ultrafast excitation in semiconductors from Ref.
[10].

Femtosecond-laser pulses generate large peak electric fields which are orders of
magnitude larger than the 10° V/m coulomb fields that bind electrons to atoms. [11]
Large peak pulse energies cause nonlinear absorption in short absorption depths from
the irradiated surface, which limits the focal volume where laser energy is deposited.

The dynamics of sub-ps-pulse interactions with semiconductors is unique in two
ways. First, the pulse delivers energy to the material on a timescale shorter than the

electron-phonon coupling relaxation time. The incident pulse only delivers energy
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to the electrons, leaving the ions completely "cold." Thermal energy transfer to the
lattice only takes place once the pulse is gone. Thus, decoupled optical absorption
and lattice thermalization processes uniquely characterize sub-ps-pulse-semiconductor
interactions. Second, extremely short pulse widths in time translate to very high peak
intensities that can drive nonlinear and multiphoton absorption.

During multiphoton absorption electronic bonds in the irradiated sample are
directly broken. This is a non-thermal process with minimal heating. Such cold
ablation can be attained with non-ultrafast pulses but only by employing a deep
UV wavelength. [12] Multiphoton absorption facilitates absorption in materials with
low linear, optical absorption (i.e. wide band gap semiconductors) that are difficult
to machine with traditional nanosecond lasers. [12] The sample surface absorbs the
front part of the fs-laser pulse. The extreme electronic excitation creates a dense
electron-hole plasma, which is responsible for the absorption and partial reflection
of the remaining pulse. [13-15] The plasma then delivers energy to the lattice. Sur-
face interatomic bonds are weakened due to the high degree of electronic excitation,
and the lattice is disordered through cold atomic motion. The sample enters an
extreme non-equilibrium state with a several thousand Kelvin electron gas inside a
room-temperature lattice. [11] What happens post-absorption can vary dramatically,
depending on the target material’s relationship with pulse wavelength and energy.
Three resulting regimes are possible: 1) non-thermal melting through an ultrafast

phase transition, 2) thermal phase melting, and 3) ablation:

1. Non-thermal Melting: A pulse energy large enough to rip 10-15% bonded va-

lence electrons and achieve a critical density of conduction band electrons (10?2
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cm ) will induce a non-thermal ultrafast phase transition. [11]

2. Thermal Phase Melting: If the pulse energy does not cause such sudden disor-
dering of the lattice, the plasma energy will spread via electron-phonon coupling
to the lattice over several picoseconds. [10] This heat from the excited surface
diffuses inward, raising the lattice temperature. If the solid temperature exceeds
its melt temperature, a thin layer near the surface transitions to a liquid state,

called the melt. The melt depth increases with laser energy.

3. Ablation: Large pulse energies cause boiling at the melt surface. The resulting
superheating of the liquid phase and high nucleation rates of the gas phase eject

material from the surface in a process known as ablation.

Specific experimental parameters, primarily laser wavelength and pulse length, deter-

mine the fluence thresholds for melting and ablation for a given material system.

2.2.1 Melting and resolidification

After irradiation, a thin molten layer forms atop the room temperature substrate.
The corresponding heat gradient drives heat away from the molten layer and initiates
a fast moving resolidification front, which advances from the substrate towards the
molten layer. The time interval between irradiation and resolidification is several
nanoseconds. [10]

The resolidification-front speed determines the crystal quality of the resolidified
layer. For silicon, a front speed faster than the liquid to crystal relaxation rate (~15

m/s) will deprive atoms enough time to find their equilibrium positions, yielding an

10
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amorphous material. A slower resolidification front will cause a longer lasting molten
phase and epitaxial regrowth with a crystalline resolidified layer. [16]

Higher laser fluences lead to longer melt durations and slower resolidification
fronts. Laser pulse exposure just above the melting threshold causes the material to
resolidify as an amorphous solid. At higher fluence thresholds, melting is typically

followed by crystalline regrowth.

2.2.2 Ablation

The process of ablation occurs when the fluence of the laser light exceeds that of the
ablation threshold. For fs-laser-matter interaction, the laser pulse duration is much
shorter than the electron-cooling rate, which has been shown to be on the order of
1 ps. [17] With high laser fluences, energy from the surface of the material causes
some of the surface melt to evaporate in the form of an ablation plume. Research
into the ablation process has shed light on the mechanism. By modeling the fluidic
movements of the melt, it has been shown that the ablation occurs from fragmentation
of a supercritical volume expansion in a short time frame. [18]

When the laser fluence exceeds that of the ablation threshold, we can achieve
laser-induced periodic surface structures (LIPSS). [19] For femtosecond-laser tex-
turing, the LIPSS formed consist of semi-periodic nanometer- and micrometer-scale
structures. [20-22| The LIPSS are independent of the crystal orientation and exhibit
a wide range of feature sizes and shapes. The formation of LIPSS in the shape of
ripples occurs when surface waves in the melt develop as the incoming light interferes

with the scattered light off of the material. As more pulses impinge on the ripples,

11
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self-focusing occurs in the valleys and can result in larger structures that go deeper
into the material. For this process, LIPSS are created that are dependent on the
wavelength of the incoming femtosecond laser and the index of refraction of the host
material that is being textured. [23]

When it comes to ablation, we see that femtosecond lasers can damage even the
hardest of materials. [24] Because ablation is such a destructive process for the irradi-
ated material, we can use ablation to our own advantage across industries. Ablation
is one of the easiest ways to cut and scribe hard materials. Since fs-laser ablation
acts on a faster timescale than the time it takes for the thermal energy to diffuse
into other areas of a material, we can use ablation to act in very precise ways in
three dimensions. We will discuss the positive attributes of fs-laser ablation in many

applications in the section below.

Timescale comparison

Nanosecond pulses excite electrons in a distinctly different process than fs-excitation.
When a ns-pulse delivers energy to a material, excited electrons transfer energy to
the lattice during the time of the electron excitation. Electrons and the lattice thus
remain in equilibrium throughout the excitation process. The ns-laser heats the solid
to its melting temperature during the length of the laser pulse. [10] Ns-absorption
processes are linear with a much larger absorption length than fs-absorption. Linear
absorption can lead to deeper melt depths. Compared to the fs-laser case, the ns-
induced temperature gradient between the molten layer and the solid substrate is

smaller and distributed over a longer distance. Consequently, the melt duration is

12
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longer, and the resolidification front speed is slower, which for silicon typically yields
a crystalline structure.

The longer ns-pulse widths translate to lower peak powers compared to fs-lasers.
Operating at lower peak powers, ns-lasers ablate materials by a thermal process.
[12] This thermal ablation causes a large heat-affected zone that may induce melt
redeposition and shockwaves, leaving behind thermally-induced defects like cracks

and chipping. [25]

2.3 Applications

There are a wide variety of applications when it comes to fs-laser processing of semi-
conductors. In this paper, we will explore three types of applications: (1) surface
modification, (2) bulk modification, and (3) deposition techniques. We will focus on
electrical and energy applications and not touch on the bioapplications due to the
breadth of the disciplines covered. [26] Femtosecond lasers are also operated as ma-
terial characterization tools, and many other studies detail their uses in femtosecond
pump-probe spectroscopy [27,28], laser-induced breakdown spectroscopy (LIBS) [29],

and surface-enhance Raman spectroscopy (SERS) [30].

2.3.1 Surface modification

One of the main applications of fs-lasers is surface modification. In this section,
we first discuss texturing the surface for applications including light trapping and
hydrophobicity. Next we discuss machining applications in which the laser is employed

to scribe, dice, and drill through semiconductors. Lastly, we will discuss the use of
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femtosecond lasers to hyperdope, or dope beyond a material’s equilibrium solubility

limit.

Surface texturing

The surface structures made from femtosecond laser texturing of semiconductors can
be applied to a variety of applications, including light trapping and hydrophobicity.
Femtosecond lasers have been used to produce a wide variety of surface structures
including conical peaks [11,31], periodic gratings [32,33|, and ripples [34,35]. Light
trapping is most important when absorption is the main application, such as in a
solar cell or photodetector. For this reason, light trapping has been studied mostly in
silicon, as it constitutes the vast majority of solar cells and photodetectors produced.
In order to maximize the light absorption for a device, light trapping takes advantage
of the photons that are energetic enough (above bandgap) for the host material to
absorb but have scattered from the surface and hence are unusable. The common
solution to light trapping is to use an antireflective coating, usually silicon nitride,
with a chemical texture, but that still leaves about 10% unabsorbed light. [36] It
is for this reason, that using femtosecond laser texturing of silicon has become an
important field of study.

By comparing many different types of texturing on silicon, research has shown
that femtosecond-laser textured silicon has less overall scattering than chemically-
textured silicon with silicon nitride. [36,37] However, the internal quantum efficiency
of the chemical texturing plus silicon nitride is still higher than the laser-textured

sample, which shows that the texturing aids light trapping but also hurts the overall
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efficiency. A device optimization study has shown that laser-texturing silicon in SFg
allows for the creation of thin film solar cells because more photons can be absorbed
with a thinner absorption layer (~20 pm). [38] The study also found that the absorp-
tion from laser texturing approaches the theoretical limit for solar cell absorption,
or the Yablonovitch limit, and have worked on making a solar cell with the laser
texturing as a basis for the solar cell’s light trapping. [38, 39|

In addition to light trapping, the same laser-irradiated silicon surfaces have been
shown to be quite hydrophobic, with applications in biology and materials science.
Femtosecond laser texturing of silicon in SFg yields micron-sized spikes, which many
groups have used to increase the contact angle, which is the angle formed by a liquid
placed on the surface of a material. Studies first showed that by varying the laser flu-
ence, it was possible to control the resulting contact angle and hence the hydrophobic
properties of the underlying silicon. [40] Through subsequently layering molecules,
like fluoroalkylsilane, on the laser-textured silicon surface, it was later shown that
the surface molecules increased the contact angle farther, making the surface even
more hydrophobic. [41] With both light trapping and hydrophobic properties, laser-
textured silicon yields a surface that can be used in a variety of applications—many

of which remain unexplored.

Machining

Ultrafast lasers are one of the highest performing tools to perform surface modification
machining. Micromachining refers to the creation of micron-scale features like holes,

lines, and grooves within and on the surfaces of materials. Ideally, these features
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are produced with minimal peripheral damage. Historically, laser micromachining
in semiconductors has been carried out with diode-pumped solid state or excimer
lasers with ns-pulse durations. [1,12] However, the effects of thermal diffusion that
stem from ns-laser machining place a lower limit on the length scales that can be
machined. Furthermore, thermal diffusion can lead to poor machining quality and a
large heat-affected zone which can induce detrimental stresses, cracks, molten layer
recast, and slag. [1]

Femtosecond lasers offer a new paradigm in machining quality with high spatial
resolution and minimal thermal damage. With their ultrashort pulse lengths, fs-lasers
can controllably deposit energy to a material on a time scale faster than ps-electron-
phonon coupling processes. [42] Heat diffusion into the machined-area periphery is
minimal and leaves behind a small amount of molten material. [25] This small heat
affected zone contains a low level of the thermal defects, which are common in ns-laser
processing like cracking and chipping.

Compared to traditional Q-switched solid state lasers and nanosecond lasers,
fs-lasers have an overall higher cost of ownership. As such, industrial adoption of
fs-lasers has been limited to high value-added applications where high precision is
required. [1] Picosecond lasers land in the middle, delivering a machining quality that
is less precise than fs-lasers but suitable nonetheless for many applications. [1] Their
lower cost of ownership has made ps-lasers a preferred candidate for most commercial
applications. In this section, we will discuss three main aspects of machining that are

used in industrial applications: scribing, drilling, and dicing.
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Scribing Laser scribing is the process in which a focused laser is scanned across a
material surface to form a continuous line or groove, without completely vaporizing
through the material. Laser scribing is used to shape a variety of brittle semiconduc-
tors across industries. Here we discuss two applications in the photovoltaic industry:
scribing of thin film photovoltaic modules to achieve series interconnections and edge
isolation of crystalline silicon modules to remove shunt paths.

Scribing thin film solar photovoltaic modules is one particular application that
can benefit from the small heat affected zones associated with fs-laser ablation. A thin
film solar module consists of hundreds of series-connected cells, or mini-modules, atop
a glass substrate. [43] Mini-modules limit module ohmic losses and. are interconnected
by multiple steps of depositing and scribing an individual thin material layer. [44]
Directly after each material layer is deposited, it is scribed before the next layer is
deposited. The complete scribing process is shown in Fig. 2.3. [44] This scribing
process series connects the mini-modules as desired, but it also forms detrimental
electrically inactive dead-zones between adjacent mini-modules. Reducing dead zone
size, which is fundamentally limited by the area of each scribe, is critical to increasing
overall module efficiency. [44]

Due to their precision, repeatability, and small heat affected zones, pulsed lasers
are well suited to achieve effective scribing and minimum-dead zone size. Today most
thin-film PV manufacturers use ns-lasers for their scribing processes. [44] In the last
decade, many groups have demonstrated that ultrafast lasers deliver better scribing
performance than ns-lasers for thin film material layers, including CIGS [45-47|, CdTe

[43], and ITO [48|. Ultrafast scribing inflicts smaller thermal effects, which minimizes
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dead zone size, laser-induced defects, and unwanted ablation-induced redeposition on
the scribed channel walls that leads to electrical shunts. While ultrafast scribing has
been shown superior performance to ns-scribing, industry adoption has been limited
by the ultrafast laser’s higher cost, lower output frequency (reducing throughput),
and Gaussian profile (which can lead to non-uniform ablation relative to a top hat
profile). [44,49]

Another photovoltaic application of scribing is edge isolation. Most crystalline
silicon photovoltaic manufacturers form cell pn-junctions by coating a p-doped silicon
wafer with an outer n-doped layer via phosphorous diffusion. The edge surface n-
doped layer may form an unwanted electrical connection between the front and back
contacts of the device. This shunt short circuit path allows the flow of an internal
current, robbing photogenerated current from an external load. Edge isolation is
the process of forming a continuous groove through the n-edge layer that electrically
isolates the shunt path.

Various methods, including lasers, plasma etching, chemical etching, are used
to achieve edge isolation. [50] Photovoltaic manufacturers employing laser-grooving
typically use green or UV ns-lasers, but scribing with ultrafast lasers offers several ad-
vantages. [44,50] The narrower and closer to the edge a groove is, the more cell active
area will be preserved which leads to higher overall device efficiency. [12] Furthermore,
precisely forming the groove without unwanted effects, like edge surface roughness or
microcracking, gives rise to higher processing yields and long lasting module lamina-
tion and reliability. Several studies of edge isolation using high power ps-lasers have

shown cleaner isolation grooves compared to traditional ns-processing. [51-54] Simu-
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lations also suggest such ps-processing can be scaled to industry levels at throughputs

faster than current industry standards. [53|
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Figure 2.3: Scribing diagram from Ref [55].

Drilling Another application of fs-laser machining is drilling, or milling, materials
for industrial applications. After the formation of LIPSS within the laser focal volume,
as shown in Fig. 2.4, we see that the introduction of more pulses, on the order of
thousands, leads to drilling a hole with relatively vertical sidewalls. [17] Although
most work in this field has been done on metals, the method can be extended easily
to semiconductors. [56] Due to fs-laser ablation not involving thermal effects, we can
achieve much better micromachining characteristics than with other methods. In
comparison to nanosecond lasers, femtosecond laser drilling yields much more precise
holes with less residual damage or redeposited material. [57]

This circular ablation can be performed on a wide variety of materials, including

silicon and titanium nitride. In silicon, we see that it is the lack of a liquid phase
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Figure 2.4: Scribing diagram from Ref [58].

created with fs-lasers that leads to much better hole creation. For ns-lasers, a liquid
phase is created and leads to unstable drilling and ultimately produces a poorer
quality material. [17| In titanium nitride (TiN) evaporated on silicon, TiN can be
drilled efficiently with the fs-laser. With additional pulses, the underlying silicon can
also be structured. [58] It is interesting to note that the drilling can work with a
power just above the ablation threshold and that the depth of the hole is linearly
dependent on the number of pulses applied. [58] This linear dependence shows that it
is the overall number of pulses applied that determine the overall hole depth, and that
it does not take large peak powers for drilling in semiconductors to occur. Because
the underlying silicon was structured as the number of pulses (and hence the depth

of the hole) increased, this method shows that multiple materials in a stack can be
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drilled with a femtosecond laser.

Dicing Ultrafast lasers are not only used to machine grooves or holes in semiconduc-
tors, but can also cut, or dice, straight through the same materials. Ultrafast dicing
is being investigated to cut thin silicon substrates in the microelectronics industry.

