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Abstract

Silicon is the most abundant semiconductor on earth and benefits from decades of
technological development driven by the integrated circuit industry. Furthermore, silicon allows
for facile n-type and p-type doping, has a naturally passivating surface oxide, and long minority
carrier lifetimes. The major drawback of silicon is that it has an indirect band gap at 1.1 eV. Itis
therefore a poor light absorber and is naturally transparent to light in the infrared. Femtosecond
(fs) laser irradiation offers multiple unique approaches to improving the optoelectronic properties
of silicon, enabling both thin-film silicon photovoltaics and silicon-based IR photodetectors. In
this thesis I study the structure-property-processing relationships related to the fs-laser irradiation
of silicon in the context of both surface texturing and optical hyperdoping.

Fs-laser surface texturing enables the use of thinner silicon wafers through efficient light
trapping at the surface, but laser induced damage can degrade the performance of optoelectronic
devices. The first part of this thesis investigates the relevant mechanisms of plastic deformation
during surface texturing with fs-laser irradiation. Through a combination of Raman spectroscopy
and TEM, I show that pressure-induced silicon polymorphs (amorphous silicon, Si-XII, Si-III)
form beneath the surface during fs-laser irradiation. Combining characterization of the surface
morphology using scanning electron microscopy, Raman investigations of the formation of Si-
XII and Si-III, and TEM investigations of the spatial distribution of the amorphous silicon, we
report that pressure-induced phase transformations are closely coupled to micron-scale surface
texturing.

Next, I identify the pressure generation mechanisms responsible for the pressure-induced
phase transformations through a systematic investigation into the relationship between irradiation
conditions and silicon polymorphs formation. Beginning with the observation that rastering the
Gaussian laser beam drastically increases the amount of Si-XII formed, I use Raman
spectroscopy to investigate silicon polymorph formation and residual lattice strains following
irradiation at constant fluence and irradiation under modulated fluence. A strong increase in Si-
XII formation is reported in laser spots that received a combination of high-fluence and low-
fluence irradiation, as is generated by rastering the Gaussian laser beam across the surface. TEM
investigations confirm that low-fluence irradiation increases the melt depth and that the spatial
distribution of silicon polymorphs is correlated with melting and resolidification on roughened
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surfaces. Based on these investigations, it is concluded that resolidification-induced stresses are
responsible for the observed pressure-induced plastic deformation.

Optical hyperdoping, the subject of the second half of this thesis, refers to the use of
pulsed laser irradiation to drive supersaturated concentrations of dopants into a semiconductor.
Fs-laser hyperdoping of silicon with chalcogens has been shown to extend the responsivity of
silicon photodiodes into the near-infrared and increase absorption in the visible and infrared.
First, hyperdoping from a thin-film dopant precursor is investigated through the comparative
structural (SEM and TEM)), electronic (p-n diode formation), and optical (UV-VIS-NIR
spectrophotometry) characterization of silicon irradiated with fs-laser pulses following the
deposition of a selenium thin film on the surface, silicon irradiated in the presence of a gaseous
dopant precursor, and silicon irradiated without dopant present. The use of a thin-film dopant
precursor is found to have significant consequences on the resulting microstructure and dopant
distribution compared to fs-laser doping from a gaseous precursor; producing large,
discontinuous volumes of polycrystalline hyperdoped material. The observed microstructure and
dopant distribution can account for the increased sub-band gap absorptance and poor diode
rectification exhibited by thin-film hyperdoped surfaces. Next, advanced structural investigations
into the selenium distribution with annealing show significant selenium segregation and
precipitation. With this information, previous investigations into the optical deactivation of
selenium with annealing are revisited and shown to be consistent with a kinetic model for optical
deactivation by precipitation.

To improve the dopant distribution achieved by thin-film fs-laser doping, the dopant
incorporation process is elucidated by monitoring the surface structure (SEM) and dopant
distribution (TEM) with variedMJS laser fluence and number of laser pulses. From very early
stages of irradiation, the crystallization of hyperdoped material is found to be closely coupled to
the surface structuring process, likely due to the effects that surface roughness has on local
energy deposition and heat dissipation. The large, polycrystalline peaks are shown to form
through a novel regime of crystallization-driven growth, which transitions into ablation-
dominated surface structuring after many laser pulses. Finally, the suppression of localized
recrystallization is achieved by irradiation with many pulses (100) at very low fluences (1.2-1.4
kJ/m?), resulting in a thin, continuous layer of hyperdoped material.

The investigations presented in this thesis present progress towards controllable and
optimized implementation of fs-laser irradiation as a platform for improving the optoelectronic
properties of silicon through both surface texturing and optical hyperdoping.

Thesis Supervisor: Silvija Gradecak
Title: Thomas Lord Assistant Professor of Materials Science and Engineering
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Chapter 1 Introduction

1.1 Silicon and Optoelectronic Applications

Silicon is the most abundant semiconductor in the world, as it composes 28% of the
earth’s lithosphere by mass [1]. It is also the most well-understood semiconductor due to several
prolific decades of technological development driven by the integrated circuit industry. In
addition, silicon has many outstanding material properties that make it well-suited for electronic
device fabrication, such as high carrier mobilities, long minority carrier lifetimes, a naturally
passivating surface oxide, and facile n-type and p-type doping [2]. Due to these advantages,
silicon is remains the foundation of the integrated circuits industry and crystalline silicon
currently has an 85% market share in the photovoltaics industry [3].

When engineering optoelectronic devices, such as photodetectors, photovoltaics, or
light-emitting diodes, silicon has a major disadvantage arising from its indirect band gap (1.1 eV)
[4], illustrated in Figure 1.1. Excitation of an electron across the band gap of silicon, which is the
minimum amount of energy required to excite the electron from the valence to the conduction
band, requires a change in the electron momentum. The electron must gain or lose momentum
through interactions with a phonon during the absorption process. The introduction of a third-
particle into the interaction (the phonon) makes such indirect transitions much less probable than
direct transitions. In a direct transition no phonon interactions are necessary and the transition is
therefore much more probable; the direct band gap of silicon is significantly higher in energy
(3.43 eV).

The practical consequence of the indirect band gap is that silicon is inherently poor at
absorbing light. The linear absorption of light in a semiconductor can be expressed using the
Beer-Lambert law:

I = [je et (1.1)
Here a(7) is the wavelength-dependent absorption coefficient, t is the distance travelled into the
material, and /j is the intensity of incident light. The absorption coefficient, a(4), and the
corresponding absorption depth, //a(4), are shown in Figure 1.2. In silicon the absorption depth
above the indirect band gap is on the order of 10 — 10~ m (100 pm — 1 mm). This is in contrast

to above the direct band gap transition where the absorption depths are on the order of microns
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or less, typical for direct-gap semiconductors. At energies below the indirect band gap of silicon
(1.1 eV, corresponding to wavelengths longer than 1100 nm) the absorption coefficient drops off

dramatically and silicon becomes effectively transparent.
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Figure 1.1. Band diagram of silicon showing the lowest energy indirect (1.1 eV, green) and
direct (3.43, red) band gaps, figure adapted from Tull [5].

The optical limitations resulting from the indirect band gap of silicon are two-fold: First,
a significant amount of material is required to absorb light between 1.1 eV and 3.43 eV.
Comparing the band structure of silicon with the distribution of solar irradiance, included in the
background of Figure 1.2, shows that silicon’s behavior in the visible range of the
electromagnetic spectrum will be dominated by the indirect transition. Due to its poor
absorption, industrial crystalline silicon wafers used today in photovoltaics are typically 180 um
thick [2] and account for 40% of the total module cost [6]. In contrast, photovoltaics made from
direct band-gap semiconductors are only microns thick [7]. Increasing the ability of silicon to
absorb light in this regime would reduce the necessary wafer thickness, resulting in less material
usage and a reduction in the overall cost of electricity generation by silicon-based photovoltaics.

The second limitation of silicon in optoelectronic devices is that it is transparent to light
with energies below the indirect band gap of 1.1 eV. As such, silicon photodetectors cannot

detect into the infrared. With respect to photovoltaic applications, silicon is transparent to 24% of
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the energy delivered by the sun. Improving the optoelectronic behavior of silicon in the infrared

could enable silicon-based infrared photodetectors and increase the efficiency of silicon-based

photovoltaics.
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Figure 1.2. Linear absorption coefficient (ar) and absorption depth (1/ay) plotted versus
wavelength. The wavelengths corresponding to the indirect and direct transitions are indicated.
The spectral distribution of terrestrial solar irradiance, which extends beyond 1400 nm, is
included in the background. The silicon optical properties are from [8] and solar irradiance
spectra is the standard ASTM Global Tilt Terrestrial Reference Spectra for Photovoltaic
Performance Evaluation [9].

In this thesis we investigate the use of femtosecond-laser irradiation to improve the
ability of silicon to interact with light across the visible and infrared regions of the
electromagnetic spectrum. Fs-laser surface texturing decreases the reflectivity and increase the
optical path length of light at the surface [10], resulting in improved absorption of radiation with
energies above the band gap of silicon. Fis-laser hyperdoping can modify the band structure of
silicon by driving high concentrations of deep-level impurities into the semiconductor, increasing
the absorption coefficient across the visible and into the infrared [11, 12]. In the following we
review surface texturing and hyperdoping, their demonstrated ability to improve the behavior of
silicon-based optoelectronics, and how the investigations in this thesis address critical barriers

behind the development of fs-laser irradiation as a platform for improving silicon-based

optoelectronic devices.
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1.2 Surface texturing

Texturing a silicon wafer can cause light to reflect multiple times on the surface,
increasing the optical path length and decreasing the reflectivity (Figure 1.3) [10]. Such
approaches to light trapping at the surface have produced significant gains in solar cell
performance [13] and allows for the use of thinner silicon wafers [14]. The high index of
refraction of silicon, n, makes silicon well suited for surface texturing; the optical path length can
be increased by a factor of 4n” by micron-scale surface texturing, meaning that the path length in
silicon can be increased by a factor of ~50 [14].

In commerecial silicon solar cells, light trapping is traditionally accomplished using a
combination of wet etching and the deposition of an anti-reflection coating. The reflectance of
untreated silicon is around 34% in the visible. Anisotropic chemical etching using alkaline
solutions and isotropic chemical etching using an acidic mixture can reduce the reflectivity to 10-
15%, but suffer from lack of size control, poor reproducibility, and, in the case of the anisotropic
etch, can only be applied to (100) surfaces [15]. Additional approaches to surface texturing have
also been proposed, including reactive ion etching [16], mechanical texturing [17], nanoporous

surfaces [18, 19], and wet etchings [20-22].

(a) NaOH etching of Si (100) (b) Fs-laser irradiation in SF,

Figure 1.3. Illustration of the optical path of light incident on microstructured silicon surfaces,
determined for A = 600 nm and assuming an unaffected index of refraction of silicon (ng; = 4 at
600 nm). (a) Silicon textured by etching a (100) surface with NaOH, revealing (111) planes
which form an internal angle of 70.5°. (b) Silicon textured by fs-laser irradiation in SF¢ gas
under conditions which produced an internal angle of 42°. The size and internal angle of the
laser-structured surfaces can be tuned by changing the irradiation conditions. Figure adapted
from [23].
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Fs-laser irradiation has many benefits as a surface-texturing platform. The ablation
processes that drive surface texturing are relatively isotropic, enabling uniform texturing on
multi-crystalline silicon solar cells [15,24, 25]. The periodicity and dimensions of the surface
texturing can be controlled through careful selection of the irradiation parameters (e.g. pulse
wavelength, duration, fluence, pulse number, ambient gas) and the resulting texture is highly
reproducible [10]. The laser process is dry (as opposed to wet chemical etches), can be
incorporated inline, and uses less material than wet chemical etches [25]. Finally, the micron-
scale surface texturing achieved through pulsed laser irradiation is extremely effective at
reducing reflectivity from the UV to IR [15].

Simulations of the effect of laser-induced surface structuring illustrate the efficacy of
periodic micron-scale surface texturing for decreasing the reflectivity and increasing the optical
path length (Figure 1.3) [10]. The optical path calculations assume 600 nm light incident on
silicon, with an index of refraction (n) of 4. The surface created by chemical etching (Figure
1.3(a)) has a texture determined by the orientation of the (111) planes in silicon and thus has a
fixed internal angle of 70.5°. This geometry results in two reflections at the surface, compared to
the fs-laser structured surface (Figure 1.3(b)) which has 4 reflections at the surface. The surface
in Figure 1.3(b) was irradiated in SF¢ to produce an internal angle of 42°, though the exact
geometry of the surface textured using fs-laser irradiation is tunable by changing the irradiation
conditions and ambient gas. Pulsed-laser irradiation can reduce the reflectivity to less than few
percent independent of the angle of incidence [15]. The remarkable ability to reduce reflectivity
with fs-laser surface texturing is contextualized in Table 1.1, which shows reported reflectivities
achieved through different surface-texturing methods.

The ability to improve solar cell performance using pulsed-laser surface texturing has
been demonstrated both in labs and commercially. Nayak et al. used fs-laser texturing in
combination with a chemical etchant to achieve a 14.2% conversion efficiency [15]. Torres et al.
demonstrated a 57% increase in the photocurrent using fs-laser irradiation of silicon in vacuum
[24]. SiOnyx has commercialized a platform for pulsed-laser texturing that yields a 0.3%
increase in absolute efficiency and tighter process binning, while also proving the scalability of

laser-based surface treatments for photovoltaics [25].
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Technique Applicable to Substrate used R(%) in visible Reference
Mechanical grooving c-Si & mc-Si me-Si >15 [17]
Isotropic acidic texturing me-Si mc-Si 15 [20]
Isotropic acidic texturing me-Si mc-Si 10-12 [26]
NaOH + IPA c-Si c-Si 10 [22]
Na,COs c-Si c-Si 10 [21]
Ag nanoparticle c-Si & mc-Si c-Si <5 [19]
Au nanoparticle c-Si & mc-Si c-Si <2 [18]
RIE c-Si & mc-Si me-Si <2 [16]
Ns-laser texture (N, ambient) c-Si & mc-Si c-Si <5 [27]
Fs-laser texture (vacuum) c-Si & mc-Si c-Si & me-Si 3% [24]
Fs-laser texture (SFgambient) c-Si & mc-Si c-Si <3 [28]
Fs-laser texture (SF, ambient) c-Si & mc-Si c-Si <3 [15]

Table 1.1. Texturing methods and the resulting minimum reflection (R%) for mono-crystalline
(c-Si) and multi-crystalline (mc-Si) wafers. Table adopted from [15] and [24].

One major potential drawback of using fs-laser surface texturing in optoelectronic

applications is the laser-induced damage that can occur beneath the surface, such as defects,

stacking faults, and phase transformations. For example, Nayak et al. used fs-laser surface

texturing to fabricate a cell with 14.2% efficiency compared to 14% efficiency of an untextured

reference sample. In the same study, however, industry-standard wet chemical etching resulted in

an efficiency of 16.4% despite the less optimal surface geometry. The fs-laser textured sample

had a higher short-circuit current, indicative of efficient light trapping but a higher recombination

current attributed to laser-induced defects. Minimizing defect formation during fs-laser surface

texturing is critical for the design of high-efficiency photovoltaics and the optimization of fs-

laser hyperdoping, and is the subject of Chapter 4 and Chapter 5 of this thesis.