In the microelectronics industry, dicing is used to separate the many individ-
ual integrated circuit chips that are written on a lithographically processed wafer.
Historically the microelectronics industry has used thick wafers (i.e. greater than
150 pm) that could be effectively diced with diamond-coated wire blades that cut
via mechanical abrasion. Now the industry demands 50 pgm or thinner wafers that
could crack, chip, or delaminate in response to mechanical stress from wire dicing.
Non-contact laser dicing, however, can effectively dice these thin wafers with higher
precision and throughput. Laser dicing offers additional benefits like reduced dice
tool ware, reduced dice contamination, and the ability to curvilinearly form rounded
corners on individual dies, which increase die mechanical strength. [59]

Studies have found that laser dicing cut quality is dependent on pulse width. [59]
Poor-cut quality is largely due to thermal melting and molten layer redeposition for
pulse widths larger than 1 ns. [59] Recognizing the minimal thermal effects of ultrafast
processing, many groups have investigated high quality dicing with fs-lasers. [60-62]
Furthermore, small cut lines from ultrafast dicing are advantageous in that they allow
for more circuit chips to be placed on a lithographically processed wafer (produced
at a fixed cost), reducing the average cost per chip. Different fabrication procedures
like the use of line foci or employing double pulses have been explored to find optimal

conditions that minimize cut widths and maximize cutting speed. [62,63] Currently,

21



Chapter 2: Ultrafast processing of semiconductors and applications

the major barrier to wider industrial adoption of fs-dicing is concern about low fs-laser

repetition rates and dicing throughput. [59]

Hyperdoping

One unique application of femtosecond-laser processing of semiconductors is the abil-
ity to hyperdope target materials. Hyperdoping refers to doping semiconductors at
concentrations beyond their equilibrium solubility limit without forming compounds
or secondary phases. [64,65] Doping can be achieved through the introduction of
dopants, either in the gaseous environment or as an evaporated thin film, while target
semiconductors are laser-processed as described above. The fundamental mechanism
behind hyperdoping is that molten liquid phases can host more dopants than equi-
librium solid phases. Hyperdoping has also been achieved by ion implanting samples
and subsequently using a nanosecond laser to remelt the sample and recrystallize the
lattice. [66] The hyperdoping process was originally developed by irradiating silicon
with a train of amplified fs-laser pulses in the presence of a wide variety of dopant
precursors. It has been shown that silicon can be hyperdoped to more than 1 at. %
sulfur in a 300-nm thin layer. [67,68] In addition, the process produces semi-periodic
surface textures that have excellent anti-reflection and light-trapping properties as
shown in Fig. 2.5. At a high chalcogen (S, Se, Te) doping concentration, femtosecond
laser-doped silicon exhibits near-unity light absorptance from the ultraviolet to the
near infrared, which is far beyond silicon’s bandgap of 1.1 ym (Fig. 2.5, right). [69,70]

Using fs-laser fabrication, research has shown the ability to incorporate dopants

at concentrations thousands of times above the solid solubility limit. [69] Femtosecond-
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Figure 2.5: Femtosecond laser irradiation of silicon in SFg shows surface

structures (left) and enhanced absorbtion (right) from Ref [71].
laser hyperdoping achieves this through a process called solute trapping. [16,72| Laser
pulses that have energies greater than the melting threshold transform the surface
into a molten layer, which enables dopants to diffuse in. As the deposited energy
diffuses into the substrate, the molten layer resolidifies with a speed greater than the
dopants can diffuse out (> 1 m/s), which obtains supersaturated concentrations. [73]
Such high dopant concentrations should yield an intermediate band in the semicon-
ductor bandgap. [74] In addition to doping, the creation of conical surface structures
as discussed previously aids in light-trapping for the hyperdoped materials, and work
in silicon has recently identified laser parameters for independently tuning the hyper-
doping and texturing processes. [11]

The work with ion implantation and subsequent nanosecond laser melting has

been extended to a variety of transitions metals, where an infrared silicon photode-
tector hyperdoped with gold has been successfully achieved. [75] This ns-hyperdoping

method produces hyperdoped layers with better crystallinity versus fs-produced hy-
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perdoped layers, albeit at lower dopant concentrations with less sub-bandgap absorp-
tion. The method has been used to produce silicon-based photodiodes with a large
response to photon energies down to 0.7 eV, which is below that of commercially-
available silicon-based photodiodes which are limited by silicon’s 1.1 eV bandgap. [76]
SiOnyx, Inc. is currently commercializing infrared photodetectors for military and
consumer electronic applications. 77|

Fs-hyperdoping has also been recently demonstrated in larger bandgap oxide
semiconductors TiO, and ZnO. Both demonstrations have shown the incorporation
of defect atoms into the oxide lattice. [78,79]. In the ZnO case, antimony was even
incorporated in a single crystalline portion of the laser-modified surface region. [80]
By utilizing both the hyperdoping and surface texturing process of femtosecond laser

processing, many new fields can be explored across many material platforms.

2.3.2 Bulk modification

After discussing many applications in surface modification, we now will move onto
techniques using femtosecond lasers to modify the bulk of the material. The two
applications we will discuss in the next section will cover (1) annealing to crystal-
lize the lattice and (2) direct patterning. As with the surface modification, many
different groups use femtosecond lasers to fundamentally change the bulk properties
of a material and ultimately create substances that cannot exist using other known

methods.
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Ultrafast bulk annealing

Semiconductor annealing refers to heat treating a material to alter its microcrystal
structure and resultant physical properties. Annealing traditionally refers to a series
of equilibrium kinetics processes that heat a material beyond its melting temperature,
maintain the temperature, and subsequent material cooling. Here we focus on highly
non-equilibrium ultrafast annealing, which is used to improve crystal structure and
material performance.

The microelectronics and photovoltaic industries have historically used furnace
thermal annealing and rapid thermal annealing to improve the crystallinity of polysil-
icon grown from deposited amorphous silicon. [81] However, because they operate via
bulk heating, both methods cannot selectively heat a specific layer within a multilayer
stack, places constraints on the type of material layers and substrates that can be
used. To overcome these limitations, the microelectronics industry has begun using
microsecond-annealing, via flash lamps or continuous wave diode lasers, to achieve se-
lective heating and to activate shallow dopants following host lattice ion implantation
damage. [82]

Laser annealing on ultrafast time scales allows for even more precision in se-
lectively heating a stack of materials. Aside from being confined to a more precise
focal volume, ultrafast crystallization is advantageous in that it can be done while
simultaneously ablating a surface. This stems from the nonlinear absorption and
non-equilibrium light matter interaction discussed above.

The low fs-ablation threshold has been exploited to demonstrate simultane-

ous crystallization and surface texturing of 1.5-2.5 pum thick a-Si films deposited
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on glass. [83] Further studies have characterized the effect of laser parameters on
resulting spike formation, absorption, and crystallinity on similarly processed amor-
phous samples irradiated in air and water environments. [84] One study reports that
the crystallization forms a blend of hydrogenated nanocrystalline (nc-Si:H) and a-
Si:H that improves material stability in the face of light degradation. [84] The high
amount of resulting structural defects, however, currently limits this technique from
being deployed in photovoltaic applications.

Crystallization with picosecond lasers has also been recently explored to po-
tentially make a-Si:H/nc-Si:H micromorph tandem cells. [85] Such a tandem cell is
shown in Fig. 2.6a. In this process, a deposited a-Si:H layer is partially converted to
a polycrystalline layer via ps-laser annealing as shown in Fig. 2.6b. Such a fabrica-
tion procedure would simplify and complement the current multistep chemical vapor

deposition growth process.

Direct patterning

One of the most transformative fs-laser applications is to utilize the two-photon pro-
cess to micromachine materials in the bulk of the material yielding structures in three
dimensions (3D). [86] Femtosecond laser processing allows for the direct patterning
of a variety of materials and the creation of large structures in 3D. Micromachining
was first developed in transparent materials, such as SiO,. [87,88] Due to using two-
or multi-photon processes, most research in micromachining has focused on polymers
and soft materials.

However, it has been shown that it is possible to pattern TiO, by irradiating
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Figure 2.6: Bulk annealing from Ref [84].

a photosensitive sol-gel TiO, with below bandgap light. The incoming light initiates
a multiphoton process that is able to break down the resist. The resulting structure
can be quite complex, such as the woodpile shown in Fig. 2.7. [89] Silicon has also
been micromachined with femtosecond lasers. Research has shown that femtosecond
lasers have a reduced heat-affected zone when compared to nanosecond lasers, which
translates into less induced stress. [90]

Another use of micromachining in semiconductors makes use of the proliferation
of 3D-patterened polymers by coating the resulting polymer 3D structure with semi-
conductors to form 3D semiconductor patterns. Recently, chemical vapor deposition
was used to deposit a thin silicon layer over an underlying 3D polymer pattern to cre-
ate a 3D silicon woodpile photonic crystal structure. [91] By coating semiconductors

onto polymer patterns, we can access a much larger range of materials and structures
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that are normally too complex to make from mainstream semiconductor processes.

Figure 2.7: Micromachining of TiOy from Ref [89].

2.3.3 Deposition techniques

Lastly, we will cover various applications in deposition techniques that make use of
femtosecond lasers to ablate various materials and then redeposit the ablated material
onto additional substrates. By altering the target material and the surrounding envi-
ronment that the ablation occurs in, many different types of semiconductors can be
formed. Here, we will discuss (1) nanoparticle formation from the ablated particles,
(2) pulsed laser deposition, which creates films from the ablated particles, and (3)
laser-assisted growth, where the ablated particles are used as seed material to deposit
other materials. In each of these cases, femtosecond laser ablation helps to create

materials that other deposition techniques struggle to make with high precision.

Nanoparticle formation

Femtosecond laser irradiation of semiconductors beyond the ablation threshold pro-

duces ablated particles and we can utilize this material in the form of nanoparti-
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cles. [92] In order to gather the nanoparticles, the setup usually involves positioning
a target material at a 45 degree angle in relation to the incoming laser beam with a
collection substrate positioned parallel to the target material. [93]

For silicon, nanoparticles can be formed in a vacuum [94] or surrounded by
a background gas, such as Hy [21]. It has been shown that the ablation of silicon
nanoparticles has a large size distribution that cluster into aggregates and webs that
are 5-300 nm in size. [21] By changing the background gas to H,S, the size of the
ablation plume cone also changes. The phase of the formed nanoparticles can either
be crystalline or amorphous, which is determined by the cooling rate of the ablated
silicon in the liquid phase. When a background gas is present, the gas forces some
nanoparticles to cool through a thermal process and hence not go through a non-
thermal phase transformation. [21] For silicon ablated in a vacuum, the nanoparticles
cool at a much faster rate and do not have the background gas to compete with, which
leads to only nanoparticles and clusters and not the formation of webs. Hence, the
resulting nanoparticles are dependent on many factors in the ablation and subsequent

cooling process.

Pulsed laser deposition

By extending the process of nanoparticle formation, we can make thin films of materi-
als through pulsed laser deposition (PLD). Through a similar setup as for nanoparticle
formation, complex materials can be deposited onto a variety of substrates. [95] The
main advantage of PLD over other deposition techniques is its ability to repeatedly

grow thin films with precise and complex stoichiometries.
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The most common use of PLD is for deposition of thin films. In order to deposit
an oxide, the femtosecond laser is used to excite plasma on the target material and
then the nanoparticles fly off onto a flat substrate. To deposit SnO,, the amount of
background oxygen gas was instrumental in producing high quality epitaxially-grown
films, even though they started with a target that already contained the correct
amount of oxygen, SnOs. [96] Another example of thin film PLD is the creation
of CdS, where it was shown that the substrate used, between silicon and quartz,
determines the quality and grain size of the material deposited. [97]

A variety of photovoltaic absorber materials (e.g. CdTe, ZnS) and transparent
conductive electrode materials (ZnO, ITO) have been produced with PLD. [55] There
is a an especially large amount of activity in using PLD to test a variety of up and
coming higher mobility p-type transparent conductive oxide materials for thin film
photovoltaic and thin film transistor applications. [98] Repeating these results at
larger scale in a low cost PV industrial setting is unlikely, however, due to the low

throughput and nanoparticle ejection problems associated with PLD. [98, 99|

Laser-assisted growth

The use of lasers to help start nanowire growth is a relatively new field and has been
applied to a variety of semiconductors. Nanowire growth was first discovered using a
nanosecond laser acting on a Si;_,Fe, target, where they found a large size distribution
of the resulting nanowires. [100] The growth mechanism proposed that the formation
of the nanowires occurs while the ablated nanoclusters are still in the liquid phase

and that the length of the nanowire growth is determined by the time that it takes
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for the nanowire to be pushed out the "hot reaction zone" by the flowing carrier gas
in the chamber. [100] The nanowires created consist of a single crystalline Si core
with a SiO, sheath on the outside and are on the order of tens of nanometers. It has
also been shown that it is possible to extend their method to other materials, such as
germanium, but unlike the Si nanowires, the Ge nanowires tend to have no amorphous
outer shell and have a nanocluster at the termination end, showing that the nanowire
formation is a complicated procedure and is still not completely understood for all

materials.

715

MCER

Figure 2.8: Laser-assisted growth from Ref [101].

By moving to femtosecond lasers, researchers found it was possible to apply this
process to oxides. Using a ZnO target, they showed it was possible to control the size
distribution of the nanowires due to the lack of overall thermal effects and smaller

particulate creation with the nanoparticles flying off of the target. [101] They were
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also able to control the photoluminescence properties by changing the ambient oxygen
partial pressure parameters. [101] They used a ZnO target and focused the laser inside
the growth chamber with oxygen flowing. By using a femtosecond laser instead of
the nanosecond laser used prior, there is no real melting in the ablation process,
and they use Coulomb explosion to produce precise nanowires that have a small size
distribution. With the femtosecond lasers, there is less particulate formation, leading
to a superior nanowire product. [101] The nanowires are shown with a TEM insert
showing their crystallinity in Fig. 2.8. By applying these methods to other materials,

it should be possible to grow various materials and control their size and makeup.

2.4 Conclusion

In this chapter, we present the various applications of femtosecond laser processing
on many different types of semiconductors. We show that the femtosecond laser leads
to finer structure formation and more precise machining when compared to the ns-
laser regime, which can be utilized in a variety of applications. In addition, we show
that ultrafast lasers can be used as the basis for a few deposition techniques. With
advances in how femtosecond lasers operate, we believe that they will be used even
more in the coming years as the applications become more diverse and the lasers

become smaller and more cost-effective.
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CHAPTER 3

FEMTOSECOND-LASER FORMATION OF

NANOSTRUCTURED TIOs AND TIN

In this chapter, we use femtosecond laser irradiation of titanium metal in an oxidizing
environment to form a highly stable surface layer of nanostructured amorphous tita-
nium dioxide (TiOy). We study the influence of atmospheric composition on these
surface structures and find that gas composition and pressure affect the chemical
composition of the surface layer but not the surface morphology. Incorporation of

nitrogen is only possible when no oxygen is present in the surrounding atmosphere.

3.1 Introduction

Femtosecond laser pulses provide a way to simultaneously structure and change the
chemical composition of a number of materials, including titanium. [17,102,103] Laser

structuring of titanium surfaces has been investigated because the topography of the
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titanium surface contributes to its biocompatibility [104], tribology, and hydropho-
bicity [105]. Femtosecond lasers have been used to produce a wide variety of surface
structures on titanium including conical microstructures [106], periodic gratings [33],
and nanoscale pores [107].

Laser processing also makes it possible to insert nitrogen and oxygen atoms into
titanium while creating surface structures. [108,109] Experiments involving titanium
surfaces irradiated by nanosecond lasers show that the surrounding gas atmosphere
can have a large impact on the surface chemical composition and the surface mor-
phology. [110]

Because titanium, known for its durability, mechanical properties, and stabil-
ity, is used in many biomedical applications [111], the effect of laser irradiation on
biocompatibility is particularly important. While surface structures enhance cell-
adhesion [112|, the chemical composition of structured titanium surfaces also con-
tributes to their biocompatibility. For example, the biocompatibility of titanium is
improved by a thin layer of TiO on the surface of a titanium implant. [113] Nitridation
of titanium also has applications in biomaterials and microdevices for improvements
in wear resistance and hardening. [111]

Although a high degree of control over femtosecond laser-formed titanium sur-
face morphologies has been developed, the chemical composition of the resulting films
has not been studied in detail. In this work we investigate the influence of oxygen
and nitrogen gas composition on the surface morphology, chemical composition, and

stability of femtosecond laser irradiated titanium surfaces.
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3.2 Experimental Procedure
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Figure 3.1: A schematic diagram of the fs-laser hyperdoping apparatus using
a stationary laser beam and two-axis stepper motors to translate the sample.

We produce samples by irradiating a 99.99% titanium plate with a 25-33.33-Hz train
of 100-fs, 805-nm laser pulses from an amplified Ti:sapphire laser, as shown in Fig. 3.1.
The pulses have a fluence of 2.5 kJ/m? and are polarized in the x direction (x-y axes
shown in Fig. 3.3). [69] We mount the samples on an = — y stage in a stainless steel
chamber that is evacuated to less than 0.1 Torr and then filled with a background gas.
To irradiate the sample, we raster scan in the = direction and step in the y direction
at the end of each row, uniformly exposing each spot on the sample to 50 laser pulses.
The resulting sample is shown in Fig. 3.2.

We take images of the samples with a Zeiss Ultra55 scanning electron microscope
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Figure 3.2: Laser-irradiated titanium metal with three 1-cm? areas. The
samples were irradiated in 100 Torr of Oy (left), air (middle), and Ny (right).

(SEM) with a beam energy of 2 keV. We perform elemental analysis using X-ray
photoelectron spectroscopy (XPS), which we collect on a Surface Science SSX-100
ESCA spectrometer. We use Ar+ sputtering for cleaning and depth profiling analysis
at 2.7 keV. We collect survey spectra with an 800-nm spot size at 1 eV per step and
high-resolution scans with a 300-nm spot size at 0.065 eV per step. We then perform
XPS peak fitting using Casa XPS, and peaks are fit with Shirley background-corrected
Lorenzian functions.

We also collect X-ray diffraction data (XRD) on a Bruker D8 Discover. The
XRD experiments are performed on samples made from a 450-nm thick layer of tita-
nium, evaporated onto a glass slide to minimize background from the unstructured

underlying titanium and then irradiated with the same conditions detailed above.
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We collect Raman spectroscopy on a Renishaw inVia microscope using an excitation
wavelength of 633 nm, produced by a 5-mW, s-polarized Helium-Neon laser. We
record the Raman spectra through a 50X microscope objective which is projected
onto a thermoelectrically cooled, charged-coupled device (CCD) array using a 1200
groove/mm diffraction grating.