1.3 Optical Hyperdoping

Optical hyperdoping is the use of pulsed laser irradiation to dope semiconductors to

beyond-solubility-limit concentrations (Figure 1.4). Doping of semiconductors is traditionally

done with shallow impurities with the intent of modifying the electronic properties of the

semiconductor. It is also possible, however, to significantly modify the optical properties of a

semiconductor by doping to very high concentrations with deep-level impurities. Hyperdoping

silicon with chalcogens (sulfur, selenium, and tellurium) to concentrations on the order of 0.1-

1% results in a drastic increase in both the visible and infrared absorptance [29, 30], illustrated in

the inset of Figure 1.4. A combination of computational and experimental investigations has

shown that the broad sub-band gap absorptance in selenium-hyperdoped silicon arises from the




merging of the defect band and the conduction band, and the magnitude of the resulting
absorption coefficient is similar to that of a direct band gap semiconductor [31]. Such changes in
band structure drastically reduce the amount of silicon required to absorb electromagnetic
radiation across the spectrum. In addition, fs-laser hyperdoping of silicon with sulfur has been
used to fabricate an IR photodetector with responsivities out to 0.8 eV [32], proving the concept

that fs-laser hyperdoping can be used to realize silicon-based IR-photodetectors.
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Figure 1.4. Temperature-dependent solubility limits of sulfur (red), selenium (blue) and
tellurium (green) in silicon, compared to the concentrations achieved by fs-laser hyperdoping
which is a factor of 10,000 times higher. When doped to such high concentrations with
chalcogens, silicon exhibits broad sub-band gap absorption (inset). Solubility data is from [33-
35] and absorptance data is from [5].
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Doping semiconductors with supersaturated concentrations of deep-level impurities is
also a potential route to synthesizing an intermediate band semiconductor, a high-efficiency
photovoltaic concept through which single-junction solar cells have theoretical efficiency limits
greater than 50% [36], exceeding the Shockley and Queisser limit [37]. In an intermediate band
semiconductor the high concentrations of dopants lead to the formation of an impurity band
inside the band gap [38-40]. Such intermediate band materials allow the up-conversion of 2
infrared photons into one high energy electron, while also absorbing high energy photons via
excitation across the band gap (Figure 1.5). There have been several proof-of-concept
demonstrations of intermediate band solar cells [41-43], though there are still outstanding
questions on the ability to achieve reasonable minority carrier lifetimes in an impurity band

material [44].

Conduction band
A A

E. >E E

photon™ —2 8
| Intermediate band |

E

photon

Valence band

Figure 1.5. Schematic of the band structure of an intermediate band semiconductor. The
presence of an intermediate band enables 2 low energy electronic transitions (E;, E,) that are
otherwise unavailable. Theoretically, an impurity band semiconductor can have an increased
short-circuit current without compromising the open circuit voltage, because two photons with
energy Epnoton, such that Ej» < Epnoon < Eg, can excite an electron into the conduction band.
Designing optoelectronic materials using optical hyperdoping, whether for IR-
photodetectors or impurity band photovoltaics, requires careful consideration of the distribution
of impurity states in the band gap. Different impurities occupy unique energy states within the
band gap, and the extent to which the band structure of silicon can be modified using fs-laser
hyperdoping therefore is limited by the elements available for doping. In Chapter 6 and Chapter

7 we investigate the effect of the dopant precursor on fs-laser doping in order to broaden the

hyperdoping process to a wider range of materials systems.
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1.4 Outline of Thesis

The central theme of this thesis is understanding the relationship between fs-laser
irradiation conditions and the resulting structure and properties in order to enable the
improvement of silicon-based optoelectronic devices through both surface texturing and optical
hyperdoping.

Chapter 2 is a review of the laser-material interactions that occur during the fs-laser
irradiation of silicon. It begins with a summary of the energy absorption and dissipation
processes following a single fs-laser pulse and then reviews the more complicated phenomena
relevant to repeated fs-laser irradiation.

Chapter 3 is a collection of the experimental methods used in this thesis, with an
emphasis on the fundamental details necessary to accurately interpret the results presented in this
work. It begins by introducing the fs-laser irradiation set-up and the details of rastering the laser
beam across the surface. Next, the optical characterization methods used in this thesis, UV-VIS-
NIR spectrophotometry and Raman spectroscopy, are reviewed. Finally, the electron
microscopy-oriented techniques used to study surface morphology, microstructure, and dopant
distribution are discussed.

The investigations presented in this thesis fall into two major categories: First, we
investigate the pressure-induced phase transformations in silicon during fs-laser irradiation
(Chapters 4 and 5). Chapter 4 begins with a review of the current understanding of pressure-
induced phase transformations in silicon. Then, we investigate the relationship between the
pressure-induced formation of silicon polymorphs and optical hyperdoping, surface morphology,
and post-treatment annealing. Scanning electron microscopy (SEM), Raman spectroscopy, and
transmission electron microscopy (TEM) are used to identify a strong relationship between
pressure-induced phase transformations and the surface texturing process.

In Chapter 5 we study the pressure generation mechanisms that are causing the observed
phase transformations in silicon through a systematic investigation of the relationship between
irradiation conditions and silicon polymorph formation. In addition, the sensitivity of silicon
polymorph formation to the surrounding environment provides insights into the conditions at the
surface during fs-laser surface texturing.

In the second half of this thesis (Chapters 6 and 7) we elucidate the effects of a selenium

thin-film dopant precursor on the fs-laser doping process. Chapter 6 begins with a review of fs-
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laser doping and highlights the open questions relevant to this work. Then, we investigate the
effect of the selenium thin film precursor on the resulting optical and electronic properties. The
observed trends are explained through characterization of the microstructure and dopant
distribution using SEM and TEM. This chapter concludes with an investigation into the behavior
of selenium with annealing and provides insights into the relevant optical deactivation
mechanisms in chalcogen-hyperdoped silicon.

Chapter 7 begins with a review of pulsed laser doping as a general platform, in order to
highlight the unique attributes of thin-film fs-laser doping. Following this, we use SEM and
TEM across a range of irradiation conditions to understand the dopant incorporation process. By
understanding the relationship between dopant incorporation, localized recrystallization, and
surface texturing, we are able to improve the distribution of hyperdoped material produced
during thin-film fs-laser doping.

Chapter 8 summarizes the conclusions of this thesis and highlights the most exciting

areas of future work arising from the conclusions of our investigations.
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Chapter 2 Fs-laser irradiation of Silicon: A Primer

Femtosecond laser irradiation has found applications in a range of industries due to the unique
laser-material interactions associated with sub-picosecond pulse lengths. In this thesis, we focus
on femtosecond-laser irradiation as a unique platform for surface structuring and hyperdoping
of silicon for optoelectronic applications. This chapter reviews the complex series of events that
occur following a single fs-laser pulse and discusses the additional mechanisms that become
relevant over many fs-laser pulses, with an emphasis on the laser-material interactions relevant
to pressure-induced phase transformations in silicon (Chapter 4 and Chapter 5) and thin-film
femtosecond-laser hyperdoping (Chapter 6 and Chapter 7).

2.1 Laser-material interactions following a single fs-laser pulse

A semiconductor irradiated with a fs-laser pulse undergoes a relatively long series of
reactions compared to the duration of the pulse, the specifics of which depend strongly on the
irradiation conditions (Figure 2.1). In this section we review the laser-material interactions
during irradiation with a single fs-laser pulse, beginning with non-linear absorption at the surface
and the critical role it plays the subsequent laser-material interactions. We focus on the laser-
material interactions most relevant to conditions used in this investigation: the irradiation of

silicon with a Ti:Sapphire laser with a wavelength of 800 nm and a pulse duration of 80

femtoseconds.
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Figure 2.1. Timescales of processes in laser-excited solids. Each bar represents an approximate
range of characteristic times over which the processes take place. Adapted from [45].
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2.1.1 Absorption

Atoms in solids vibrate with a frequency on the order of picoseconds, much slower than
the femtosecond-scale laser pulse duration. As a result, the energy in the fs-laser beam is
absorbed first by valence electrons in the semiconductor, creating a dense electron-hole plasma
which then interacts with the remainder of the laser pulse. This generation of carriers by
photoexcitation increases the absorption coefficient significantly, a side effect of which is that
the energy thresholds for fs-laser material processing are much smaller than that of nanosecond
laser pulses [46].

The non-linear light absorption depth of fs-laser irradiation in silicon can be
approximated by including the absorption coefficients for both one and two-photon absorption
[47-49]. Following the analysis presented by Korfiatis et al., an effective absorption coefficient
which takes into account one-photon absorption (a;) and two-photon absorption (f) can be
defined as:

Aer = ay + PI (2-1)
The light intensity (/) is related to the incident laser fluence (F) by taking into account the pulse
length 7, (sec) and the reflectivity, R:

Itp

F=1—% (2-2)

This expression can be used to define the light absorption depth, 9, in terms of the incidence
fluence:
1 Tp

6= Aeff - a,T, + BF(1 —R) (2-3)

For silicon at a wavelength of 800 nm, the linear absorption coefficient, ay, is 850 cm’! [8], the
two-photon absorption coefficient, B, can be estimated to be 9 cm/GW, and the reflectivity, R, at
800 nm is 0.34. Therefore for a pulse duration of 80 fs the effective light absorption depth is 327
nm, two orders of magnitude shorter than what is predicted by considering only linear absorption
(/oL = 11 pm).

The nonlinear absorption at the surface decreases the interaction depth and therefore
increases the energy density at the surface. To illustrate the extreme conditions created at the
surface, we estimate the energy density [5] and electric field [50] induced by femtosecond laser

irradiation under conditions similar to those used in this thesis. The Ti:Sapphire laser pulses used

30



in this investigation are focused to a spot ~300 um in diameter, with an energy of 8 mJ deposited
over 80 fs. These conditions result in a peak energy density on the order of 4.0 kJ/m” and a peak
intensity of 5 x 10" W/m?! The average irradiance on the surface (or Poynting vector), {S), is

related to the electric field, E, by Maxwell’s equations:
1
(S)= Scek 2 (2-4)

Using these values to calculate the peak electric field gives a value of 3 x 10'° V/m, an order of
magnitude higher than the binding fields of an electron to an atom, which are on the order of 10
V/m [51].

Immediately following the laser pulse, a hot electron gas (several 1000 K) is formed
inside a room temperature lattice [51]. This extremely non-equilibrium environment leads to a
series of non-equilibrium and equilibrium processes, and the exact pathway depends strongly on
the local energy density [52]. In the context of a single laser pulse, these extreme conditions
induced by fs-laser irradiation lead to unique melting and ablation mechanisms and, over many

laser pulses, unique surface texturing processes.

2.1.2 Melting and Resolidification

Following absorption of the fs-laser pulse by the valence electrons in the semiconductor,
melting can occur through both thermal and non-thermal pathways. Thermal melting occurs
when the excited valence electrons transfer their energy to the lattice through electron-phonon
collisions and the atoms gain enough kinetic energy to overcome the binding potential of the
stable crystalline structure, which occurs over the relatively long time of several picoseconds
[49]. Melting is exclusively thermal during irradiation with laser pulses longer than a few
picoseconds [47].

Non-thermal melting is an alternative pathway to losing the crystalline order of the solid,
and occurs if the laser pulse is sufficient to excite 10-15% of the valence electrons from bonding
states [45]. Following sufficient electronic excitation, the binding potential initially present in the
crystalline lattice is instantaneously transformed into a repulsive potential. The atoms are capable
of changing coordination and gaining kinetic energy in a time scale on the order of a single
vibrational period, achieving structural disorder over ~300 fs (0.3 ps) [48, 49]. This ultra-fast
melting occurs on a time scale faster than the electrons are capable of transferring their energy

into the lattice, hence non-thermal melting occurs before the lattice heats up.
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Thermal melting can occur at fluences lower than are necessary for non-thermal melting
[48]. The reported melting threshold in literature, defined as the minimum laser fluence at which
melting is first observed, therefore is understood to refer to the onset of thermal melting. Melting
thresholds are very sensitive to irradiation conditions such as laser wavelength and pulse
duration, and thus a range of melting thresholds have been reported. Table 2.1 illustrates the
range of experimentally reported fs-laser fluence thresholds for the onset of melting in silicon.
The variation in reported melting thresholds is partly related to the effect of wavelength on
optical absorption depth (as expressed in equation (2-3), above), but some uncertainty in laser
fluence will also contribute to this variation. In the context of this work, we will refer to 2 kJ/m?

as the melting threshold but acknowledge that this is an approximation.

Fluence, F (kJ/m®) Pulse duration, T, (fs) Wavelength, A (nm) Reference
1.7 100 625 [53]
1.5 100 620 [54]
1.5 130 620 [55]
1.2 90 620 [56]
1.5 130 790 [57]
2.6 130 800 [58]
2.7 130 800 [59]
<29 150 780 [60]

Table 2.1. Experimental fluence thresholds for the onset of melting, adopted from [47].

The non-thermal melting threshold can be approximated as ~1.5 times the thermal
melting threshold [47-49]. Given that the reported thermal melting thresholds vary from 1.5
kJ/m? — 2.7 kJ/m* under conditions similar to ours, we might therefore expect the onset of
nonthermal melting to occur between 2.25 — 4 kJ/m”. The non-thermal melting threshold for the
irradiation of silicon with 800 nm radiation and a 83 fs laser pulse, conditions almost identical to
ours, has been experimentally observed to be 4 kJ/m” [61].

At irradiation above the nonthermal melting threshold both nonthermal and thermal
processes can contribute to the overall melt depth [62]. Nonthermal melting creates a
superheated liquid layer on the surface, which can heat surrounding material above the melting

temperature as heat diffuses outwards. If the fluence is below the melting threshold then
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annealing occurs as the hot carriers relax over several picoseconds by electron-electron and
electron-phonon scattering, transferring the energy to the lattice via delayed Auger heating [63].

Molten silicon on the surface cools quickly through thermal conduction due to the drastic
temperature difference between the room-temperature substrate and the absorbing layer on the
surface. The molten layer resolidifies on the order of nanoseconds after irradiation [64, 65], but
the nature of the resolidification process depends on kinetic limitations imposed by the
resolidification velocity. There is an upper limit on the speed at which epitaxial growth of silicon
can occur, and if the resolidification front is moving faster than 15 m/s [66] then epitaxial growth
is inhibited and the resolidified layer will be amorphous. The speed of the resolidification front is
related to the magnitude of the thermal gradient generated in the molten silicon. The shallow
absorbing depths arising due to nonlinear effects create steeper thermal gradients and therefore,
during fs-laser irradiation of silicon, the formation of amorphous silicon is often favored. It has
also been reported, however, that fs-laser irradiation of silicon at fluences above 5.8 kJ/m* can
lead to recrystallization due to excess energy from the laser heating the silicon substrate and

reducing the thermal gradient at the surface [59].

2.1.3  Surface temperatures, ablation, and thermoelastic pressure generation

The observation of thermal melting implies that the surface temperature exceeds the
melting temperature of silicon (1414°C) during fs-laser irradiation above the melting threshold.
Much greater temperatures can be achieved at the surface, however, and rapid superheating can
lead to additional structural changes through ablation and thermoelastic pressure generation. The
flux of silicon atoms from the surface depends exponentially on the surface temperature and can
be used to understand the fluence dependence of the surface temperature [54]. The results from
time of flight experiments are shown in Figure 2.2 for A = 620 nm and © = 100 fs. The surface
temperature increases monotonically with increasing fluence up to the ablation threshold, and
there is no significant discontinuity in the surface temperature between thermal and nonthermal

melting regimes [54].
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Figure 2.2. (a) Surface temperature of silicon irradiated in ultra-high vacuum (t =100 fs, A =
620 nm) determined by flight-mass spectroscopy. Figure from [54].

Heating of the substrate during fs-laser irradiation occurs so quickly that the material is

effectively heated under constant volume, and the compression is released through both ablation

at the surface and pressure waves within the substrate. This thermoelastic pressure build up can

be relieved in several ways: spallation, phase explosion, fragmentation, and ionic plasma

formation. Here, we summarize the processes occuring as a consequence of thermoelastic

pressure generation based on the experimental and theoretical work presented by Perez et al. [52]

Spallation is the fracture of a solid due to thermoelastically generated tensile stresses,
discussed below.