We collect electrochemistry data using a CH Instruments Electrochemical An-
alyzer CHI600D. We use a three-electrode setup with the untreated and treated ti-
tanium surfaces individually isolated as the working electrode, a BASi Ag/AgCl ref-
erence electrode, and a Pt coil counter electrode. We fill the electrochemical cell
with an electrolyte, BioWhittaker Hanks’ Balanced Salt Solution (HBSS), which is
purged with argon for 60 minutes before use. All measurements are performed at
room temperature.

We take reflectivity measurements with a Hitachi U-4100 spectrophotometer

with a BaSO, integrating sphere.

3.3 Results and Discussion

Scanning electron microscopy (SEM) images of the films irradiated with a total at-
mospheric pressure of 100 Torr (Fig. 3.3) show laser-induced periodic surface struc-
tures (LIPSS) [71] that do not vary with the atmospheric composition of oxygen and
nitrogen. The lines of the grooved pattern are oriented along the y direction, perpen-
dicular to the laser polarization. This grooved pattern of the LIPSS is expected for
near-damage-threshold laser fluences and multiple laser pulses. [114] The formation

of LIPSS on metals has been attributed to the interference of the incident laser light
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untreated

Figure 3.3: Scanning electron micrographs of titanium metal surface before
(untreated) and after laser irradiation in the ambient gases shown, with a
total pressure of 100 Torr in each case. The air mixture consists of a 1:4
ratio of O9:Ns.
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with excited surface plasmon polaritons. [19] Varying the total pressure of oxygen
and nitrogen between 0.01 and 500 Torr does not change the surface morphology of
the titanium structures. The same surface structures are visible after irradiation with
1, 10, or 50 laser pulses, regardless of the chemical composition of the background
atmosphere.

Fourier transformations of the periodic surface structures confirm that samples
formed in different atmospheric conditions all have a periodicity of 268 4+ 15 nm. The
periodicity of the surface grating formed from the interference between the incident
laser light and excited surface plasmon waves is A\/n where A is the wavelength of
the incident light and n is the index of refraction. [115] The index of refraction of
titanium at 805 nm is 2.883, producing a periodicity of 279.2 nm, in agreement with
the measured periodicity of 268 £ 15 nm.

The X-ray photoelectron spectra (XPS) in Fig. 3.4 show that the ambient gas
composition and pressure affect the chemical composition, and hence the physical
properties, of the titanium surface structures. Surfaces irradiated in atmospheres
containing only oxygen show significant amounts of only titanium and oxygen with
more oxygen incorporated than in the untreated films. The films were measured after
argon sputtering to remove surface atoms and reveal subsurface composition. The
chemical shift of the Ti 2p peaks, shown in Fig. 3.4b, can be used to identify the
oxidation state of the titanium atoms. The sample structured in 100 Torr oxygen has
Ti 2p3/2 and Ti 2p;/, peaks at 458.7 and 464.6 eV respectively, which correspond to
Ti*", the oxidation state found in TiO,, as seen in Fig. 3.5.

TiO, forms as a native oxide on titanium metal so we compare our results to
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Figure 3.4: (a) X-ray photoelectron spectroscopy (XPS) of untreated tita-
nium and laser-structured samples. The samples were Ar+ sputtered for 10
minutes immediately before measurement. (b) High resolution XPS of the
Ti (2p) region of untreated and laser-structured titanium. The samples were
Ar+ sputtered for 20 minutes before measurements.
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an argon sputtered, untreated titanium sheet. The untreated titanium control has
Ti 2p3/2 and Ti 2py/, peaks at 453.8 and 459.8 eV, which correspond to metallic ti-
tanium and confirm that the argon sputtering treatment is sufficient to remove the
native oxide layer. The O:Ti ratio for a film structured in 100 Torr O is 2.3 before
argon sputtering treatment and 1.9 after 10 minutes of sputtering, which shows that
the sputtering preferentially removes oxygen atoms. To quantify the bulk reduction
caused by the argon ion sputtering, we also compared the laser-oxidized samples to
a sputter deposited TiO5 thin film. The sputter-deposited TiO; film is slightly more
reduced following the argon sputtering treatment than the TiO, films formed by ir-
radiating in oxidizing atmospheres after the same treatment. This may indicate that
the sputter deposited TiO, film is thinner than the irradiated films. This observation,
combined with the predominant Ti*" oxidation state, shows that laser irradiation of
titanium metal in an oxidizing atmosphere forms a surface layer of TiO,. Due to
the bulk reduction caused by sputtering, it is difficult to quantify the presence of
additional titanium oxidation states in the laser-structured samples. While predomi-
nantly TiO,, it is possible that the samples also contain smaller amounts of the less
oxidized TipO3 or TiO.

As shown in Fig. 3.4a, titanium surfaces irradiated in a nitrogen atmosphere
contain titanium, oxygen, and nitrogen. The amount of nitrogen does not decrease
with argon sputtering, showing that it is incorporated into the titanium lattice. By
integrating the area under the peaks we find that the N:Ti ratio is 0.34. The sam-
ples formed in only nitrogen have Ti 2p3/, and 2p;,, peaks at 454.1 and 460.0 eV,

0.2 eV higher than the untreated titanium control. The expected binding energy
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Figure 3.5: High resolution XPS of the Ti (2p) region of untreated and laser-
structured titanium samples showing the separate peak fits. All samples were
Ar+ sputtered for 20 minutes before measurements.

for Ti in TiN is 1.4 eV higher than the measured values. Previous studies of non-
stoichiometric titanium nitride films with low nitrogen incorporation show Ti binding
energies 0.3-0.4 eV above metallic Ti, similar to our samples. [110] Analysis of nitro-
gen incorporation as a function of nitrogen pressure incorporated during irradiation
shows a slight decrease in nitrogen incorporation with decreasing nitrogen pressure.
Nitrogen is only incorporated into the titanium lattice when surface structures are
created, implying that the laser fluence necessary for nitrogen incorporation is above
the melting threshold.

Titanium samples irradiated in 80 Torr Ny and 20 Torr O,, a composition ap-
proximating air, show incorporation of oxygen but not nitrogen. These samples also
show the same Ti 2p peak placement as the sample irradiated in only oxygen, in-

dicating the formation of TiO,. We find that the presence of 0.1 Torr of oxygen in
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the chamber prevents the incorporation of nitrogen into the sample. The preferen-
tial formation of TiO5 over TiN can be explained by considering the relative heats
of formation (Hy) of the bulk materials. While the formation of both structures is
exothermic, the heat of formation of TiOs is Hy = —944.0 kJ /mol, while the formation
of TiN is less favorable at Hy = —337.7 kJ/mol. [111,116]

We also used a variety of nitrogen- and oxygen-containing precursors, such as
NO, NOy, NoO and NH3, to address the chemical selectivity problem and see that no
nitrogen incorporation occurs when oxygen is present.

We analyzed the crystal structure of the resulting films using both Raman spec-
troscopy and X-ray diffraction (XRD). XRD of the unstructured titanium film in
Fig. 3.6 shows the characteristic peaks of a-Ti with a strong (002) peak at 20 = 38.3°
and a smaller (103) reflection peak at 70.6°. This structure is expected for evaporated
titanium films. [117] The laser structured samples do not show additional peaks that
would indicate the presence of crystalline TiO, or TiN. We would expect peaks at
20 = 25.3° and 48.2° for anatase TiO, or at 27.5° and 54.3° for rutile TiO,. [118§|
The structured films do have a small Ti (002) peak which can be attributed to the
underlying unstructured titanium.

Raman spectroscopy confirms the amorphous nature of the structured films. As
shown in Fig. 3.7, the samples structured in oxygen or air to form TiO, display a
single broad peak at 240 cm™! with a smaller broad hump around 450 cm™. The
broad spectrum is consistent with an amorphous semiconductor. The peaks may be
due to the presence of Ti;O3 because crystalline Ti;O3 has peaks at 269, 302, 347,

and 452 cm™. [119] Spectra of a few nm-thick oxidized titanium films display similar
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Figure 3.6: X-ray diffraction (XRD) of the untreated titanium and laser-
structured samples. The films display only the (002) and (103) peaks ex-
pected for evaporated titanium.
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broad peaks that have been attributed to a thin layer of TiyOs. [120] These peaks
indicate the presence of TisO3 species within the predominant TiO5 shown in the XPS
spectra. The presence of less oxidized species may be caused by preferential ablation
of lighter oxygen atoms during laser irradiation. The absence of peaks at 447 and 612
cm ! indicates that rutile TiO, is not present; similarly, anatase TiO, would lead to

peaks at 144, 197, 399, 515, and 639 cm !, which are not observed. [118]

untreated

normalized Raman intensity (a.u.)

0 250 500 750 1000
Raman shift (cm™)

Figure 3.7: Raman spectra of the untreated titanium and laser-structured
samples, collected from an excitation wavelength of 633 nm.

The sample structured in nitrogen resulting in non-stoichiometric TiN has broad
Raman peaks at 240 cm ™!, 300 cm ™, and 550 cm™!. These are the expected peak
positions for non-stoichiometric TiN; the lower-frequency peaks are attributed to

1

acoustic phonons, and the high frequency peak at 550 cm™ is attributed to opti-

cal phonons. [121] The peak positions are very similar to those observed for non-
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stoichiometric TiN formed by ns-laser irradiation of titanium in a nitrogen envi-
ronment. [122] The Raman spectrum for the unstructured titanium film shows no
significant peaks as expected.

Electrochemical stability tests performed in a solution used to simulate bio-
compatibility [115] demonstrate the stability of the TiO, films and their suitability
for biological implants. For metal-based films, a high open circuit potential (OCP)
indicates increased stability against oxidation. After two hours of stabilization, the
samples irradiated in 100 Torr O, and 80 Torr N5 /20 Torr Oy have open circuit poten-
tials of 0.199 V and 0.092 V (vs. Normal Hydrogen Electrode, NHE) [123] respectively
(Fig. 3.8a). Both oxidized samples have a higher OCP than the titanium plate, which
has an OCP of —0.044 V, indicating their higher stability against oxidation. On the
other hand, the sample structured in nitrogen shows lower stability against oxidation
than the titanium plate with an OCP of -0.061 V.

We also measured the stability of the samples by applying a potential difference
of 494 mV (vs. NHE), which is a standard benchmark for dental implant stability.
Lower current densities are indicative of higher stability against chemical reactions
such as ion release, and thus a higher stability of the oxidized films. As shown in
Fig. 3.8b, we observe an immediate decrease in current when the potential is applied,
indicating the formation of a passivation layer. The current of the laser-irradiated
films stabilizes after about 10 minutes, and the oxidized films formed in both air and
oxygen stabilize at current densities of 86 nA /em?. The titanium nitride films stabilize

2

at a higher current density of 150 nA/cm®. The unstructured titanium surface has

the highest current density of 220 nA /cm? and takes longer than the irradiated films
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Figure 3.8: (a) Open circuit measurements before and after laser irradiation
collected at room temperature in a solution to simulate biocompatibility
(HBSS), measured vs. Normal Hydrogen Electrode (NHE). (b) Current den-
sity changes of untreated and laser-structured samples at 494 mV vs. NHE.
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to stabilize, indicating that the passivation layer forms more slowly.

Because the surface morphology does not depend on gas composition and pres-
sure, the chemical composition of the surface can be changed independently of the
surface morphology. Our findings are in contrast to earlier published work showing a
strong dependence of the surface morphology on gas composition and pressure when
titanium is irradiated with nanosecond pulses below the ablation threshold. [110] As
Fig. 3.9 shows, the reflectivity of the samples irradiated by femtosecond pulses does
depend on gas composition—untreated titanium and surfaces irradiated in nitrogen
and oxygen all have different reflectivities. Our work thus shows that femtosecond
laser irradiation makes it possible to create films of varying chemical composition and

optical properties while maintaining consistent surface structures.
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Figure 3.9: Reflectivity of samples measured with a spectrophotometer with
an integrating sphere.
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3.4 Conclusion

We form nanostructured TiOs and non-stoichiometric TiN films by femtosecond laser
irradiation of titanium in oxygen and nitrogen, respectively. We demonstrate that
oxygen and nitrogen are incorporated in these films when the laser fluence exceeds
the ablation threshold. Furthermore, laser-formed TiOs is more stable than untreated
titanium in biologically relevant solutions, making femtosecond laser-formed TiO, a

good candidate for biomedical devices, which we explore further in Chapter 6.
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CHAPTER 4

PHOTOELECTROCHEMICAL WATER OXIDATION OF

LASER-PRODUCED RUTILE TIO,

We demonstrate the use of femtosecond laser structuring of titanium metal in oxygen
at room temperature, as a two-step method to produce a TiOy photoanode for pho-
toelectrochemical water splitting. Annealing the laser-processed TiO, in an oxygen-
containing atmosphere nearly triples the rate of photocatalytic oxygen evolution (ex-
ternal quantum efficiency = 12.0% at 354 nm) compared to thermally oxidized ti-
tanium or sputtered TiO,. Sample characterization and temperature-programmed
reaction spectroscopy experiments show that the photocatalytic enhancement of the
oxygen-annealed, laser-processed TiO, is due to a complete oxidation of titanium, an

absence of TiO, phases, and a reduced number of surface or oxygen vacancy defects.
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4.1 Introduction

Solar-driven water splitting uses photons to drive the energy-storing oxygen and hy-
drogen evolution reactions. A photoelectrochemical cell (Fig. 4.1) accomplishes this
task by absorbing above-bandgap light and exciting an electron-hole pair. The hole
is used for the oxygen evolution reaction and the electron is used for the hydrogen
evolution reaction. [124] To allow the photo-excited electron-hole pair to drive the wa-
ter splitting reaction, a photoelectrode material must have a bandgap that straddles
the reaction potentials for the hydrogen evolution reaction (Hy/H™) and the oxygen
evolution reaction (HyO/Os). [125] In addition to this criterion, a good candidate
material must also exhibit stability in a harsh and aqueous environment (usually at

an extreme pH) over a long period of time and be cost-effective to produce in bulk.

L
CB H-

VB h* 2

n-type counter
semiconductor electrode

Figure 4.1: Photoelectrochemical cell with an n-doped semiconductor as the
photoanode. Adapted from Ref. [124].

Titanium dioxide (TiOz) is one of a few wide bandgap semiconductors (bandgap

energy E, = 3 eV) that fulfill many of these requirements. Due to its stability and
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bandgap placement, TiO, has been used for the past 20 years in water-splitting devices
for hydrogen production. [124,126] However, methods for producing TiO, for photo-
catalytic applications have many processing steps, such as with grown nanowires, or
pose problems in controlling the crystal growth, such as with sol-gel or growing thin
films.

Our objective is to manufacture a TiOy photoanode directly from titanium metal
foil in a two-step process. We have previously demonstrated the use of femtosecond
laser fabrication to incorporate dopants at concentrations over three orders of mag-
nitude above the solid solubility limit in silicon [69] through a process called solute
trapping. [16, 72| Laser pulses with energy greater than the melting threshold trans-
form the surface into a molten layer, enabling dopant precursors in the vicinity to
diffuse in. [71] Our motivation is to utilize the femtosecond-laser treatment method
to oxidize the titanium metal and with annealing, produce a simple, cost-effective
TiO, photoanode for efficient water oxidation that enables direct photoelectrolysis,
as shown in Fig. 4.2.

In addition to doping, femtosecond-laser texturing can also originate from the
formation of laser-induced periodic surface structures, which consist of semi-periodic
nanometer- and micrometer-scale structures. [20-22| These laser-textured surfaces are
independent of the crystal orientation and exhibit a wide range of feature sizes. We
envision that femtosecond-laser texturing will increase water oxidation by providing
greater surface area for light trapping and for surface reaction sites. With the stronger
optical density afforded by the light trapping, we anticipate a reduction in the amount

of the material required to absorb the solar spectrum, which will help reduce the dis-
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electrolysis

hydrogen
fuel

electricity

Figure 4.2: Energy diagram that shows the production of hydrogen from
either photovoltaics with electrolysis or direct watersplitting through photo-
electroysis.
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tance that the minority carrier must diffuse in order to drive the photoelectrochemical
water oxidation.

We have shown previously that it is possible to use a femtosecond laser to
oxidize a surface while creating surface structures by laser treating titanium metal
in oxygen. [35] The objective of this paper is to show that we can utilize ultrafast
laser processing and annealing to produce a photoelectrochemically active surface
of TiO, that has a higher conversion of water oxidation from incoming UV light.
In this chapter, we first apply femtosecond laser processing to titanium. We then
characterize the material, both before and after annealing, and compare the samples
to two control samples in terms of their material properties and photoelectrochemical

activity.

4.2 Experimental Procedure

We produce TiO, in square areas of 1 cm? by laser treating a 99.6% titanium foil with
a 1-kHz train of 100-fs, 805-nm laser pulses from a Ti:sapphire laser with a fluence of
2.5 kJ/m? and a coverage of 50 shots per area using the setup shown in 4.3. [35] We
mount the samples in a stainless steel chamber that is filled with oxygen at a pressure
of 100 Torr and raster scan the laser over the sample using a scanning mirror setup
that focuses a Gaussian-shaped pulse to a spot size of 800 um on the surface. To
anneal the sample after laser treatment, we place the laser-treated sample in a tube
furnace heated to 1000 K for one hour with a flow rate of 300 sccm of high purity air.