Phase explosion occurs if the superheated liquid homogeneously nucleates the gas phase
at sufficiently high rates. Such explosive boiling leads to substantial material ejection [54,
58]. Phase explosion is the most common cause of ablation in the femtosecond regime,
and most reported ablation thresholds refer to the onset of phase explosion. Similar to the
thermal melting thresholds discussed above, reported ablation thresholds vary due to their
dependence on irradiation conditions but are generally reported to be around 3-4 kJ/m’
for fs-laser irradiation of silicon [54, 58]. Ablation is an important mechanism behind
surface texturing over many laser pulses, as will be discussed in section 2.2.
Fragmentation is the decomposition of silicon into ejected clusters, observed in systems

under large strain rates. Photo-mechanical fragmentation occurs as a result of the
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conversion of stress induced by thermoelastic pressure build-up into strain during
subsequent expansion.
e Tonic plasma generation occurs at even higher fluences (>10 kJ/m?) and is discussed in
the following section.
The dominant process depends on the local energy density, which varies across the absorption
depth and thus these proccesses can occur simultaneously at the surface.

The relaxation of the thermoelastic compression releases two pressure waves within the
material: one travelling towards the surface and one towards the bulk. Under sufficiently low
fluences, the pressure wave travelling towards the surface will be reflected elastically and
becomes tensile. Low-fluence thermoelastic pressure generation thus has a compressive
maximum followed by a broader tensile component. At sufficiently high fluences the surface is
unable to elastically reflect the pressure wave due to thermal softening (the decrease in tensile
strength observed with increasing temperature). The pressure wave at the surface dissipates
energy through the formation of defects, and the pressure wave propagating into the substrate is
only compressive.

In terms of magnitudes, the relaxation of thermoelastic pressure build-up can result in
pressures in the range of GPa [67]. As the thermoelastic pressure build-up is driven by the
amount of heating that occurs within the absorption volume, the magnitude of the
thermoelastically-generated pressure wave increases linearly with fluence [68]. Molecular-
dynamics modeling of thermoelastic pressure generation estimates the profile of the compressive
pressure wave to rise and fall on the scale of picoseconds [52, 69]. Thermoelastic pressure
generation is not directly related to ablation and therefore is still relevant at fluences below the
ablation threshold. It can lead to substantial plastic deformation and defect formation, which
reflects both the magnitude of pressure generation and also the reduced yield strength of

materials with increasing temperature [70, 71].

2.1.4  lonic plasma formation and recoil shock waves

At high enough energies the surface layer of the target is completely atomized and
expands at very high speeds, resulting in the ejection of an ionic plasma [52]. The plasma
formation threshold is roughly 5 times the ablation threshold [54], and laser-induced shock wave

studies often use fluences in the 1000’s of kJ/m®. In silicon, the plasma formation threshold is
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around 10 kJ/m” for 800 nm wavelength irradiation and varies slightly as a function of
wavelength due to the changing absorption depth influencing the local energy density [54, 72].

The expansion of the ionic plasma drives a recoil shock wave into the substrate [73]. The
resulting shock wave catches up to and overtakes the thermal wave and then travels further into
the substrate than the thermal wave [74]. Fs-laser irradiation with fluences from 110-330 kJ/m”
in aluminum have been shown to generate shock waves with magnitudes of 95-255 GPa [69].
Laser-driven shock waves in silicon following fs-laser irradiation at fluence of 3,900 kJ/m*
achieved pressures of 10’s of GPa [75]. Interestingly, the intensity of the laser-induced shock
wave can be increased an order of magnitude by covering the material with a transparent glass
plate during fs-laser irradiation, restricting plasma expansion [76].

The pressure profile of a recoil shock wave generated during plasma formation rises over
picoseconds and decays over 10’s of picoseconds [69, 77, 78]. As the shock wave travels ahead
of and beyond the extent of the thermal wave, the material experiences local temperature
increases due to the shock compression and is then rapidly cooled during expansion. This
environment makes fs-laser induced shock waves particularly suitable for quenching high-
pressure phases [73, 75, 76]. For example, it has been shown that the irradiation of silicon with a
single 2,400 kJ/m” fs-laser pulse is able to quench several high-pressure phases of silicon: B-Sn
(Si-11, 10-13 GPa), Imma (13-16 Gpa), and simple hexagonal (16+ Gpa) [75]. This is in contrast
to the pressure-induced transformations to a-Si, Si-XII, and Si-III discussed in Chapter 4 and

Chapter 5.

2.2 Laser-material interactions over many pulses

Irradiation with a single pulse triggers a complex series of events depending on the
irradiation conditions. In many applications of fs-laser irradiation, including surface texturing
and fs-laser optical hyperdoping, tens to hundreds of laser pulses are often used [15, 79].
Repeated fs-laser irradiation complicates the scenario further, as the permanent modifications
from the previous pulse (e.g. phase transformations, plastic deformation, surface texturing)
influence the laser-material interactions of the subsequent laser pulse [58, 79, 80]. The work
presented in this thesis is primarily focused on laser-material interactions over many laser pulses

and we draw on these phenomena heavily to contextualize our results.
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2.2.1 Incubation effect

Over many laser pulses the fluence thresholds for laser-material interactions gradually
decrease [81]. This incubation effect is observed in both metals and semiconductors, and is
attributed to an accumulation of energy into plastic stress-strain of the material [58, 81]. It has
been shown empirically that the log of the product of the laser modification threshold after N-
pulses and the incident pulse number, Log (¢, (N) X N), is linear with the log of the pulse
number, Log(N) [58, 80, 81]. From this observation the equation can be derived:

Pen(N) = ¢pep(1)- N2 (2-4)

Where the slope, ¢, is the material-dependent incubation parameter; the farther it deviates below
1 the stronger the incubation effects. The incubation parameter can be determined for a given
material by irradiating the sample with a stationary fs-laser spot with a Gaussian intensity profile
[58, 80]. With an increasing number of laser pulses the ablated region in the laser spot will grow
due to the onset of ablation at lower fluences over multiple pulse numbers. Knowledge of the
laser profile enables the conversion of the change in diameter to a decrease in fluence thresholds,
and a linear fit to the resulting accumulation curve yields the incubation parameter, &. An
example accumulation curve extracted for fs-laser irradiated silicon (A=800 nm, t = 130 fs) is
shown in Figure 2.3 [58], yielding an incubation parameter of 0.84 for silicon under these
irradiation conditions. Irradiation under slightly different conditions (A =775 nm, T = 150 f5)
yielded an incubation parameter for silicon of 0.7 [80], suggesting that the incubation parameter

1s sensitive to irradiation conditions.
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Figure 2.3 Accumulation curve plotting the threshold fluence of laser-induced damage of
silicon, Fmod, versus number of laser pulses, N, with (t = 130 fs, A = 800 nm) in air. The solid
line presents a least square fit where § = 0.84. Figure from [58].
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2.2.2  Surface texturing

The pulsed laser irradiation of a surface with many laser pulses of sufficient fluence will
produce surface texturing, which has been demonstrated across a wide range of materials and
pulse durations. The surface texturing of silicon using pulsed laser irradiation is of particular
interest for light trapping, and has received a considerable amount of attention [15, 24, 25]. In
this section we will review how surface texturing arises through repeated melting and ablation
and influenced local rates of energy deposition.

It is a general phenomenon that pulsed laser irradiation initially produces ripples on the
surface, called Laser Induced Periodic Surface Structures (LIPSS) [82], though the exact
mechanisms of their formation depend on the material and the irradiation conditions [83]. In
most cases, the orientation of the “ripples” is perpendicular to the electric-field vector and their
lateral period is slightly smaller than the wavelength of the laser. Such surface structures are
referred to as low spatial frequency LIPSS (LSFL) and their formation is understood to arise
from interference effects between the latter-half of the incident pulse and incident light scattered
off defects at the surface [84]. LSFL, shown in Figure 2.4(b), are visible in silicon after 2 pulses
with a 8 kJ/m’ Ti:sapphire laser (A = 800 nm, T = 100 fs) in the presence of SFs. Though the
formation of LSFL has been observed across a range of pulse durations (nanoseconds-
femtoseconds), irradiation with fs-laser pulses can have unique effects on ripple formation. High
spatial frequency LIPSS (HSFL) are observed only under specific conditions during fs-laser
irradiation and have ripples with periods 1/3-1/10 times the wavelength of the incident laser light

[83, 85-87]. HSFL have been of great interest recently because their formation cannot be

explained by the interference model and their formation mechanism is still a topic of debate.