2

To compare our laser-treated samples, we also produced two 1 cm® control

samples. The first control is an annealed foil, produced by annealing an untreated
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Figure 4.3: A schematic diagram of the fs-laser hyperdoping apparatus using
a scanning mirror that translates the laser beam in relation to a stationary
sample placed in the chamber on the right.
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titanium foil under the same annealing conditions as the laser-treated sample. For
the second control, we reactively sputtered 100-nm of amorphous TiO5 onto titanium
foil and annealed it in the same conditions as above. The process and subsequent
material made from sputtering is discussed in Ref. [127].

We image the samples with an atomic force microscope in AC tapping mode and
with a scanning electron microscope with a beam energy of 2 keV and a secondary
electron detector.

We measure the emitted Raman spectra excited with 325 nm light, produced
from a HeCd laser. We record the Raman spectra in a backscattering geometry
through a 20X microscope objective, where the data is projected onto a charge-
coupled device array using a 2400 grooves/mm. The spectra are reduced by the Bose
distribution and fit using independent damped harmonic oscillator spectral profiles
with a linear baseline and the Unifit procedure. [128,129]

We collect and analyze the elemental content on a monochromatic aluminum-Kao
(1486.6 €V) X-ray photoelectron spectrometer equipped with a 180° double focusing
hemispherical analyzer. We perform high resolution scans with a 400-pum spot size,
a bandpass energy of 50 eV, and a step size of 0.1 eV. We calibrate the samples with
the adventitious carbon 1s peak (284.6 eV). [130]

We also perform X-ray diffraction measurements by scanning 6/260 in the 20
range from 10 to 90 degrees to examine the crystallinity and phase composition of
our samples. The 6/26 spectra are recorded using a four circle diffractometer with
Cu-Ka radiation (1.5418 A). After collecting our data on each sample, we compare

the data to the database of the International Centre for Diffraction data in order to

o6



Chapter 4: Photoelectrochemical water oxidation of laser-produced rutile TiOy

identify the observed diffraction peaks.

After laser treating and annealing the samples, we back-contact all of our sam-
ples individually. [131] We produce multiple sets of each sample in order to test for
the surface reactivity and the photoelectrochemical efficiency in parallel and to ensure
reproducibility of results.

The surface reactivity of the laser-treated samples is assessed by temperature-
programmed reaction spectroscopy using formaldehyde as a probe molecule. The
samples are mounted on a liquid-nitrogen cooled manipulator/sample holder by at-
taching a layer of ceramic glue to the backside of the sample. A tungsten filament
and a K-type thermocouple embedded in the ceramic glue allow for resistive heating
and accurate temperature control. Temperature-programmed reaction spectroscopy
is performed in a stainless steel ultrahigh vacuum chamber with a base pressure of
about 1 x 1071° Torr. The sample is cleaned by multiple annealing cycles to 800 K
and annealed at 700 K prior to each experiment. For the temperature-programmed
reaction spectroscopy, we applied a linear heating rate of 2 K/s from 200 K to 700 K.
We acquire mass-to-charge (m/z) traces of relevant masses with a pulse ion count-
ing quadrupole mass spectrometer. Formaldehyde was dosed in excess at 250 K via
a directed doser, which on TiOy (110) single crystal leads to a coverage of 0.4-0.5
monolayers. [132] No rise in chamber pressure was observed during the dosing of
formaldehyde. Molecular oxygen was also dosed at 2 x 10" mbar for 10 min at 300
K via a directed doser.

2

For the photoelectrochemical measurements, we modify the 1 cm® samples by

back-contacting and testing the samples individually. We must roughen the back of
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each sample with a diamond scribe to cut through the native oxide layer and provide
better contact to the underlying metal. After scribing, we apply Galn paint to the
sample and place titanium wire on the paint. [131] We then apply high purity silver
paint on the titanium wire to form a good contact. After the silver paint hardens,
we apply an epoxy to the entire backside of the sample and on the titanium wire and
allow the epoxy to cure for 24 h.

To test the water oxidation, we place each sample into a photoelectrochemical
cell, which consists of 0.1 M KOH solution in a quartz cell in a three-electrode config-
uration. In our setup, the reference electrode is Ag/AgCl, which we calibrate against
a hydrogen electrode using a platinum wire and find that the reference is 0.96 V versus
the Reversible Hydrogen Electrode. We also use platinum as the counter electrode and
take the measurements at room temperature. To operate the photoelectrochemical
cell, we use a potentiostat to apply a bias while measuring the photocurrent created
during the oxidation reaction. We compare the current-voltage data measured with
and without illumination by a UV LED light centered at 354 nm. The difference in
current with and without illumination gives the photocurrent as a function of voltage.
The maximum power, as drawn from maximizing the product of the potential and

the photocurrent, also gives a direct quantification of the external quantum efficiency.

4.3 Results

In this section, we present results on the four prepared samples we described above,
which consist of two laser-treated samples and two control samples. We will refer to

the laser-treated sample as "laser-treated unannealed" and after annealing the sample
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at 1000 K, we produce a sample that we will refer to as "laser-treated annealed." As
for the control samples, we will refer to the annealed titanium foil without laser
treatment as "foil annealed" and the annealed sputtered TiOs on titanium foil as
"sputtered annealed."

Atomic force microscope and scanning electron microscope images of the four
samples are shown in Fig. 4.4. The laser-treated, unannealed sample (Fig. 4.4, top)
shows laser-induced periodic surface structures that are similar to those produced
in Ref. [35]. After Os-annealing, the laser-treated, annealed sample shows a change
in morphology and surface structure. Notably, the roughness increases substantially
after annealing. To compare to the two controls (Fig. 4.4, bottom), we see that the
annealed samples show large surface roughness and a collection of aggregate particles.
We find that the laser-treated, unannealed sample has the lowest root-mean-square
roughness and that the three annealed samples show similar surface roughness.

The UV Raman spectra for the four samples are shown on the left in Fig. 4.5.
Due to the high absorption of TiO, below the optical bandgap around 400 nm, we
calculate a probe depth of 130 nm for an excitation source with a 325-nm center wave-
length. The Raman spectra indicate that the three annealed films exhibit mainly
Raman modes of rutile, while the laser-treated, unannealed sample is amorphous
(Fig. 4.5, bottom left). For the laser-treated, unannealed sample, we observe a non-
linear background with a large, broad mode around 550 cm ™, which is consistent
with our previous results [35] and which shows that the laser-irradiated material is
amorphous. For all three annealed samples, we observe Eg, Aj,, and By, modes at

around 450, 614, and 825 cm™! respectively, which are indicative of the rutile phase of
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Figure 4.4: AFM and SEM of titanium metal surface after laser treatment
before annealing (unannealed) and after (annealed) with RMS roughnesses.

The two control samples are shown below.
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TiO,. [133] According to Raman polarization rules for the point group 4/mmm [134],
the presence of E, and By, modes (active in Y/(XZ)Y (or X(YZ)X) and Z(XY)Z
polarization configurations, respectively) in the spectra of the annealed samples indi-
cates that the rutile layers are polycrystalline. The Raman modes at around 320-365
cm ! and 700 cm ! also originate from the rutile phase. [133] Because the Raman
intensity is reduced at around 230 cm ™ by an edge filter, we do not study the rutile
mode at 235 cm ! in this work. By, and Ay, /Bj, modes with low Raman efficiency
of the anatase phase are observed at around 415-425 cm ! and 513-523 cm ! in the
spectra of the three annealed samples, respectively. [133] Because of their low inten-

sity and the overlap with the intense modes of the rutile phase, the positions of these

modes are approximate.
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Figure 4.5 (previous page): (left) Unpolarized Raman spectra of laser-formed
TiO,, before and after annealing, compared to control samples (black dots).
The linear baseline, damped oscillator profiles, and their wavenumbers, used
for fitting the spectra, are presented in brown. The spectra generated by the
fitting procedure is presented by blue line. (right) Mapping of the ratio of
integrated intensities in the spectral ranges 500-550 cm ! and 425-475 cm !,
which corresponds approximately to the areas of anatase A;,/B;, mode and
rutile E, mode, respectively. The mappings are 100 ym x 100 pm? with steps
of 10 pm in the x and y directions on the laser-treated, annealed, sputtered
annealed and foil annealed samples. There is no area mapping for the laser-
treated, unannealed sample due to the sample being amorphous so there are
no peaks to fit.

Raman spectroscopy is a local analysis: the diameter of the probed area is
around 2 pum. In order to obtain more information on the anatase to rutile volume
fractions in the annealed samples, we performed two-dimensional Raman mapping.
For this purpose the UV Raman spectra are mapped over an area of 100 x 100 pm?
and with steps of 10 pm in the x and y directions. To illustrate the distribution of
anatase and rutile phases, we plot the ratio of integrated intensities of the A;,/By,

!'and the E; mode of rutile around 446 cm™ as a

mode of anatase around 523 cm™
function of the location on the sample surface (Fig. 4.5, right). The anatase phase is
distributed inhomogeneously on the surface of the three annealed samples. This inho-
mogenous distribution shows that anatase precipitates as the inclusions in the rutile
phase matrix. The rutile phase is dominant over the anatase phase in all the samples
annealed at 1000 K. The quantitative estimation of the volume fraction of the two
phases is possible only if the absolute intensities, measured at identical experimental

conditions, of Raman modes of pure anatase and rutile phases are known. Thus, in

this work we limit our interpretation to the relative comparison of the phase compo-
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sition in the annealed samples. As can be seen in Fig. 4.5, the sputtered annealed
TiO, contains an important fraction of the anatase phase. It is much less apparent
in the TiO, layer formed by annealing titanium foil, and the fraction is even smaller
in the laser-treated, annealed sample.

Damping of phonons indicates the imperfections in the sample’s long-range or-
der. The Raman modes of rutile, synthesized by annealing foil or by annealing sput-
tered TiO,, show similar damping. For example, the damping of A;, mode (at 614

1 and does not vary much across the surface of these two

cm!) is around 50 cm-
samples. The Raman modes in the laser-treated, annealed sample show an increase
in the damping by 2-3 times in some locations on the surface. The Raman modes
with the lowest and highest damping observed in the spectra of this sample are il-
lustrated in Fig. 4.6. The damping of A;, mode varies in the range of 48 cm ™! to
109 cm . The variation in damping of the E; mode of TiOy in the foil annealed
and laser-treated, annealed samples is also mapped and presented in Fig. 4.6. The
considerable variation of Raman mode damping in the laser-treated, annealed sam-
ple can be attributed to the presence of zones composed of well crystallized /ordered
and nanocrystalline /more disordered rutile. About 50% of the laser-treated, annealed
sample consists of disordered rutile. These disordered zones are not present in the
sputtered annealed sample, which is also initially amorphous. The lack of disordered
zones in the sputtered annealed sample shows that annealing for 1 h at 1000 K is
sufficient for the crystallization of amorphous TiO, and that the formation of these

zones is directly related to the laser treatment.

To further examine the surface of our materials, we present the X-ray photo-
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Figure 4.6: Mapping of ratio of integrated intensities in the spectral ranges
375-425 cm ™ (A) and 425-475 cm! (C), which represents the broadening
of rutile E; mode (top). The mappings are 100 ym x 100 pum? with steps
of 10 pm in the z and y directions on the laser-treated annealed and foil
annealed samples. The Raman spectra representing the surface zones of high
crystalline quality and of highly disordered ones in laser-treated sample are
given for illustration (bottom).
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electron spectra for the Ti 2p peak for the four samples in Fig. 4.7. As in the Raman
data, the three annealed samples show similar curves while the laser-treated, unan-
nealed shows a significant low binding energy shoulder in the Ti 2ps/, feature and
a slight broadening of the 2p;,; peak. By examining the binding energy values, we
identify the oxidation state of the surface titanium ions to determine the chemical
composition of our samples. For all three annealed samples, we see Ti 2p3/ and Ti
2py /2 peaks at 458.7 and 464.3 eV respectively, which correspond to Ti**, the oxida-
tion state found in TiO,. [135] For the laser-treated, unannealed sample, the shoulder
observed at a lower binding energy in the Ti 2ps/, peak is assigned to Ti*", which is
commonly observed at 457.2 eV. [136] With the mix of oxidation states, we believe
that the three annealed samples are similar in chemical composition within the probe
depth of 5-10 nm. [137]

We perform X-ray diffraction to verify the composition of crystalline phases of
our samples and compare the results to the background substrate, an unannealed
titanium foil. The /20 patterns are shown in Fig. 4.8 for the four samples shown
previously and the titanium substrate. Two ranges of 20 angles are presented which
are representative of the greater trends that we see in the entire X-ray diffraction data
set. The /26 pattern of titanium foil consists of (002), (101), and (102) reflections of
titanium (Ti) metal (26 = 38.4°, 40.2°, and 53.0°, respectively). [138] The reflections
of titanium present highly asymmetric profiles towards small 26 angles. These asym-
metric profiles can be deconvoluted to the reflections of titanium metal and those of
native oxides consisting of Ti-rich TiO, phases with an oxidation state close to those

of TiOg 3925 and TigO phases. [139,140| After laser treatment, the X-ray diffraction
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Figure 4.7: High resolution XPS of the Ti (2p) region of all four samples,
showing a similar amount of Ti*" signal with the unannealed sample showing
the most Ti*" signal.
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reflections have more symmetric profiles than those of titanium foil observed before
the treatment and are centered at the 20 angles corresponding to the reflections of
hexagonal structure of titanium. We explain thisy symmetry by the disappearance
of crystalline TiO, phases due to the incorporation of higher oxygen content in the
surface layer and/or amorphization induced by laser treatment. After annealing, the
6/26 pattern of the laser-treated sample consists of (101), (111), and (211) reflections
of rutile, indicating the polycrystalline nature of this phase and reflections of titanium
metal. The X-ray diffraction signatures of the sputtered annealed and foil annealed

samples are similar:

1. The diffracted intensity due to titanium metal decreases significantly compared
to the pattern of the laser-treated, unannealed sample, showing oxidation of
titanium during the annealing process. The titanium reflections are still present
after laser irradiation and annealing, which reflect that the laser and thermal

treatment modifies only the surface of the titanium foil.

2. The reflections with the highest intensity in the pattern are those of Ti-rich
oxides TiO, with # < 0.5, which show broad profiles related to having a gradient

of titanium oxidation in the samples. [139,140]

3. The reflections of the rutile phase have a low intensity and a broad profile

compared to those of rutile in the laser-treated, annealed sample.

Therefore, we believe that the foil annealed and sputtered annealed samples
contain a combination of many different species of partially oxidized titanium and that

the rutile phase in these specimens has variations in oxidation state. The measured
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Figure 4.8: /20 XRD patterns of four samples with the titanium substrate
over two ranges of 20 angles. The indexation and 20 angles of reflections of
rutile, TiOg 35, TigO, and titanium phases indicated in the ICDD database
are presented by dashed lines. (a) 20=(34-44) shows a higher rutile signal for
the laser-treated annealed and (b) 20=(49-59) shows more rutile reflections
and that the control annealed samples have a mixture of oxide states, while

the laser-treated unannealed only shows the reflections of titanium and TiO,
(x <0.5) .
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diffracted intensity in our X-ray diffraction setup is very low, which explains why the
reflections of the anatase phase, which has a small signal compared to the rutile phase
in the Raman data, are not observed in the 6/26 patterns. To summarize, according
to the X-ray diffraction data, the laser treatment and annealing afterward of titanium
foil results in a homogenous TiO, layer on titanium foil, while the samples formed by
simple annealing of titanium foil or by depositing amorphous TiOy on foil and then
annealing, result in a mixture of different titanium oxides.

Because we fabricated the samples for water oxidation, it is important to un-
derstand the surface and its defects, which play a role in the photoelectrochemical
reaction. In order to study the surface defects, we use temperature-programmed re-
action spectroscopy to characterize the surface thermochemical behavior of the two
laser-treated samples. We use formaldehyde as a probe molecule to assess the surface
reactivity of the two laser-treated samples, shown in Fig. 4.9. Previous work has
shown that a reductive coupling of two formaldehyde molecules to form ethylene is
the dominant reaction pathway for formaldehyde adsorbed on highly defective TiO,
(110). [141] The temperature-programmed reaction spectra of formaldehyde on TiO,
is therefore a strong indicator for evaluating the defect concentration of a sample.
Mechanistically, the reductive coupling of two adsorbed formaldehyde molecules via
a C-C bond formation is governed by the availability of surface oxygen defects and ox-
ophilic Ti** subsurface interstitials, which can form a surface complex with adsorbate

molecules and successively react through removal of oxygen:

2HyC O + AT — CyHy + ATi* 4 2044 (4.1)
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The thermal (defect-driven) surface chemistry of the two laser-treated samples
is compared by following mass-to-charge (m/z) traces 29 (H,CO) and 27 (CyHy),
as depicted in Fig. 4.9. Desorption of unreacted molecular formaldehyde (m/z =
29, black and grey lines) is observed on both samples at approximately 300 K with
slightly broader features for the laser-treated, unannealed sample. Notably, the overall
amount of formaldehyde (and also other adsorbates such as water and methanol, data
not shown) desorbing from the laser-treated, unannealed surface is 4-5 times that
observed on the laser-treated, annealed sample, indicating that more adsorption sites
are available on the unannealed sample. As evident from the m/z = 27 (ethylene)
trace in Fig. 4.9, significant amounts of ethylene are formed on the laser-treated,
unannealed sample (grey line, bottom), with a desorption peak maximum at 520 K,
whereas the laser-treated, annealed sample shows little ethylene formation at 600
K. The small ethylene feature on the laser-treated, annealed sample is due to the
presence of small amounts of defects (oxygen vacancies), similar to that observed on
mildly reduced TiOy (110). With respect to the formaldehyde saturation dose at 250
K, the amount of ethylene formed on the unannealed sample is six times higher than
on the laser-treated, annealed surface.