Figure 2.4. SEM images of a silicon surface (t = 100 fs, A = 800 nm, 8 kJ/mz, 1 kHz, in SF¢
ambient) after (a) 1, (b) 10, (c) 20, and (d) 50 laser pulses. Images taken at 45° tilt. Figure
adapted from [79].
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With continued laser irradiation, the ripple structures evolve into beads on the surface,
which in turn become micron-scale spikes (Figure 2.4(b-d)). Figure 2.5(a) illustrates peak
formation occurring through material removal during fs-laser irradiation in SFe. As the initial
laser-induced periodic ripple structures grow into larger structures, light is preferentially
reflected from the sides of the inclined surfaces and is focused into the valleys between spikes.
This increases the local laser fluence in the valley, which in turn increases the rate of ablation.
The preferential ablation of material from the valleys creates the appearance that the surface
spikes are growing with increasing shot number (Figure 2.4), though Figure 2.5(a) shows clearly
that material is being removed. Through this combination of processes, relatively low-fluence fs-
laser irradiation can achieve high ablation rates in localized areas on the surface. Due to these
self-focusing effects it has been suggested that irradiation of a textured surface with fluences
around the ablation threshold of silicon (3 kJ/m?) can result in ionic plasma formation, even
though the threshold for ionic plasma formation is 10 kJ/m? [5]. The background gas also plays a
large role in the surface texturing process [28], though the general mechanisms are believed to be
similar to fs-laser irradiation in SF.

Similar to LIPSS, micron-scale spikes are a general phenomenon that occur across a
range of materials and pulse durations, though the mechanisms of peak formation and growth are
strongly dependent on the irradiation conditions. An example of the effect of irradiation
conditions on surface peak generation is illustrated by comparing Figure 2.5(a) to Figure 2.5(b).
Figure 2.5(b) shows the surface morphology after irradiation with 3,000 pulses from an XeCl
laser (A = 308 nm, T = 32 ns) at a peak fluence of 35 kJ/m” in the presence of SFs. The inset
indicates clearly that surface texturing occurs through a combination of material removal and
peak growth upwards. It is proposed that peak growth occurs through material incorporation
from the intense flux of Si-rich vapor produced by ablation into the molten surface of the spikes.
[88]. The spikes formed using nanosecond laser irradiation are single crystalline [89], suggesting

epitaxial incorporation through the melt.
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Figure 2.5. SEM (45°) of silicon surface showing conical spike formation (a) after 1000 pulses
at 8.4 kJ/m” (t = 80 fs, . = 800 nm) and (b) after 3000 pulses at 35 kJ/m? (t =32 fs, A = 308
nm). The insets show the relative height of the laser spot with respect to the surface. Irradiation
conditions determine whether spikes grow upwards or form solely through material removal.
Figure adapted from [90].

2.2.3  Resolidification-induced stresses

Laser-induced melting and resolidification is a well-documented source of residual
stresses in semiconductors [91], which are strongly affected by the presence of surface texturing.
In the context of resolidification-induced stresses, silicon is unique because molten silicon has a
higher density (2.55 g/cm®) than amorphous silicon (2.29 g/cm’) [92] and crystalline silicon
(2.33 g/em’) [4]. The resolidification of amorphous silicon from liquid silicon during pulsed
laser irradiation results in a ~11% increase and the solidification of polycrystalline produces a
9% increase in volume.

The density changes that occur during resolidification would be accommodated by
volume expansion if completely uninhibited. On a roughened surface, however, the surface
curvature combined with volumetric expansions creates frustration and this can generate
substantial stress in the underlying substrate. The resolidification of molten silicon on a
roughened surface during laser irradiation has been shown to generate residual stresses in silicon
in the GPa range [70, 93]. The melt-front velocity threshold for the formation of amorphous
silicon during resolidification is 15 m/sec [66], which means that the upper bound for
resolidification of a 100 nm amorphous layer is ~7 ns. This is significantly slower than the
picosecond pressure cycles generated by thermoelastic stresses and recoil pressures from ionic

plasma formation. The residual stresses in the substrate indicate, however, that there is
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incomplete relaxation and implies that the frustrated relaxation process likely occurs on an even
slower timescale.

The solidification of molten silicon on the surface can induce both compressive and
tensile stresses in the surface layer [91], which depends largely on the surface morphology. We
can gain insights into the relationship between surface morphology and induced stresses by
referring to Borowiec et al.’s finite element modeling of residual surface stresses in a 1-D trench
due to the cooling of a surface layer with a negative thermal expansion coefficient (Figure 2.6)
[94]. At the bottom of the trench there is a tensile stress resulting from the desire of the surface
layer to expand laterally. Conversely, this volume expansion induces compressive stresses on the
sides of the trench. Although this is not the same morphology as studied in this thesis, we can use
this model to draw important insights into the spatial stress distribution during surface texturing

(section 5.4.1).
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Figure 2.6. (a) Geometry of the model of a trench with a resolidified surface layer (dark grey).
(b) Finite element model of trench after solidified layer with a negative thermal expansion
coefficient is cooled from 1300 K to 300 K, illustrating spatial distribution of both tensile and
compressive stresses. Figure adopted from [94].

2.3 Summary

Femtosecond laser irradiation induces a complex chain of events that are strongly
dependent on the irradiation conditions, material properties, and history of prior irradiation. In
this section we reviewed the broad scope of laser-material interactions that can occur during the
fs-laser irradiation of silicon, with an emphasis on the unique attributes of irradiation on the
femtosecond time scale and the mechanisms that are relevant to our investigations of pressure

induced phase transformations and thin-film femtosecond laser doping.
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Energy deposition during fs-laser irradiation of silicon occurs through the excitation of
valence electrons, generating a hot electron-hole plasma in the presence of a cold atomic lattice.
This highly non-equilibrium scenario can result in ultra-fast non-thermal melting if >10-15% of
the valence electrons are excited out of their bonding state, and can also result in thermal melting
over the next several picoseconds as the energy is transferred to the lattice through electron-
phonon scattering. The fluence threshold for thermal melting under irradiation conditions used in
this study is around 2 kJ/m”. Sufficient heating will lead to ablation through the homogeneous
and explosive nucleation of a gas phase within the molten layer. The ablation threshold of
silicon under irradiation conditions used in this study is between 3-4 kJ/m’. The rapid increase in
temperature under constant volume generates large thermoelastic stresses in the superheated
surface layer, which can be partially relieved through ablation but will also produce picosecond-
scale pressure waves in the material. Femtosecond laser irradiation of silicon at fluences above
10 kJ/m* will cause explosive ejection of atoms from the surface. The ejection of an ionic plume
is coupled with a strong recoil pressure wave which, similar to thermoelastic pressure waves, has
a period on the order of picoseconds.

The processes occurring at the surface become more complicated when we consider the
effects of repetitive laser irradiation. Incubation effects will lead to a gradual decrease in the
modification thresholds of silicon, and surface texturing will lead to an increase in the local
fluence at the surface through self-focusing effects. Surface texturing will also enhance the
pressure generated by resolidification of the molten surface layer, and lead to strong residual
stresses present within the material.

The background provided in this section begins to illustrate the complexity involved with
using fs-laser irradiation as an engineering tool. This summary, however, has focused on the
laser-material interactions following fs-laser irradiation at a single point. Surface texturing and
hyperdoping of large areas with fs-laser irradiation requires rastering the Gaussian laser spot
over the surface, which adds yet another layer of complexity arising from each point on the
surface receiving irradiation with a wide range of fluences. This tertiary layer of complexity is

explained further in section 3.1.1 and will be drawn on extensively in Chapter 5.
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Chapter 3 Experimental Methods

In this chapter we review the material fabrication and characterization techniques used
in this thesis. First, we review the experimental set-up for fs-laser irradiation and then discuss
the different dopant introduction methods available. Then, we review the basic operating
principles of the optical and electron microscopy-based characterization techniques used in this
thesis. In both sections, an emphasis is placed on the details relevant to accurate interpretation
of the results presented in the following chapters, and the capabilities and limitations of each
technique. For each section, references containing more detailed descriptions of the synthesis
and characterization techniques are provided.