Compelling evidence for the role of oxygen vacancy defects in the ethylene for-
mation comes from pre-dosing molecular oxygen prior to formaldehyde adsorption,
which efficiently reduces the number of the oxygen vacancy defects present in reduced
TiOs. [142,143| Tt is known from single crystal studies that oxygen can react with
oxygen vacancies by filling the vacancy with one oxygen atom and leaving behind an

adventitious oxygen adatom (O,q) on the surface:
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Vo + O2(9) = Ouanr + Oqa- (4.2)

The newly formed O,q are notable for their interaction with Ti*" subsurface
interstitials, forming TiO, islands upon heating. [144] Therefore, the effect of the
pre-dosing oxygen is to heal oxygen vacancies and to screen the excess charge of Ti*"
subsurface interstitials. The effect of oxygen pre-dosing is shown for both samples
in Fig. 4.9 (black and grey dashed lines). On the laser-treated, annealed sample
ethylene formation is completely quenched whereas for the laser-treated, unannealed
sample, we observe a 95% reduction in overall ethylene formation and a temperature
shift of 20 K towards higher T, which is commonly observed when defect chemistry
is quenched by pre-exposure to oxygen. [145]

To explore the efficacy of the laser-treated, unannealed and laser-treated, an-
nealed samples for photoelectrochemical water oxidation, we irradiate the samples
with 354-nm LED light in a photoelectrochemical cell. We sweep the applied poten-
tial difference from 0.7 V to +0.7 V vs. Ag/AgCl and measure the current produced.
The photocurrent, which is the difference between the data measured under dark (no
illumination) and light (illumination) conditions, is calculated and shown as a func-
tion of applied potential difference in Fig. 4.10. We observe that the photocurrent
is highest in the laser-treated, annealed sample and that there is hardly any pho-
tocurrent in the laser-treated, unannealed sample, showing that the annealing step
is necessary for photocurrent generation. The two control samples, the foil annealed
and the sputtered annealed, show very similar photocurrent outputs that are about

around a third of the photocurrent of the laser-treated, annealed sample.
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Figure 4.9: Thermal reaction spectra of formaldehyde adsorbed on the laser-
treated, unannealed (grey), laser-treated, unannealed with O, pre-dosed
(grey dashed), laser-treated, annealed (black), and laser-treated, annealed
with Os pre-dosed (black dashed) samples. m/z = 29 is assigned to molec-
ular formaldehyde (HCO™), and m/z = 27 is representative of ethylene
(HyC=CH™) formation. Molecular desorption of formaldehyde occurs on
both samples at 300 K, whereas on the unannealed sample defect-driven
formation of ethylene is observed at 520 K. Ethylene formation is due to re-
ductive coupling of two formaldehyde molecules. Subsurface Ti interstitials
migrate to the surface and strip the oxygen from formaldehyde, forming TiO,
on the surface and ethylene(g). Only very minor defect-induced coupling is
observed on the annealed sample at 600 K, similar to the observations made
on mildly reduced TiO2(110). O, adsorption heals surface defects and ef-
ficiently screens subsurface Ti-interstitials and therefore quenches ethylene
formation in both cases.
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Figure 4.10: Three-electrode photoelectrochemical measurement with excited

light from 354 nm LED in 0.1 M KOH solution.
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Table 4.1: Photocurrent of four samples, including the laser-treated, annealed
and the laser-treated, unannealed with the two control samples. We see the
highest photocurrent and efficiency with the laser-treated, annealed sample.

Sample Photocurrent (at 0.2 V vs. Ag/AgCl) EQE
laser-treated unannealed < 0.01 mA/cm? < 0.1%
laser-treated annealed 1.2 mA/cm? 12.0%
foil annealed 0.48 mA/cm? 4.8%
sputtered annealed 0.44 mA/em? 4.4%

To calculate the external quantum efficiency (EQE), we take the maximum
power from the product of the potential (versus the Normal Hydrogen Electrode) and
the photocurrent for each sample and divide the product by the measured output
power of the LED UV light that impinges on the sample’s surface. We list the EQE
in Table 1. The laser-treated, annealed sample has the highest EQE at 12.0% under

354-nm illumination.

4.4 Discussion

By laser-treating titanium foil and then annealing the laser-treated sample, we see
that the photocurrent increases substantially compared to all of the other samples.
The laser-treated, annealed sample is nearly three times more efficient at water oxi-
dation when compared to the control samples due to its almost pure rutile form and

homogeneous oxidation state. We show that the annealing step is also important in
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the process because the laser-treated, unannealed sample has such low photocurrent
and has so many defects. Through laser-treating and annealing, we see the greatest
increase in photocurrent due to producing a high quality TiOs layer with less oxygen
defects.

From the perspective of fabricating a TiOy photoanode directly from titanium
metal, our method is comparatively superior to both simple thermal oxidation of
titanium foil and sputtering due to the enhanced photocurrent. The laser-treated,
annealed sample is significantly more efficient due to the well-formed rutile TiO,, the
absence of Ti0O, oxides where x < 2, and the disappearance of graduated oxidation
states following the annealing step. The enhancement in the photocurrent should
not stem from a light-trapping mechanism as all annealed samples display similar
roughness, although electromagnetic field modeling would be essential to prove this
hypothesis.

To understand the enhancement that we see from laser treatment and annealing,
we begin our discussion with the issues that we see with the laser-treated, unannealed
sample. The X-ray diffraction result shows no long-range order for the laser-treated,
unannealed sample, suggesting the lack of any crystalline structure. This leaves two
possibilities: a formation of amorphous titanium oxides or a mixture of amorphous
titanium metal and amorphous oxide. The X-ray photoelectron spectrum reveals
the formation of Ti**/4*, which supports the former possibility. Moreover, the laser
treatment eliminated the possibility of crystalline native TiO, (z < 0.5) phases. We
therefore conclude that the majority of the surface of the laser-treated, unannealed

sample is a film of an amorphous titanium oxide, with a mixture of Ti**/4*. In
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addition, the surface of the laser-treated, unannealed sample is filled with oxygen va-
cancies as suggested by the formaldehyde temperature-programmed reaction spectra,
where significant formation of ethylene (suggestive of oxygen-vacancy-driven reduc-
tive coupling) is observed.

During the annealing process, the oxygen and titanium in the amorphous sur-
face layer crystallize to produce a crystalline rutile structure. The formaldehyde
temperature-programmed reaction spectra shows that the laser-treated, annealed
sample resembles that of mildly reduced TiO,, with limited ethylene formation unlike
the laser-treated, unannealed sample that is filled with defects. We therefore hypoth-
esize that the laser-treated, annealed sample is essentially a low oxygen-defect rutile
TiOy material composed of highly crystalline zones and disordered zones resting on
top of the original titanium foil. In fact, previous research has shown the disordered
surface structure may increase the water splitting efficiency significantly. [146] When
compared to the other annealed samples, we see that the laser-treated sample has
more rutile phase while the foil annealed and sputtered annealed samples contain a
variety of under-oxidized titania species. It is interesting to note that our result does
not agree with previous work showing the formation of a single-phase, rutile TiO,
film with a heat treatment at a temperature above 850 K. [147]

We observe that the laser-treated, unannealed sample has almost no photocur-
rent. We explain the origin of the lack of photocurrent with the high surface defect
concentration as observed in the formaldehyde temperature-programmed reaction
spectra and the amorphous structure as indicated with Raman and X-ray diffrac-

tion data. Oxygen vacancy defects produce well-known mid-gap states [148, 149],
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which can facilitate the electron-hole recombination via the Shockley-Read-Hall mech-
anism. [150,151] With all of these defects, it is not a surprise that the sample does
not produce any photooxidation.

In contrast to the lack of the photoelectrochemical activity in the laser-treated,
uannealed sample, the laser-treated, annealed sample shows a relatively high EQE
for photoelectrochemical water splitting. In comparison to literature data for single
crystal, rutile TiOo, our EQE result at 354 nm is greater than for a mechanically
polished TiOy sample (less than 5%) [152] when compared at an equivalent potential
near the OER equilibrium but lower than the research that reported 80% EQE at
a similar overpotential (n = 0.4 V). [153] Balancing the absorptive path and the
minority carrier diffusion length will be essential to further engineer TiO, for better

photoelectrochemical water splitting.

4.5 Conclusion

We produce photoelectrochemically-active TiO, directly from titanium metal by laser
structuring titanium in oxygen and annealing in air. By laser-treating the sample,
we incorporate oxygen deep into the material, which produces a rutile structure after
annealing. Simple thermal oxidation and sputtering do not produce a pure rutile
phase, effectively degrading their photoelectrochemical oxygen evolution activity. By
laser-treating titanium metal and annealing, we have made a photocatalytically-active
TiO, in two steps. Exploring this material platform further will be essential to un-
derstand the efficiency limit and how to design a photoelectrochemical electrode to

push production of solar hydrogen with simple, low-cost manufacturing techniques.
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CHAPTER b

LASER DOPING OF WIDE BANDGAP

SEMICONDUCTORS

Highly efficient photoelectrochemical water-splitting technology requires new semi-
conducting materials with three important photo-electrode properties: 1) high solar-
to-fuel conversion efficiency; 2) efficient material utilization through light-trapping
and high surface area surface structures; and 3) use of non-toxic and Earth-abundant
materials to ensure sustainability. Femtosecond laser fabrication offers a promising
route to address these challenges simultaneously by modifying the valence band of
metal oxides via hyperdoping and structuring the surface of these materials. The sur-
face texturing, which occurs simultaneously during laser treatment, increases the light
trapping ability of the device and its reaction area. With more surface area and op-
tical density, we can reduce the amount of the material required to absorb the solar
spectrum while gaining a high catalytic area advantage. Finally, the femtosecond-

laser processing technique is versatile and scalable; it can be applied to a wide range
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of Earth-abundant host materials and dopants, ensuring its long-term utility.

In this chapter, we describe a series of experiments using femtosecond laser
processing techniques on a variety of wide bandgap semiconductors to produce pho-
toanodes for light-induced water oxidation for solar energy storage. We discuss the
incorporation of transition metals, specifically Mn, Cr, and Ni, into TiO, at high
concentrations through femtosecond laser irradiation. After annealing, the resulting
photocatalysis is lower for Cr and Mn doped materials and similar for the Ni dopant.
We show through Raman and X-ray photoelectron spectroscopy that it is the oxi-
dation state of the dopant that dictates the resulting water oxidation efficiency. We
then translate this to other oxides and summarize the characterization of our mate-
rials through chemical and electronic techniques. Then we produce semiconductor

photoanodes and test their viability in a photoelectrochemical cell.

5.1 Introduction

The fundamental scientific principles of our proposed work are based on improving
two important aspects of the photoanode: 1) inclusion of dopants for more efficient
visible-light utilization and 2) increased surface area for enhanced chemical reactivity
and light trapping. Our group has extensive experience in femtosecond laser process-
ing techniques, and here we specifically focus on the semiconducting oxide class of
materials as they can withstand the strong oxidizing potential that is required to split
water.

A photoelectrochemical cell (see Fig. 4.1) uses incoming light to perform water

splitting. There are a variety of materials that are capable of performing the water
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splitting reaction. The main criteria for a good candidate material are:

1. correct placement of band positions to facilitate electron and hole injections in

relation to the half-reaction potentials, as shown in Fig. 5.1.

2. a 1.5-2.0 eV bandgap to maximize the number of visible light photons that can

be used from the solar spectrum.

3. stability in a harsh and aqueous environment over a long period of time.
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Figure 5.1: Comparison of various semiconductors versus the band potentials
for the water oxidation and hydrogen reduction potentials.

The latter criterion is particularly important and we have focused on using lasers to
dope and structure TiO, initially to meet the stability criterion. We will show our

work with dopants and host metal oxides later in this chapter.
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We have shown in Chapter 2 that femtosecond laser hyperdoping introduces
high concentrations of dopant atoms into host materials, which can effectively change
the electronic structure and creates large area surface structures. We envision the
femtosecond laser texturing technique will provide greater surface area both for light
trapping and for more reaction sites, thus increasing the photocurrent during water
splitting even without the introduction of dopants.

Large bandgap, early transition metal oxide catalysts have been extensively
studied as the photoanode in water splitting experiments. In Chapter 4, we discuss
TiO; as being one a few materials that can be used in a photoelectrochemical (PEC)
cell. 'We previously attempted doping with nitrogen in Chapter 3 but found that
the chemical selectivity kept it from occurring. Another method of doping TiOs to
alter the bandgap is to substitute another metal for titanium. [154,155] The major
contributor to the overall low efficiency is a lack of sub-bandgap photon utilization;
our goal is to lower TiOy’s optical band gap into the visible via femtosecond laser
processing.

Many researchers have attributed the failure of doped TiO, as a photoanode to
a change in the structure, catalytic activity, or energy level. The goal of this chapter
is to motivate that problem in the materials may be as simple as lifetime. We choose
to focus on 3d transition metals, in particular, Cr, Mn, and Ni, as dopants. [156,157]
Our decision to focus on a series of 3d metals in this work is driven by our interest in
studying the chemical selectivity that occurs during the hyperdoping process. [35] 3d
transition metals have states that lie within the band gap of TiOs; introducing the

metals into the oxides is therefore expected to yield band gap lowering. [155,158-160]
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Driven by this prospect, we aim to reduce the band gap of TiO, by way of Cr, Mn,
and Ni doping and determine the influence of these inclusions on light-driven water
oxidation. [161-163]

After showing that transition metal doping in TiOs is effective, we plan to extend
our method to a variety of other metal dopants and to other material systems, namely
FesO3. In other materials besides TiO,, where the band position is not properly
aligned with the O,/H,0 level, the change in the band position change afforded by
femtosecond laser processing could also further boost the charge injection ability of
the hole to the Os/H50 redox by realigning the valence band to match the Oy/Hy0O
level more favorably.

The ultimate goal of our research is to use solar radiation to efficiently drive
the water splitting reaction. In order to demonstrate this function and quantify the
efficiency, we built a photoelectrochemical (PEC) device using our doped metal oxide
as the photoanode to test the benefit gained. We also study the chemical composition
by using X-ray photoelectron spectroscopy to look at the dopant incorporation and

chemical oxidation state.

5.2 Experimental Procedure

To produce metal-doped TiOs, we first use electron-beam evaporation to deposit 30
nm of a dopant metal the titanium foil. After e-beam evaporation, we irradiate the
entire metal stack in square areas of 1 cm? with a 1-kHz train of 100-fs, 805-nm laser
pulses from a Ti:sapphire laser with a fluence of 1.5 kJ/m? for the Mn sample and

2.5 kJ/m? for the Cr and Ni sample with a coverage of 50 shots per area. All samples
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are irradiated in ultra-high purity oxygen at a pressure of 100 Torr. For the undoped
sample, we irradiate the titanium foil with the same laser parameters as described
above. [164] We use the same setup shown in Fig. 4.3 and described in Chapter 4. [35]
We then anneal the samples after laser treatment in a tube furnace heated to 1000 K
for one hour with 300 sccm of high purity air flowing.

We will use scanning electron microscopy for a direct visualization of the nanos-
tructured surface.

We measure the emitted Raman spectra excited with 633 nm light, produced
from a HeNe laser. We record the Raman spectra in a backscattering geometry
through a 20X microscope objective, where the data is projected onto a charge-
coupled device array using a 2400 grooves/mm diffraction grating.

We collect and analyze the elemental content on a monochromatic aluminum-Kao
(1486.6 V) X-ray photoelectron spectrometer equipped with a 180° double focusing
hemispherical analyzer. We perform survey scans with a 400-pum spot size, a band-
pass energy of 50 eV, and a step size of 0.1 eV. We calibrate the samples with the
adventitious carbon 1s peak (284.6 V). [130]

To test the samples in the photoelectrochemical setup, we first back contact our
samples individually with titanium wire and epoxy (protocol in Ref. [131]) in order to
only study the reaction occurring on the laser-processed areas. We examine our doped
TiOs in a three-electrode configuration using reference (Ag/AgCl) and counter (Pt)
electrodes, which allows precise kinetics extraction of the solar-to-water oxidation
activity. We compare the current-voltage data measured in dark (no illumination)

and light (illumination) condition using a UV LED, centered at 405-nm, and an
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AM 1.5 filter-equipped solar simulator. The difference measured between the dark
and light current gives the photocurrent as a function of voltage. In the quartz
photoelectrochemical cell, we use 0.1 M KOH as an electrolyte, which emulates the
alkaline electrolyzer condition widely used in industry for water splitting. We have
already seen that the TiOy produced by femtosecond laser irradiation of titanium
is electrochemically stable in a variety of different solutions. [35] To operate our
photoelectrochemical device, we use a power supply (potentiostat) to apply a bias
while measuring the photocurrent created during the oxidation reaction. From this
information, we study how the photocurrent, which directly probes the photon-to-fuel
conversion rate, varies with potential.

We combine this analysis with the external quantum efficiency measurement. In
the quantum efficiency measurement, the monochromator splits the illumination light
into individual wavelengths, as shown in Fig. 5.2. By comparing the photocurrent
as a function of wavelength, we can systematically determine the efficiency in the
ultraviolet region in comparison to that in the visible. If the dopant atoms act as
expected in the theory, the incorporation of metal dopants should allow the doped

TiO4 to achieve higher quantum efficiencies than undoped TiO, in the visible region.

5.3 Results

In this section, we will first report on the doping of TiO, and the characterization of
the materials made. We will then show photoelectrochemistry of the samples, includ-
ing wavelength-dependent water oxidation. Lastly, we will extend the laser doping

method to Fe;O3 by laser structuring iron films in oxygen and show its photochem-
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Figure 5.2: Wavelength-dependent photoelectrochemical cell with a three-
electrode configuration.
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istry.

5.3.1 Laser doping of TiO,

increasing
laser power

Figure 5.3: TiOs doped with Mn metal, shown with increasing laser fluence
from top to bottom of the sample.

We first start with doping with manganese (Mn) as shown in Fig. 5.3. By increasing
the laser fluence, we see that the absorbtance of the doped material increases and the
squares become darker.

We then apply the same method to a variety of other metallic dopants, including
Cr, Ni, and Mo. To see the surface structure formed from laser irradiation, we show
four materials as produced in Fig. 5.4. We see that the surface structures appear
very similar and the LIPSS are on the order of the undoped materials, shown in

Fig. 3.3. [35]
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Figure 5.4: SEM images of different doped metals in TiOs.

To present the chemical state of the samples, we present high-resolution X-ray
photoelectron spectra for the 2p peaks of titanium and the dopant metals in Fig. 5.5.
Through analyzing the binding energy values of titanium and the specific dopants, we
can identify the oxidation state of the materials tested to determine their chemical
makeup. For titanium (Fig. 5.5a), the doped and undoped TiOs look comparable
with peaks for Ti 2ps/o and Ti 2p;/» peaks at 458.7 and 464.3 eV respectively, which
correspond to the Ti'" the oxidation state found in TiO,. [135] Due to the doped
materials’ similarity with that of the undoped TiO,, we believe that the majority of
the Ti has been converted to TiO, irrespective of the dopant type within the probe
depth of 5-10 nm. [137]

We now examine the specific peaks for each dopant in its respective doped

material. In Fig. 5.5b, we show the Mn 2p spectrum to understand the nature of the
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manganese atoms in the TiOy. Using the Advantage program, we deconvolute the
2p3/2 peak into three curves that are centered at 641.2, 642.5, and 645.1 eV. The 641.2
and 645.1 eV peaks correspond to two of the multiplet peaks for the +3 oxidation
state, and the 642.5 eV peak corresponds to the +4 oxidation state. [165, 166] In
Fig. 5.5¢, we show the Cr 2p data. For the Cr 2ps, peak, we deconvolute the
data into two peaks at 577.6 and 580.6 eV, which correspond to the +3 and the +6
oxidation states. [167] Specifically, for the 577.6 peak, we can attribute this specific
binding energy to the hydroxide, as opposed to the oxide state, which sits at a lower
binding energy at 575.7 €V. [167| Lastly, in Fig. 5.5d, we present the Ni 2p peaks. The
binding energies for Ni 2p3/, are quite complicated with each state having multiplets.
We fit the peaks to multiplets at 862.0 and 855.9 eV, which correspond to the +2
state, specifically for Ni(OH),. [168] There is no peak at 852.6 eV, which is the major
metallic Ni peak. [169] Along with the Ti 2p data, we show that the dopants are
partially oxidized within a fully-oxidized TiOs material.

We see that each of the dopants occupies non-metallic oxidation states, although
the oxidation states differ for each metal. Specifically, TiO:Mn (+3/+4) and TiO,:Cr
(+3/+6) consist of a mix of two oxidation states, which points to the non-equilibrium
nature of these dopants’ incorporation in TiO,. Likely, the Mn and Cr dopants are
distributed throughout the material in various positions, which allows a distribution
of oxidation states to co-exist in the same material. For the TiO5:Ni, we see only
the +2 oxidation state, meaning that we have created a more stable material than
that of TiO9:Mn and TiO,:Cr. Due to the possible mix of oxidation states formed

in femtosecond-laser doping, we see the unique capability of the femtosecond laser
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treatment, which allows a synthesis of non-equilibrium material that would otherwise

be unobtainable with bulk synthesis.
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Figure 5.5: High-resolution XPS scans of all undoped and doped TiO, sam-
ples for (a) Ti 2p peaks and the various dopants in the respective samples
measured: (b) Mn 2p in TiOs:Mn, (c¢) Cr 2p in TiO5:Cr, and (d) Ni 2p in
We have previously shown that our laser hyperdoping-processing technique re-
sults in amorphous films in Chapter 4. To control this aspect, we determine if an-
nealing a sample can lead to a change in the crystallinity. As both grain size and

orientation are critical to photocatalysis, we need to have a crystalline material to

achieve a higher rate of water oxidation. [170,171] We first started with the TiOs:Mn
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samples and annealed the samples at different temperatures to see the formation of

the rutile crystal phase in Fig. 5.6. We never see the anatase crystal structure form,

which should have occurred above 250° C. [172]

Tio;Mn ! ! ! !

v 300°C

normalized Raman intensity (a.u.)

0 200 400 600 800 1000
Raman shift (cm™)

Figure 5.6: Raman spectra of various TiO5:Mn samples, annealed to different
temperatures, which shows the emergence of the rutile peaks at 700° C.

We see the Raman spectra in Fig. 5.7 for the doped and undoped materials,
shown with a bulk rutile crystal (111) and unannealed titanium foil (Ti) for ref-
erence. For all of the other samples, which were annealed at a temperature that
achieves the rutile structure (700° C), we observe broad peaks around 240, 447, and
612 cm™!, which are indicative of the rutile phase of TiO,. [118] We also observe a

broadened peak around 135 cm™, which we attribute to titanium metal and shows
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that the 633-nm excitation wavelength is penetrating beneath the surface structures
and probes the underlying titanium foil. [120] Due to the similarity in the doped and
undoped materials, we believe that all of the materials laser-irradiated and annealed

are composed of a surface rutile TiO, layer with titanium underneath.

rutile

normalized Raman intensity (a.u.)

Ti
A

0 250 500 750 1000
Raman shift (cm™)

Figure 5.7: Raman spectroscopy of the laser doped samples, excited by 633
nm light. Rutile data is from a rutile TiOy (111) crystal.
We also see a few other low intensity peaks at 179, 200, 283, 800, 828, and
913 cm !, which we cannot attribute to any TiO, crystal groups but all appear in
our titanium substrate and hence are background peaks that we will not consider
further in this study. Interestingly, we see higher signal from the substrate peaks in

the TiO5:Ni than any of the other laser-irradiated samples which might suggest that
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there is more titanium in the Raman probe depth and hence that the surface layer of

TiO5:Ni is thinner than the other samples.

5.3.2 Photoelectrochemistry

To study the UV photochemistry, we irradiate the samples with 405-nm light and
show the resulting photocurrent for each material in Fig. 5.8 by taking the difference
between the current under illumination (light) and no illumination (dark). We sweep
the applied potential difference from 0.9 V to +1.0 V vs. Ag/AgCl and measure
the current produced. The undoped TiO5 and TiO,:Ni have similar photocurrents at
405-nm. By doping the material with Mn or Cr, we lower the overall photocurrent
significantly.

To calculate the Incident-Photon to Conversion Efficiency (IPCE), we measure
the photocurrent generated as a function of wavelength. We sweep the wavelength
of the excited light using an AM1.5 solar simulator with a monochromator attached.
The IPCE takes into account how many photons at wavelength are emitted from the
AM1.5 lamp and shows how many of those photons are then converted to electrons, in
the form of the photocurrent. The IPCE for the undoped TiO,, TiO5:Cr, and TiO5:Ni
are shown in Fig. 5.9. For the above bandgap light (A<400 nm), the undoped TiOq
and TiO4:Ni are very efficient at photon conversion and show a high IPCE. At longer
wavelengths, which correspond to below bandgap photons, there is some conversion
of photons to current between 400-500 nm, which may be from oxygen vacancies in
the material.

For the TiO,:Cr sample, there is hardly any photocurrent for above-bandgap
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Figure 5.8: PEC measurement of laser doped TiO2. Three-electrode photo-

electrochemical measurement with excited light from 405 nm LED in 0.1 M
KOH solution.
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Figure 5.9: IPCE of various samples, calculated from wavelength-dependent
PEC measurements.
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energies, which we previously saw in the low photocurrent at 405 nm in Fig. 5.8. The
IPCE is also very low for all wavelengths, including the above bandgap photons. This
lower photocurrent shows that there are significant current losses when the Cr dopant
is in TiO, and shows that there are drastic differences between using Ni and Cr as
dopants.

Previous results have shown that the TiO, produced by femtosecond laser irra-
diation of titanium is electrochemically stable in a variety of different solutions. [35]
Over the course of the experiment, there was no sign of TiOy degradation. This
excludes the possibility that the photocurrent is due to self-oxidation. We therefore
attribute the photo-oxidation current to be due solely to the oxygen evolution reaction
(OER):

A4OH™ — Oy + 2H,0 + 4e™. (5.1)

In addition to the simple doping above, we also pre-annealed the TiO5:Cr and
TiO2:Ni by annealing the two-metal layer stack after evaporation but before laser
treatment. The resulting water oxidation is shown in Fig. 5.10. By pre-annealing
the samples, we hoped to diffuse the dopants farther into the titanium metal and
hence increase the photocatalysis. In actuality, the pre-annealing helped the TiO5:Cr
sample while hurting the TiO5:Ni sample. Due to the decrease in the Ni samples water

oxidation, the pre-annealing must have affected the final dopant oxidation state.
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Figure 5.10: PEC measurements of different doped materials in TiOy with
pre-annealing of 700° C for 1 hour versus the normally-produced samples

97



Chapter 5: Laser doping of wide bandgap semiconductors

5.3.3 Doping of other oxides

After focusing on TiO,, we extend the method to oxidizing a variety of metal foils.
We work with copper, iron, and niobium films and were able to oxidize each of the
films with femtosecond laser irradiation. For the photochemistry experiments, we
back-contacted each sample as described above and tested the samples in the same
photoelectrochemical setup in Fig. 5.2. The photocurrent was extremely low for
the laser-treated copper and niobium films, but we saw immediate bubble formation

(Fig. 5.11) for the laser-treated iron film.

Figure 5.11: Bubble formation on laser-formed Fe;Os5.
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Due to the bubble formation, we decided to study the iron films further. After
chemical analysis, we found that the iron foil laser-irradiated and then annealed forms
iron oxide, Fe;O3. Iron oxide (FepO3) has received substantial attention as a candidate
for water-splitting but has suffered from its extremely short hole lifetime. [173] To
improve the material, we dope Fe;O3 with Ti by laser structuring an iron film that
had titanium metal evaporated on it in the presence of oxygen gas. After annealing,
we compare the water oxidation in Fig. 5.12 and see that the Fe;O3:Ti has a lower

photocurret at the oxidation potential (H,O/O3) than the undoped Fe;Os.
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Figure 5.12: PEC measurements of doped and undoped Fe;O3.
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In fact, we do not see the same overall water oxidation that we see in the
laser-doped TiO,; however, with the bubble formation at high overpotentials, water
oxidation is occurring. Both the laser-doped TiO, and Fe;O3 show water oxidation
but with doping, we see that the oxidation decreases, even with above-bandgap exci-

tation.

5.4 Discussion

Our result has shown that the incorporation of dopants does not lead to significantly
higher water oxidation when illuminated but that the type of dopant incorporated
does lead to a change in water oxidation efficiency for both TiOs and Fe;O3. Specifi-
cally for TiO,, with the incorporation of Mn and Cr, we see a drastic reduction in the
photocurrent at 405 nm, which translates to a very low IPCE in the visible. With Ni
as a dopant, we see a similar water oxidation rate at 405 nm when compared to the
undoped TiO,, but the overall IPCE is lower across many wavelengths. The impor-
tance of the composition of the catalytic materials on the water oxidation activity is
well-known in the catalysis community. [174] To ensure the high catalytic activity of
doped TiOs, it is critical that we precisely control the dopant, which is challenging
with the femtosecond laser doping process.

The placement of the dopant oxidation state in the bandgap is critical to the
overall water oxidation because the dopant state must be below the OER energy to
ensure that the reaction occurs. According to Mizushima et. al., only the Nit?/+3
ions have the correct placement in the bandgap. [156] Studying the oxidation states

of the dopant metals from the X-ray photoelectron spectra shows that the Mn*3/+4
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and Cr*3/%6 do not lie in the correct band placement. The Mn states are above the
OER so water oxidation should be impaired with Mn as a dopant. For Cr, the Cr*?
state is placed right above the valence band and could be well situated if it was the
only state that exists. With the addition of Cr™® states, we see that the oxidation
rate plummets. Therefore, it is the specific dopant oxidation state and its placement
in the TiO, lattice that dictates the resulting water oxidation rate.

The challenge in developing doped TiO, lies in the possible instability of the
dopant in the host TiO,. [175,176] As a result of this instability, the dopant may
segregate and form a secondary phase. The phase separation is deleterious for the
intended electronic structure control of TiO,, where instead of doped TiO,, we arrive
at a two-component metal oxide, such as Cro(OH)3 and TiOy mixture instead. In the
non-interacting, diluted doping limit, each dopant should be ionized and thus each Cr
atom is expected to contribute one hole. This assumption however relies on obtaining
proper stoichiometric control, which must be optimized to minimize the contribution
from oxygen defect. [177] Nonetheless, in the diluted doping limit, we expect that the
conductivity of doped TiO, should increase, reflecting improved state availability due

to dopant state formation.

5.5 Conclusion

To summarize, we extend the innovative femtosecond laser processing technique to
fabricate photoelectrochemical materials. (1) We utilize femtosecond laser hyperdop-
ing and texturing to dope metal oxides—specifically titanium dioxide and iron oxide.

(2) We test our newly created materials in a photoelectrochemical cell to determine
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which dopants and host materials yield the highest water oxidation rate.

We incorporate Mn, Cr, and Ni into TiOy and Ti into Fe;O3 but do not see
enhanced photocurrent from the addition of the dopants. Although metal dopants
can be incorporated into the lattice, it is the specific oxidation state of the dopant
and its placement in the oxide that dictates the overall water oxidation rate. More
research is needed to explore the material properties in doping that affect the water

oxidation reaction further into the visible.
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CHAPTER 6

FEMTOSECOND LASER TEXTURING FOR

BIOLOGICAL APPLICATIONS

Many advances have been made in surface structure and treatment titanium for im-
plantology. However, higher levels of cell integration are needed to improve the pre-
dictability and longevity of implants, especially for dental applications. This chapter
shows a new method for improving the surface structure of titanium through irra-
diation with a femtosecond laser. The main goal is to determine if cells can adhere
and then proliferate on a new nanostructured titanium surface as compared with

unstructured surfaces for applications in the dental industry.

6.1 Introduction

Chapter 3 examines the influence of oxygen and nitrogen gas composition on surface

morphology, chemical composition, and stability of femtosecond laser irradiated ti-
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tanium surfaces. Scanning electron microscopy show laser-induced periodic surface
structures that do not vary with the background gas. [35] Sul et. al. concludes that
the optimal oxide thickness of a porous surface structure is in the range of 1-5 microns
with an optimum porosity of in the range of 19-30% with a pore size of less than
2 microns. [178] With the laser-treated TiO,, we have found the surface strutures
periodicity to be on the order of 268 nm, which is below the necessary pore size for
cell adhesion.

In addition, electrochemical stability tests are used to simulate biocompatibility,
and we found that the TiO, films are very stable in Hank’s solution, which is a
solution that simulates the body’s pH. [35] Specifically, we see in Chapter 3 that
there is an immediate decrease in current when the potential is applied for laser-
formed TiOs, which indicates the formation of a passivation layer. Samples treated
in oxygen stabilize at lower current densities than that of the unstructured titanium,
which shows that the formation of a passivation layer is slower for the bare titanium
than the laser-treated samples. Therefore, the laser-treated TiO, is more stable than
untreated titanium in biologically relevant solutions.

The implications for improved cell adhesion and viability are extensive. Cur-
rently there are limitations to the diameter and length of dental implants due to the
possibility the implant will not stick and need to be regrafted in the mouth, which
is a more complex process the second time where the cells have grown back without
attaching to the implant. Because it is harder to set an implant the second time, it
would be ideal to improve the cell adhesion in the first implant surgery. Better cell

adhesion in implants would yield an improved survival and success rate of implants
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and allow for less-invasive (shorter) implants that have a faster recovery time.

6.2 Experimental Procedure

Samples are prepared as described in Chapter 4 for non-doped TiO;. Once the tita-
nium is laser-irradiated, there is no annealing in order to keep the surface structures
intact for testing. To compare the laser-treated sample, we use the titanium foil with-
out laser treatment as a control. The samples are individually epoxyed to glass petri
dishes and then seeded with approximately one million HeLa cells per sample in a
biological cell media. The media consists of DMEM with 10% FBS and 1% Penicillin
Streptomycin, which is a base media with nutrients and an antibiotic. The cells sit
in this pink-colored media with the samples for 24 hours to grow onto the surface, as
shown in Fig. 6.1.

To tag and identify viable cells, we use Calcein AM, which allows the viable

cells to fluoresce green. We add Calcein before imaging with the following protocol:
1. Heat up HBSS for washing.

2. Reconstitute the Calcein AM dye. Add 20 L. DMSO to 1 vial containing 50

ug of Calcein AM, stored in the —20° C freezer.
3. Just before use, add the 20 uL of stock dye solution to 10 mL of HBSS.
4. Heat up the dye.
5. Remove cell media.