3.1 Femtosecond-laser irradiation

3.1.1 Femtosecond laser beam and rastering

In the investigations presented in this thesis, we employ fs-laser pulses from a Ti:sapphire
laser (A = 800 nm, T = 80 fs). The Ti:sapphire pulse train can be delivered with a frequency that
is any integer division of 1000. The laser spot has a Gaussian intensity profile, /(x,)), described

by the expression:

2 2

X2 _y

IGoy) = Ioe 2% 2% G-D
and therefore will have a full-width-half-max (w) expressed as

w; = 24/2 X In(2) X o; (3-2)
where i = x or y. During irradiation the wafer is positioned in the focus of the fs-laser pulse and
normal to the direction of irradiation. A CCD camera is used to precisely measure the spatial
profile of the laser pulse, which will be important for spatially mapping fluence across the laser
spots. The set-up through which the train of laser pulses is directed is shown in Figure 3.1, and
described in greater detail in references [5, 50].

Large areas can be treated with fs-laser irradiation by translating the wafer underneath the
pulsing laser beam, which is a common technique in both surface texturing and hyperdoping.
The irradiation received under rastered conditions is a function of the full-width half-max of the
laser spot, w, the translation speed, v, and the frequency, /. The irradiation conditions generated
during laser rastering can be condensed into a single term, shots per area, which describe the
number of laser pulses a single spot receives that are at an intensity equal to or greater than half

the peak fluence. Shots per area can be written explicitly as [50]:
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S/A = = (3-3)

Where 4, = v/f. In the work presented in this thesis the wafer is translated in the x-direction,
which is also the direction of E-field polarization vector, across the entire distance being
irradiated and then stepped perpendicularly a single increment, 4,, before being translated back
along the x-axis. Irradiation conditions are chosen such that the number of steps along each axis

of the laser spot are equal, or w, /4, = w,, /4,
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Figure 3.1. Schematic of femtosecond-laser irradiation set-up used in this thesis. From [50].

Reporting laser rastering in shots per area (s/a) has been widely adopted because of its
ease of use, but it should be emphasized that this unit does not comprehensively describe the
irradiation conditions at the surface during laser rastering. Figure 3.2(a) illustrates the rastering
of a 4 kJ/m” peak fluence laser beam over the surface under conditions corresponding to 88
shots/area, as these are the most common irradiation conditions used in this thesis. In this
example, wy = 372 um and 4, = 50 um, w, = 471 um and 4, = 63 um. The step sizes have been

scaled with asymmetries in the beam size such that w, /4, = w,, /A, = 7.4. Figure 3.2(b)

illustrates explicitly the fluences received by a single spot on a surface as the laser beam is
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rastered across it; the fluences received at the surface vary drastically throughout laser rastering.
While there are 88 pulses between 2 - 4 kJ/m?, a single spot on the surface also receives over 300
pulses between 0.1 - 2 kJ/m”. The blue segment in Figure 3.2(a) and (b) illustrates the fluence

delivered in a 1-D line scan across the surface, which under these conditions results in 11

shots/area.
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Figure 3.2. (a) Schematic of the Gaussian laser spot and the relative step sizes used to prepare a
the 88 shots/area sample studied in this section. Inset is the full-width-have-max of the laser spot.
The laser beam is polarized in the x-direction. The grey ring at the base of the Gaussian peak is
to guide the eye. (b) The fluences of the fs-laser pulses received by a single point on the surface
as the laser spot is rastered in the x-direction (line scan, blue) and rastered over a 2-D area (blue
and red).

3.1.2 Dopant introduction during fs-laser irradiation

The ultrafast melting and resolidification that follows fs-laser irradiation can be used to
achieve ultra-high concentrations of dopants in the molten material, so long as dopants are
present in the surrounding environment during irradiation. There have been two demonstrated
approaches to fs-laser doping: Irradiation in the presence of a gaseous dopant precursor (Figure
3.3(a)) or the deposition of a film onto the surface prior to irradiation (Figure 3.3(b)). For a
complete history of these techniques see section 6.1.

In this thesis we compare doping from a gaseous dopant precursor, a thin-film dopant
precursor, and irradiation without dopants present in order to understand the role that the dopant
precursor plays on pressure-induced phase transformations and on the dopant incorporation and
surface texturing processes (Chapters 6 and 7). Investigations into thin-film fs-laser doping use a

75 nm thin film of selenium, thermally evaporated onto the silicon, as a dopant precursor. We
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immediately load the wafer into the vacuum chamber and evacuate the chamber to pressures
< 1075 Pa. In the case of thin-film doping or irradiation with no dopant present, the chamber is
then back filled with 6.7 x 10* Pa (500 Torr) of N,. When doping from a gas phase, the vacuum

chamber is filled to the same pressure with SFq gas.
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Figure 3.3. Fs-laser doping can be accomplished by fs-laser irradiation (a) in the presence of a
gaseous dopant precursor or (b) depositing a thin film of dopant onto the surface prior to
irradiation.

3.2 Optical characterization of fs-laser irradiation silicon

3.2.1 UV-VIS-NIR Spectrophotometry

Silicon hyperdoped with chalcogens exhibits a strong increase in sub-band gap
absorptance. This phenomena is interesting in its own right and also makes the silicon-chalogen
material system a powerful model system for studying hyperdoping because the broad sub-band
gap absorptance can be used to estimate the amount of hyperdoping on the surface. The infrared
absorptance of samples irradiated with a rastered laser beam is measured with a UV-VIS-NIR
spectrophotometer equipped with an integrating sphere. The diffuse and specular reflectance (R)
and transmittance (7)) were measured for the wavelength range of 0.9 - 2.5 um, enabling the

determination of the absorptance, 4 (A =1-R— T).

3.2.2  Raman Spectroscopy
Raman spectroscopy relies on the inelastic scattering of monochromatic light with

phonons, resulting in a measurable shift in the energy of the laser light. The phonon can absorb
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energy from the photon (Stokes shift) or transfer energy to the photon (Anti-stokes shift), and the
resulting shifts in the photon energy provides information about the phonon modes in the system.
Crystalline phases with long-term order have discreet phonon modes, and these can be used to
identify the crystal structure of the material being probed. For example, diamond cubic silicon
has a signature LO/TO mode at 520 cm™ whereas amorphous silicon has a broad hump around
480 cm™ [59].

In this work we use Raman spectroscopy to detect the presence of silicon present in three
polymorphic crystal structures: the familiar diamond cubic phase (Si-I), an R8 phase known as
Si-XII and a BCS structure coined Si-III [95]. The formation of these phases is described in
detail in section 4.1. Important to the discussion here is that both Si-XII and Si-III are crystalline
and have signature phonon modes which can be easily distinguished from the 520 cm™ peak of
Si-I in the Raman spectra. In this work, we focus on the most easily distinguishable Raman
modes: the Si-XII peak at 350 cm™ and the Si-III peak at 443 cm’.

The peak intensities, peak positions, and peak widths in Raman spectra can be used to
understand a great deal about the material being characterized. To estimate the relative volumes
of silicon phases present in the sample, we compare the intensity (integrated area under the peak)
of the Si-XII mode at 350 cm™, the Si-III mode at 443 cm™, and the Si-I mode at 520 cm™ [96].

Stress in the system will lead to shifts in the energy of the phonon modes, and thus Raman peak
positions can also be used to measure residual stresses in the specific crystalline phases being
probed. The shifts in the position of the 520 cm™ peak of Si-I are well calibrated. The induced
stress in Si-I can be calculated through the following relation [93]:

Local peak position — 520 cm™?!