6. Wash cells in warm HBSS.
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Figure 6.1: Titanium (left) and laser-treated titanium (right) in petri dishes
plated with cell media.
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7. Add 2 mL of Calcein AM solution to each 35 mm dish.

8. Incubate at 37° C for 20 minutes.

9. Remove the Calcein AM solution and wash with HBSS.
10. Place the cells in warmed HBSS or DMEM without phenol red.

To tag and identify non-viable (dead) cells, we use Propidium lodide (PI), which
allows the dead cells to fluoresce red. We add PI before imaging with the following

protocol:

1. Make 3 uM PI stock solution from 4 pL stock (0.5 mg/mL) and 996 pL of

fluorobrite DMEM.
2. Add 300 pL of PI stock solution in 2 mL of fluorobrite in petri dish.
3. Pipette 300 L of PI working solution into sample with cells.
4. Cover samples and let sit for about 5 minutes for dead cells to show red nuclei.

We image the cells with a Nikon AZ 100M microscope with a 40X zoom, which
consists of a 8x eyepiece with a 5x objective. We image in bright field and with two
filters to see the green and red fluorescence separately. After imaging, we switch out
the clear media with the cell media used above and allow them to sit for 24 more

hours, in order to image again after 48 hours total.
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6.3 Results

The surface structures formed by laser irradiation are shown in Fig. 3.3 with a cross-
section, produced from Focused Ion Beam, shown in Fig. 6.2. From the cross-section,
we see that the surface structures penetrate at least 500 nm into the material, giving
good evidence that the oxide penetrates deeper than the untreated titanium foil’s
native oxide layer. From X-ray photoelectron spectroscopy, we are able to determine

the thickness of the oxide layer is a minimum of 50 nm after Argon milling and

subsequent measurements.

N b

Figure 6.2: Cross-section of LIPSS on TiOs, produced from samples similar
to those in Ref. [35].

Pictures of the untreated titanium and laser-treated TiO5 taken 24 h after the
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cell adhesion process are shown in Fig. 6.4. The top row shows the bright field image
with the cells attached to the substrate surface. The middle row shows the alive cells
stained in green dye, and the bottom row shows the dead cells stained in red dye
(schematic of imaging setup shown in Fig. 6.3).

The laser-treated sample has a significant amount more of alive cells than the
untreated titanium, showing that the cells prefer the laser-treated areas to grow. We
also looked at the samples after 48 h, and the trend remains the same, though the
total number of cells is lower.

In the bottom pictures in Fig. 6.4, we see that the untreated sample has more
dead cells than the untreated but in relation to the proportion of alive cells, it would
seem as if the total number of adhered cells is much lower in the untreated sample.

We also performed the same experiment with a sample with higher fluence
(5.0 J/cm?) and a doped, laser-treated sample from Chapter 4, TiO4:Ni, and found
that both samples exhibited cell viability levels similar to the laser-treated sample in
Fig. 6.4. An average cell count for each sample is shown in Table 6.1. This helps to
show that it is the laser treatment process that is keeping the cells alive and not the
specifics of the laser power used.

As titanium metal forms a native oxide of TiOy naturally, we know that the
untreated sample will have a thin layer of TiOs on its surface; however, in Chapter
3, we show that it is still not as stable in HBSS as the laser-treated samples. It can
be concluded from this prevous experiment that the laser-treated samples provide
a more stable environment while in the cell culture media for the 48 h they are not

being imaged because the measurements in Fig. 3.8 were performed in the same HBSS
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Living cells fluoresce green with Calcein stain

CCD \ M2
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Dead cells fluoresce red with Pl stain
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Figure 6.3: Imaging setup used for fluorescence pictures with both Calcein
(top) and PI (bottom) stains.
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bright field

Calcein

untreated laser-treated

Figure 6.4: Same-area images of untreated (left) and laser-treated TiOs
(right) with three filters: bright-field showing surface structure (top), a filter

showing alive cells in green (middle), and a filter showing dead cells in red
(bottom).
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Table 6.1: Cell counts of three samples, including two laser-treated samples
and untreated titanium. The cell counts are averaged over three images taken
at various positions on the sample.

sample living cell count dead cell count
untreated 131 151
laser-treated 1047 31
higher fluence laser-treated 1169 61

solution used in the cell media.

Because we see a much higher total number of cells adhered on the laser-treated
samples, we can conclude that it is the surface texturing that is most important in
the cells” adhesion to the surface. By increasing the fluence of the laser and hence
making the surface structures more defined, we do not see a huge improvement in the
adhesion, showing that it is the formation of the LIPSS on the order of a few hundred

nanometers that provide the most benefit for total cell adhesion.

6.4 Conclusion

This chapter shows how we can take advantage of our novel method of surface mod-
ification to create a surface architecture that cells thrive on. The results show that
laser-treated titanium is an ideal substrate for implants. The laser treatment allows
for more cells to adhere to the surface and live within a 48 h window. In addition,
one of the main difficulties in other surface treatment methods for dental implants

is a lack of reproducibility. With the laser treatment, a highly reproducible surface
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structure and composition can be fabricated. To move forward, we need to compare
these results to sand-blasted titanium alloys that are used in the dental industry to-
day and then test the laser-treating procedure on the titanium alloys to see if we can

achieve similar results with FDA-approved dental implant materials.
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CONCLUSION

There is tremendous demand for novel water splitting materials and devices as we
look for efficient, carbon-free energy storage methods. We believe that the laser-
treating and nanostructuring of wide bandgap semiconductors like TiOy has promise
as a platform for scalable and sustainable water splitting. Through this thesis, we
present research to show that doping of TiOs and other oxides is possible but not
completely controllable and that the resulting water oxidation is not as efficient with
our laser-produced materials. Furthermore, because of TiO’s stability, biocompati-
bility, and abundance, we show that there are applications both in chemical reactivity
and implantology.

In this thesis, we first give an overview in Chapter 2 of the many methods of
utilizing femtosecond lasers to process and change semiconductors across a variety
of disciplines. We also explain the laser doping process, including the melting and

ablation regimes. In terms of applications, we focus on surface modification, bulk
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modification, and deposition techniques. By describing how ultrafast lasers are oper-
ated in various industries, we present how using femtosecond lasers yields more precise
and defined results across many disciplines and materials. We also briefly touch on
the hyperdoping technique and how it relates to a variety of materials, including wide
band gap semiconductors.

In Chapter 3, we first fabricate TiO5 by laser irradiating titanium in the presence
of oxygen. The samples created show enhanced absorption due to the creation of laser-
induced periodic surface structures. We present a novel method for fabricating TiOq
by beginning with a metallic titanium foil as our substrate and laser irradiating the
foil in the presence of oxygen, yielding TiO, already back-contacted to the titanium
substrate.

We also explore the incorporation of nitrogen into TiOy by irradiating both
bulk TiO, and titanium metal in an oxygen- and nitrogen-rich environment with a
femtosecond laser. We study the influence of atmospheric composition during fem-
tosecond laser irradiation of titanium and find that changes in the gas composition
alter the chemical composition of the resultant films, but the surface morphology
is insensitive to gas composition and pressure. We demonstrate that irradiation of
titanium in oxygen-containing environments forms a highly stable surface layer of
nanostructured, amorphous titanium dioxide. However, our hyperdoped TiO, has a
significant selectivity toward oxygen incorporation (Fig. 3.4), which displays strong
competition against nitrogen incorporation. As a result, we are only able to incorpo-
rate nitrogen when there is no oxygen in the chamber. With the addition of air to

the chamber, which is a combination of 20% oxygen and 80% nitrogen, there is no
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nitrogen incorporation. Even with only 1% oxygen and 99% nitrogen, there is still no
nitrogen incorporation. We attribute this phenomenon to the stability of TiO, being
much greater than that of TiN, implying that thermodynamics plays a significant role
in determining the final structure of laser-doped materials.

In Chapter 4, we utilize the laser-treated and annealed TiO, as a photoanode
for photoelectrochemical water splitting. When compared to two control samples, the
resulting TiO, yields nearly triple the rate of photocatalytic oxygen evolution with
a measured external quantum efficiency of 12.0% at 354 nm. Through detailed sam-
ple characterization with Raman spectroscopy, X-ray diffraction, and temperature-
programmed reaction spectroscopy, we show that the photocatalytic enhancement of
the laser-treated TiOy is due to a complete oxidation of titanium, which includes
an absence of TiO, phases, and a reduced number of oxygen vacancy defects. It is
through producing a more pure form of rutile TiO, that we achieve a higher rate of
water oxidation.

Using the knowledge gained in our initial attempts at nitrogen-doping of TiO,,
we move on to doping transition metals in Chapter 5. We demonstrate that we can
incorporate many different transition metals into TiOs at high concentrations. After
annealing the various samples, we test water splitting in a photoelectrochemical cell.
The resulting water oxidation is lower for TiO5:Cr and TiO5:Mn, but the water oxi-
dation does not decrease with TiO4:Ni. We attribute this chemical dopant variability
to the placement of the dopant in the lattice with X-ray photoelectron spectroscopy.
In addition to TiO,, we present doping of other oxides, such as Fe;O3, with their

resulting photocatalysis. By extending the doping method, we prove that doping
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of a variety of materials is possible though there does not seem to be a gain in the
resulting photochemistry due to the laser-induced defects in the doped materials.

Lastly, we describe another application in dental implants in Chapter 6. For
dental implant applications, the surface structures formed through laser irradiation
of titanium are the ideal size with an oxide that runs deep into the material. By
seeding human cells on the surfaces and adding fluorescent dyes, we show that the
laser-treatment of titanium metal leads to higher cell adhesion and viability after
48 h. By changing the laser parameters, we still achieve high levels of cell viability,
showing that the cell adhesion is invariant to laser parameters.

For future studies on laser doping and structuring of wide band gap semicon-
ductors, there are a number of opportunities moving forward. Besides the materials
described in this thesis, there are a variety of material platforms that our lab has yet
to explore that could lead to interesting discoveries. Due to the difficulty working
with materials that are composed of two elements, future experiments with doping
should focus on singular elements, such as with silicon that we have studied exten-
sively or new elements, like germanium. By trying to add in a third element in the
form of a dopant, there exists an even larger set of possible combinations of how
the elements are positioned in relation to another. With the photoelectrochemical
evidence shown here, it is the oxidation state of the dopants that are the main cause
of the lower water oxidation. By chosing the material platform carefully, it will be
easier to reduce the defects that are inherent in femtsecond-laser doped materials and
are known to trap charge carriers.

Furthermore, the use of laser-structured metals and oxides could be used outside

117



Chapter 7: Conclusion

for many applications. One new biological application is testing the laser-treated
TiOy and TiN as plasmonic substrates for cell transfection. As for cell viability
in implantology, further research is necessary comparing our samples to sand-blasted
surfaces used today in the dental industry. Through working further with the Harvard
School of Dental Medicine, a full implant study should be conducted to study how
the cells will grow on the surface in vitro as opposed to our studies in vivo. With our
initial results on cell adhesion and viability, there are exciting developments ahead
with this material platform.

In general, our study of the exotic materials made from the interaction of fem-
tosecond laser pulses with metals and dopants have enabled the preparation of mate-
rials unachievable by any other method. In femtosecond laser doping, we are able to
introduce dopant concentrations on the order of a few percent, which is not feasible
with many other methods. We have pushed the research in our group into other
material regimes and intertwined our work into more applications outside of Black
Silicon. We have learned more about the femtosecond laser doping technique and
can inform future research in this field. The femtosecond laser doping technique has
shown its utility not only through the creation of new materials but also through the

devices it has enabled.
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APPENDIX A

CHIRPED PULSE AMPLIFICATION

Chirped Pulse Amplification (CPA) is one of the most important techniques used
in amplifying ultra-short laser pulses. Before the advent of CPA, amplification was
limited at high powers by the amount of self-focusing that would occur in the crystal.
Now the process involves spreading a pulse, amplifying the broadened pulse, and then
compressing the pulse back, lowering the overall intensity in the crystal. In this ap-
pendix, the amplification process will be discussed, as well as the nonlinear limits of
the current spreading and compressing techniques. We will also provide a comparison
of regenerative and multipass amplifiers and will address the use of nonlinear optical
parametric amplification for chirped pulses. Femtosecond pulse generation is neces-
sary in order to explore many fields of science, but higher power pulses yield greater
interaction with materials and their surroundings. Some examples will be provided

of the uses of chirped pulses and their further applications in nonlinear optics.
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A.1 Motivation

The process of using chirped pulse amplification has changed the way that short
pulses are amplified. Mode-locking was discovered in the 1960s and created pulses in
the picosecond range, but the pulses could not be amplified because it damaged the
amplifying medium. In order to amplify mode-locked pulses, the gain media needed
to handle longer bandwidths and higher stored energies. National laboratories could
afford to have large laser systems without finding a new gain medium, but in order to
make tabletop lasers that were accessible to the general scientific community, another
solution needed to be found. The solution to this problem came in the form of chirped
pulse amplification (CPA) at the University of Rochester in 1985.

With the creation of shorter pulses came higher peak intensities around 10°
W/cm?. To amplify picosecond pulses, the nonlinear effects that occur at these
powers first need to be calculated. The index of refraction for nonlinear materials is
given by:

n=mng+ny-I. (A1)

where ng is the linear refractive index, ns is the nonlinear index of refraction, and 1
is the intensity, related to the energy squared, of the propagating pulse. [179] This

generates a change in the nonlinear phase:

2 l
B="= [ nyI(2)de (A.2)
A Jo

after propagating a length [ in the crystal. [5| As the intensity is spatially-dependent,

the nonlinear phase will also change over the length of the pulse. With a Gaussian-

shaped pulse, the nonlinear phase will be the largest in the center of the pulse, where
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the intensity is the highest. Another way of looking at this situation is that the
nonlinear index essentially becomes spatially-dependent. With a larger index of re-
fraction in the center, the pulse acts like a lens and causes self-focusing to occur.
The process of self-focusing will damage the crystal at high enough intensities. The
nonlinear phase, referred to as the B-value from Eqn. A.2, shows that damage will
occur in the crystal for an input Gaussian pulse when the power exceeds a critical
power, given by:

/\2
Pcr_

T r— (A.3)
To amplify picosecond pulses in the 1970s, the beam size needed to be enlarged, which
decreased the intensities, was costly, and forced the repetition rate to be decreased. A
new method was needed to amplify these pulses that kept the nonlinear effects from
destroying the crystal.

For an efficient laser, it is also necessary to have an input fluence, defined as the

energy per area, comparable in size to the saturation fluence of the crystal:

Fopy = M (A.4)
o

where h is Plank’s constant, v is the frequency, and o is the emission cross-section
for the gain medium. [180] With similar input fluences, the stored energy can be
extracted from the amplifier. The saturation fluence for Ti:sapphire lasers is around
1 J/ecm?, meaning that the input fluence should be on that order. A problem emerges
from this situation when the damage fluence is less than the saturation fluence. To
solve this problem, the pulse needs to pass through the crystal multiple times, but at
such high intensities, this was not an option. Due to the lack of methods to amplify

picosecond pulses, only dye lasers were used in labs before the invention of CPA.
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A.2 Chirped Pulse Amplification

A.2.1 Basic Design

The solution that solves the issues presented above lies in Chirped Pulse Amplifi-
cation (CPA). CPA has three main steps—pulse spreading, amplification, and pulse
compression, which are shown in detail in Fig. 2.1. By spreading the pulse orders
of magnitude in time and space, the pulse can be amplified in the crystal without
damaging it or including nonlinear effects. [7] With a spread pulse, the overall fluence
is the same but the power measured at any one frequency is significantly lower. After
amplification, the pulse goes through the same method used to spread the pulse but
in the opposite direction in order to compress the pulse back down.

The process of spreading and compressing can be achieved in many ways, in-

cluding gratings and prims, which are explained below.

A.2.2 Chirped Pulse

When the pulse is dispersed by the spreader, the pulse becomes chirped, meaning that
the many frequencies in the bandwidth are separated in time, as shown in Fig. A.1.
The chirp comes from both the self-phase modulation and group velocity dispersion.
The process is demonstrated in Fig. 7?7 as the red, green, and blue lines, representing
different frequencies in the pulse, travel different path lengths in the spreader and
compressor. For a positively chirped pulse, higher frequencies, like blue light, diffract
with a lower angle from the normal than lower frequencies, such as red light, and thus

travel a longer path length. This produces a pulse with the lower frequencies (red

122



Appendix A: Chirped Pulse Amplification

light) arriving first in time followed by the higher frequencies (blue light) coming later

in time. Most systems produce positively-chirped pulses in the spreading process.
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Figure A.1: Chirped Pulse, courtesy of Photonics.com website.

A.2.3 Pulse Spreading and Compressing

The invention of the spreading and compressing mechanism was a key factor in al-
lowing CPA to work because the pulse could reach higher powers when it was spread
orders of magnitude in time. The first spreader was designed by Strickland and
Mourou in 1985 using an optical fiber for spreading with parallel gratings for com-
pression. [7|] Although this changed the field as we know it, their imperfect design
did not compress the pulse the same as it was spread. This mismatch between the
spreader and compressor only helped to spread the pulse two orders of magnitude
before the pulse was too distorted to use. It was with the idea of M. Pessot in 1987
to perfectly match both components that allowed for such large changes in pulse
duration between the input and spread pulse without significantly altering the wave-

front of the output pulse. |9] His first design, which utilized a telescoped-grating pair
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matched with another grating pair, was able to spread the pulse 1000 times and laid

the foundation for all future improvements in spreader-compressor designs.

Figure A.2: Prism pair used for spreading a pulse, courtesy of Photonics.com
website.

The normal method for spreading and compressing the pulse is by changing the
second order dispersion, called group velocity dispersion (GVD) [181], given by D
and defined as:

—2mc  d*p
Pl ==

(A.5)

For the spreader-compressor design, there are many configurations used in laser sys-
tems today. Fig. 2.1 shows the use of a telescope-grating combination for the spreading
and a grating pair for the compressor. Prism pairs can also be used, which are shown
in Fig. A.2. In most cases, the spreader enacts positive GVD, and the compressor
enacts the opposite with negative GVD.

Matching the spreader and compressor is not the only step to ensure that the
net GVD is zero for the pulse. As pulses became shorter, the delay from the coatings
on the optics became an issue and had to be taken into account by adding in more

optical components to equal out the GVD calculation.
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A.3 Limitations to Chirped Pulse Amplification

A.3.1 Self-Phase Modulation

One main limiting factor in maximizing the amplification of pulses using CPA is self-
phase modulation. To examine its effect on the wave, it is first necessary to look at
how the electric field E is affected by the spreader-compressor design. The electric
field can be split into a transverse component F' and a complex amplitude component

A with:

F(x,y) - A(z,t) - etthoz=wot) ¢ c.

E(r,t) = 5

(A.6)

Neglecting the saturated gain term, the nonlinear Schroedinger equation be-

comes:

OA(z,t) . 0?A(z,t) 83A(z t)

T, — 2A(z t) + BQT - —53 — 7 |A] Az, 1), (A7)
where a represents the net gain, B, = 32713 is the group velocity dispersion (GVD),

B3 = %wo is the group delay dispersion (GDD), 7 =t — i, and y = ™20, [182]

When there is no contribution from nonlinearity, v = 0, Eqn. A.7 can be solved using

Fourier transforms to yield transform-limited pulses as long as:

¢stretching (UI) + ¢compressing (’LU) + ¢materialdispersion(z7 t) = 0. (A8)

When nonlinearity is taken into account, Eqn. A.7 must be solved numerically.
To simplify the calculation, assume no material dispersion, S = 3 = 0. This is a
valid assumption for a majority of laser systems that use CPA because the dispersion

from the stretching and compressing is much larger than the dispersion from the gain
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medium. Eqn. A.7 then becomes:

0A(z,t) « 9
= —Z§A(z,t) v A" A(z,t). (A.9)

With the substitution A(z,t) = A(z,1)e"*) Eqn. A.9 can be decoupled into

equations for the amplitude of the pulse A and the phase ¢:

8A_a

9¢
5, = §A(z, t), A% (A.10)

s v

Using these equations, numerical models were performed with various energy
fluences, which alters the nonlinear phase (B-value) in the material without intro-
ducing more dispersion. The result is shown in Fig. A.3 for B-values=0, 1, 2, 3. For
B=0, the pulse is transform-limited and is compressed fully to its original duration,
as shown in Eqn. A.8. The recompressed pulses have longer pulse durations as the
B-value increases. It has been shown that the frequency modulation of the pulse is

determined by the time derivative of the nonlinear phase (B-value), shown with:

0B

w(t) = wo(t) = 5 (A.11)

When B=0, Eqn. A.11 presents that reinforcing that the linear pulse should be
transform-limited and unchanged by the spreader-compressor process.

Although self-phase modulation plays an important role, the overall effect on a
100-fs pulse is on the order of 10 and will mostly serve as a detriment to the quality

of the pulses after amplification.

A.3.2 Gain Narrowing

A major issue with CPA occurs when the bandwidth of the spectrum being am-

plified is greater than the bandwidth of the amplifying medium. The frequencies
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Figure A.3: Numerically-calculated compressed pulse shapes for 100 fs input
pulses with varying nonlinear phases or B value, taken from Ref. [182] .

127



Appendix A: Chirped Pulse Amplification

that are outside the medium’s bandwidth are essentially lost when the other frequen-
cies are amplified by orders of magnitude. This causes the bandwidth to narrow, a
phenomenon called gain narrowing. Although CPA gives rise to very short, highly
energetic pulses, gain narrowing represents a limitation in creating even shorter pulses
with pulse durations less than 10 fs. With a Gaussian-shaped incoming pulse, the

change in the spectrum of the pulse is calculated as:

3

Aw = Awgy | =
YT Q) — 3

(A.12)

where G is the gain in decibels and Aw, is the material gain bandwidth. [183] When
saturation is not taken into account, the intensity of the pulse after the compressor
is given by:

Lot (w) = Io(w)G(w)" T (w)", (A.13)
with gain GG, input intensity I, number of passes through the gain medium n, and
transmission function of the amplifying medium 7T'. [184] To help reduce gain-narrowing,
the bandwidth of the medium should be increased. It is also possible to give the in-

coming intensity a spectral profile that is opposite of the effect that CPA generates.

A.3.3 Gain Shifting

Another limitation with CPA is gain shifting. When the pulse is chirped, the fre-
quencies are separated in time, as described above, but this means that the different
frequencies of the pulse exhibit varying amounts of amplification. The front part of
the pulse receives more gain than the back part of the pulse, meaning that the pulse
shape changes and is no longer symmetric. [184] For a positive chirp (lower frequen-

cies first), the lower frequencies are amplified more than the higher frequencies. The
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wavefront distortion due to gain shifting is difficult to control but should be accounted

for when using CPA.

A.4 CPA Designs

A.4.1 Regenerative and Multipass Amplifiers

Laser pump —G
=

(b)

Si
ens ng

Figure A.4: Diagrams of regenerative (a) and multipass (b) amplifiers (Cour-
tesy of V. Nuzzo).

There are two main types of amplifiers used commercially and academically: regen-
erative and multipass, shown in Fig. A.4. They each have their advantages and
disadvantages. The main difference between the two amplifiers is how the number of
passes through the amplifying media is determined. The multipass is configured for
a fixed number of passes, while the regenerative amplifier extracts pulses once they
reach a certain energy. The regenerative amplifier gives the user much more flexibil-
ity in how much the pulse is to be amplified and thus yields the highest extraction

energies of amplifiers on the market. However, the multipass is inherently simpler
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with less optical components that cause dispersion and losses to the signal.

A regenerative amplifier consists of a cavity that contains the gain medium,
an electro-optic switch, which is usually a Pockels cell, and a set of polarizers. The
pulse is forced into the cavity by an electro-optic switch and then passes through the
crystal multiple times within the resonator cavity. The switch can then be turned on
again to let the amplified pulse out of the resonator. The design in Fig. A.4a uses the
Pockels cell to act as the switch. [185] The Pockels cell is set at an angle in relation
to the cavity so that it can act as a half- or quarter-wave plate. When a voltage is
applied across the Pockels cell, the birefringence in the crystal causes the cell to act
as a quarter wave plate and let pulses through. Using the polarizers in the above
setup allows a pulse to enter the resonator when the switch is turned on, bounce
back and forth through the amplifying media, and leave the cavity after an arbitrary
number of passes through the crystal. This type of amplifier extracts extremely large
energies but can be easily degraded with losses in the cavity and misalignment with
the Pockels cell.

For multipass amplifiers, the pulse follows a distinct path where mirrors are
used to direct its movement through the crystal. The multipass amplifier is designed
to maximize the gain in a given number of passes, such as four passes as shown in
Fig. A.4b. It is more difficult to change once setup so the number of passes through the
crystal is inherently constant for the lifetime of the laser. With less passes through the
crystal comes less dispersion that must be accounted for elsewhere, but the alignment
of the mirrors must be precise to extract all of the energy out efficiently.

In practice, their pros and cons are used for different applications. When the
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gain is lower per pass through the crystal, regenerative amplifiers are used. However,
when the gain is high per pass but the crystal has a lower saturation fluence, the mul-
tipass configuration is used. In Fig. A.5, we can see that there is a large disparity in
the output bandwidth using the two types of amplifiers. In Le Blanc et. al., the mul-
tipass amplifier has a larger output bandwidth for both the shorter and longer input
bandwidths. [186] However, when other factors are taken into account the spectral
bandwidth after amplification may not be the most important factor for an amplifi-
cation scheme. It is important to analyze the input pulse, amplifying medium, and

desired output pulse to determine which configuration will be the most efficient use

of time, money, and energy.
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Figure A.5: Comparison of bandwidths given two input pulses with durations

of 60 fs and 100 fs for regenerative (line) and multipass (dotted) amplifiers,
taken from Ref. [186].
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A.5 Optical Parametric Chirped Pulse Amplification

After the development of CPA in the late 1980s, scientists went on to explore the
application of nonlinear properties in CPA—most notably with the use of optical
parametric chirped pulse amplification (OPCPA). OPCPA involves three waves: the
pump, the signal, and the idler. It is a form of difference-frequency generation with
parametric gain occurring inside the nonlinear gain medium. At a specific crystal
length, [., called the coherence length, the gain increases in the signal pulse and the

phase condition differs from the ideal phase condition:

™

A¢ = ¢pump - ¢signa - gbidler - —

5 (A.14)

by a factor of A¢ = . [187]

There are many advantages of using OPCPA over conventional CPA. Because
OPCPA works with similar crystals used in CPA, OPCPA has the same bandwidth
and therefore can handle the same pulse durations. Due to the OPCPA’s construction,
it can also be tuned to produce many output wavelengths, while conventional lasers
are wavelength-dependent. Another advantage is a decrease in the overall noise of
the signal pulse by transferring the pulse aberrations in the pump pulse to the idler
pulse.

Although OPCPA can generate high-energy, ultra-short pulses across different
wavelengths, it is more difficult to to use from an experimental viewpoint. To yield an
amplified, usable pulse, the two input pulses, the signal and pump, must have equal
pulse durations. For maximized amplification, the crystals must be cut precisely and

aligned carefully to obey the phase-matching conditions. Dephasing also can become
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a problem with inadequate beam quality in either the signal or pump beams. OPCPA

is used in larger laser systems like some of the petawatt lasers discussed later.

A.6 Utilizaton of Ultra-Short Pulses

A.6.1 Major Applications

The applications of amplified pulses are spread throughout many fields, and the num-
ber of applications has only increased as pulses have become shorter in time and higher
in energy. Some of the most important outcomes include high-harmonic generation,
plasma interaction, and nonlinear quantum effects, such as quantum electrodynam-
ics. [188|

Many labs make use of second- and third-harmonic generation, which is used
to generate pulses with frequencies one-half to one-third of the original pulse length
respectively. With intensities above 10 W/cm?, high-harmonic generation (HHG)
applies the same principles to output pulses significantly shorter than the input pulse
(on the order of 1/20 to 1/100). The harmonics are excited from surrounding gas
atoms and release X-rays. The interaction time is extremely short, so the X-ray
lifetime is equal to the duration of the input pulse. The cutoff harmonic frequency is
calculated by:

hv, = E; + 3.2U,, (A.15)

with ionization energy E; and ponderomotive energy, U,, of an electron excited in
an electric field in the laser. The 143' harmonic has been observed with a 1054 nm

pulse interacting with helium. [188] As with all harmonic generation, HHG is limited
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by phase-matching conditions. Being able to generate these ultra-long X-ray pulses
in a laboratory setting presents great strides in the field because many other X-ray
sources require a synchrotron or other high energy source, such as a plasma facility.

At intensities around 10'%-10'® W /cm?, the electrons in the surrounding field
of gas are excited and create a plasma. Since the electrons are moving with a ve-
locity close to the speed of light, a large magnetic field is created. This form of
plasma excitation can also create a plasma stream when impacted with enough inten-
sity. Although the conditions for plasma production are extremely laser-dependent,
the plasma once created has a time-varying frequency, which causes relativistic self-
focusing. With such large intensities focused down to an even smaller location, the
surrounding electrons will create an extremely large magnetic field, which can be used
for other experiments.

Looking at even higher intensities, laser-modified quantum electrodynamics is a
developing field. When the laser interacts with many atoms, states of different atoms
are forced to couple with one another and to the vacuum. This promotes quantum
interference, which can be studied to see the atomic interaction between states. Multi-
photon pair production and electron-positron coupling have been observed using an
electron beam at SLAC. [188] With increased laser intensities, scientists will be able
to explore new extremes, whether it be with easily-produced soft X-rays or pair

production on the relativistic time-scale.
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A.6.2 Petawatt Lasers

In order to produce ultra-short pulses with extremely high intensities, a couple of
research groups have set out to build a laser that produces powers in the petawatt
region (10 W). When focused to a small spot, petawatt lasers can produce enormous
intensities. Before the petawatt laser was built, the maximum power extracted from
a Ti:sapphire laser using CPA was on the order of 125 TW (10 W). [189] The
Petawatt Project, started at Lawrence Livermore National Laboratory, ventured to
build a huge laser using part of the components from their previously-constructed
NOVA laser.

The Petawatt Project has a very complex design that consists of a laser pumped
at 1054 nm with two resonators, both of which contain Ti:sapphire crystals and are
pumped by Nd:YAG lasers. The first amplifier has a linear cavity design that acts
like an oscillator to account for self-focusing and thermal lensing effects. The second
amplifier is a ring regenerative amplifier. The pulse then experiences amplification
from multiple rod amplifiers. Once sent to the disk amplifiers, the pulse is amplified
to around 1 kJ for a beam size around 60 cm. Due to the large size of the beam, the
diffraction gratings used for spreading and compressing are over a meter long. The
overall output of the laser was around 1.5 PW (1500 TW) for a 800 fs-pulse, breaking
the power barrier in the field. When the beam was focused down, the intensity
exceeded 102 W/cm?. [189]

The Petawatt Project brought about many discoveries while it was in commis-
sion from 1996 to 1999. With such high energies, the beam was able to break open

gold nuclei and produce other elements as the gold decayed. The freed gold elec-
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trons also accelerated and created X-rays, which decayed into electron-positron pairs.
Many other groups went on to build petawatt lasers, but it was the Petawatt Project
that began the experimental quest to maximize the energy output of the laser. The

subsequent projects have been built with shorter pulses but smaller peak powers.

A.7 Future Work

A.7.1 Theoretical Limit of Pulse Amplification

Pulses continued to decrease in duration, but many other limitations have blocked
the development of even shorter ultrafast pulses. With the invention of Kerr Lens
Mode-locking in 1991, pulses could be generated less than 10 fs. Attosecond pulses
came into play at a later time, but the additional components added to the CPA
mechanism to create and amplify pulses in this length-scale is outside the scope of
this appendix.

To theoretically understand the limit of pulse amplification, we must return to
the saturation fluence, given in Eqn. A.4. The shortest pulses generated are a limiting
factor, but given any pulse duration, we must examine the amplifying medium’s

bandwidth, given as such that the threshold power P, is:

hvA
P = ”a z. (A.16)

Eqn. A.16 demonstrates that the peak power is limited by the gain bandwidth
and the cross-section of the gain material. To calculate the threshold intensity Iy, we

must taken into account the power focused onto an area created by the wavelength
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squared. [185] This yields:

3
I, — hvAv _ hv AV. (A17)

Ao 2o

To maximize the intensity of the ultrashort pulse, it is necessary to increase the
bandwidth and decrease the cross-sectional area of the amplifying medium. When
examining the usual gain media used in the field with a square cross-section of 100
cm?, a Yb:glass laser, with a threshold power around 3000 TW, could theoretically
produce a spot with an intensity on the order of 10*> W /cm?. [190] For various other
crystals and improved designs, the maximum intensity could be extended at least

three orders of magnitude.

A.7.2 Experimental Limit of Pulse Amplification

Although theoretically higher intensities can be produced than what the best lasers
have shown to date, the question becomes how much further can these limits be
pushed experimentally. By improving on the design of the terawatt laser, more pulse
aberrations can be accounted for and dispersion can be further minimized. However,
small improvements will not bring about a power increase in two orders of magnitude.
To make larger leaps, a new system must be devised. There is one project, still in
the planning stages and based in Europe, called the Extreme Light Infrastructure
that hopes to produce pulses with peak powers in the exawatt range (108 W) with
initial intensities around 10** W /cm? and later intensities >10% W /cm?. [191] By
amplifying the pulse with a Nd:YAG and two Nd:glass amplifiers, the pulse will reach
25 PW and rival some of the top terawatt lasers to date. It is the last step, which

involves collimating ten beamlines at the 25 PW level, that will produce energies near
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the exawatt regime. Because Extreme Light Infrastructure is only in the planning
stages, it will take years to design and construct each beamline and possibly a decade

before experiments will be completed at this intensity regime.

A.8 Conclusion

After this discussion on how ultra-short pulses are amplified, it is clear to say that
not only has this process been achieved but that it has been refined. By spreading,
amplifying, and recompressing pulses, it has become possible to amplify pulses in
the picosecond and femtosecond range without causing damage to the gain medium
or distorting the wavefront. While self-phase modulation and gain-narrowing limit
the bandwidth and quality of the amplified pulses, many laser designs exist to min-
imize their effect. The majority of amplifiers used for ultra-short amplification use
one of the main types of amplifiers described here, including regenerative, multipass,
and OPCPA. The petawatt lasers have tackled another realm of peak power produc-
tion with the applications of ultra-short amplified pulses spread throughout many
engineering and physics disciplines.

We will only continue to see shorter pulse durations with wider bandwidths
at higher intensities. As pulses become shorter, it will be possible to view more
interactions that occur on such a short time scale. With higher intensities and powers,
we can send higher peak powers to smaller regions and explore other areas outside
of optics, such as astrophysics and biophysics. With so many applications, we will
continue to use Chirped Pulse Amplification to produce shorter pulses and utilize the

pulses across various disciplines.
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