3-4
1.55cm~1GPa1 S

Local Stress (GPa) =

The values in the denominator,1.55, is the experimentally determined Raman shift-stress
relationship for the Si-LO/TO peak. A reference spectra from the substrate was used to calibrate
the Si-I LO/TO peak to 520 cm™, so shifts seen in all laser-irradiated spectra are due to laser
irradiation. The shifts of the Si-XII (350 cm™) and Si-IIT (443 cm™) Raman modes are not as well
studied, though changes in wavenumber can be qualitatively translated into residual stresses

based on the empirical investigations of Olijnyk and Jephcoat [97].
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All Raman spectra presented in this thesis were collected under the following "standard"
conditions to minimize instrument-based variations and enable qualitative comparison between
samples. We used a Raman spectrometer with a 10 mW 632.8 nm HeNe laser, recorded through
a 20x objective (0.4 NA) with a spot size of ~10 pm, and projected onto a CCD using a 1200-
g/mm diffraction grating. This set-up has a programmable stage, which we use to spatially map
trends in the Raman spectra. The precise position and background-subtracted intensity of the Si-I
(520 cm™), Si-X1II (350 cm™) and Si-III (443 cm™) peaks were quantified by Renishare WiRE
3.0 software. Additional details on spectra collection are presented in the experimental sections
of each chapter.

All of the spectra in this thesis were collected under identical conditions to enable
comparison between samples, but it is important to acknowledge the effect of surface roughness
on the resulting Raman spectra. As discussed in section 1.2, surface texturing drastically
increases light scattering at the surface. Scattering at the surface will influence the overall peak
intensity and may also influence the homogeneity of signal generation; certain regions may
receive a greater intensity of incident laser light due to the self-focusing effects. In order to
reduce the effects of surface morphology, a low NA (0.4) was used with a relatively large spot
size (10 um). The absorption depth at the wavelength of the incident laser (632.8 nm) is larger
than the surface features we study in most of this thesis (~ 3 um), so we still expect the entire
volume of the textured-region to be probed under these conditions. Due to the variations in
surface roughness, our investigations into peak intensities are limited to qualitative comparison
between samples. It is not expected, however, for surface roughness to influence the positions of
Raman modes or the relative intensities in reported Si-XII/Si-III ratios. In the analyses in this
thesis we investigate trends in both peak position and peak intensity, and will consider effects of

surface morphology accordingly.
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3.3 Electron Microscopy

3.3.1 Introduction to electron microscopy

There are several powerful advantages to using electron microscopy for structural and
chemical characterization. The first is the spatial resolution enabled by using electrons instead of
visible light for imaging. The spatial resolution in optical microscopy, J, is limited by the
wavelength of the radiation being used, 4, according to the Rayleigh criterion:

0 =0.611/NA (3-5)
Here NA is the numerical aperture [98]. The wavelength of visible light is 100’s of nanometers,
but the wavelength of an accelerated electron is on the order of picometers, 4-5 orders of
magnitude smaller. The resolution achievable by electron microscopy-related techniques is not
limited by the wavelength of the electrons, but rather the optics of the system and scattering
within the sample.

The second advantage of electron-based characterization is that the interaction between
the highly energetic electrons and the sample generates a number of different signals that
contains a broad range of information about the sample (Figure 3.4). In the following we will
review the specific electron-microscopy based techniques used in this thesis and the fundamental

mechanisms of signal generation behind each of them.
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Figure 3.4. Schematic of the variety of signals generated during the interaction of a high-K'V
electron beam with a sample. Adapted from reference [99].
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3.3.2  Scanning electron microscopy

Scanning electron microscopy is a valuable tool for imaging surfaces. Images are formed
with a beam of low(er) energy incident electrons (0.5-40 kV), converged to a 1-10 nm probe and
scanned over the surface. Secondary and back-scattered electrons provide both morphological
and chemical information about the surface of the sample. Throughout this thesis we use
scanning electron microscopy with a secondary electron detector to study the surface
morphology following fs-laser irradiation. Additional signals contain information about the
composition of the surface (energy dispersive x-ray spectroscopy) and local band structure
(cathodoluminescence), but electron scattering, x-ray scattering, and carrier drift limit the spatial
resolution achieved using these techniques in an SEM. A more thorough discussion of scanning

electron microscopy can be found in [100].

3.3.3  Transmission electron microscopy

If the electrons are accelerated to higher voltages (80 — 300 kV) and the sample is
sufficiently thin (~100 nm) then a great deal of information can be extracted by passing electrons
through the sample, this family of characterization techniques is referred to as transmission
electron microscopy (TEM). Critical to TEM characterization is the preparation of samples that
are thin enough to be electron transparent. This can be done in a variety of ways depending on
facilities available, the material system, and the desired type of characterization. In this thesis
we use two techniques for sample preparation: tripod polishing and the focused ion beam (FIB)
lift-out technique. Tripod polishing allows for the preparation of either plan-view or cross-
sectional samples with relatively large transparent regions. In this thesis we use a South Bay
Technologies tripod polisher, diamond polishing films, and a Struers Labopol-4 polishing wheel.
Following polishing, final thinning is done using a Gatan PIPPS broad-beam Ar" ion mill. The
FIB lift-out technique was carried out using a FEI Helios 600 Dual beam FIB. Sample
preparation using FIB allows for excellent spatial control and good control over the resulting
sample thickness, but typically results in a smaller electron-transparent region than tripod
polishing.

TEM is a mature characterization platform and a wide range of techniques to have been
developed around it. This introduction will focus on the TEM-based techniques employed in this

thesis: Bright-field TEM (BF-TEM), selected area diffraction (SAD), bright-field scanning TEM
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(BF-STEM), dark-field scanning TEM (DF-STEM), high-angle annular dark field STEM
(HAADF-STEM), convergent beam electron diffraction (CBED), electron energy loss
spectroscopy (EELS), and energy dispersive x-ray spectroscopy (EDX). Here we will focus on
the fundamentals of each imaging technique to prepare the reader for proper interpretation of the
images and spectra presented in this thesis. Williams and Carter [99] offer an excellent
comprehensive review of TEM-based characterization in case the reader would like to explore
TEM in greater detail.

There are three mechanisms by which contrast is generated in TEM imaging, each a
result of unique physical mechanisms: Mass-thickness contrast, diffraction contrast, and phase
contrast. Mass-thickness contrast arises from incoherent elastic scattering of electrons, referred
to as Rutherford scattering. Rutherford scattering is a strong function of the mass, density, and
thickness of the specimen. The scattering angle in Rutherford scattering is a function of the
atomic number, Z, and thus collecting electrons scattered at wide angles is more sensitive to
composition (see Z-contrast imaging, below). Diffraction contrast arises due to scattering at
specific angles for which the orientation of the crystalline sample and the incident electron beam
satisfy the Bragg diffraction conditions. In the scope of this work, diffraction contrast is
particularly useful for resolving grains of different orientation within a polycrystalline sample, as
their contrast changes with the orientation of the lattice with respect to the electron beam. Phase
contrast arises due to shifts in the phase of the electron beam as it passes through the sample. The
interference between the transmitted and scattered beams enables imaging of the lattice of the
crystal, referred to as high-resolution TEM (HR-TEM). The characterization techniques in this
thesis focus mostly on the use of mass-thickness contrast and diffraction contrast to understand
the microstructure and dopant distribution in laser-irradiated silicon.

The TEM techniques used in this thesis can be divided into two categories: Conventional
TEM-based techniques (BF-TEM, SAD) in which the electron beam enters the sample as parallel
beam of electrons nanometers-microns in spot size (Figure 3.5(a)), or convergent-beam
techniques in which the beam is converged to a single point (a probe) that can be a nanometer or
smaller (STEM, CBED) (Figure 3.5(b)). In bright-field TEM (BF-TEM), when the parallel
electron beam passes through the sample electrons are both scattered inelastically (Rayleigh
scattering) and diffracted. The objective aperture allows for the selection of which electrons are

used to form the image, and this is magnified by the intermediate and projection lenses.
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Therefore the bright-field images in this thesis exhibit strong contributions from diffraction

contrast, which is well suited for imaging the grain size distributions in polycrystalline materials.

(a) Parallel beam mode (b) Convergent beam mode
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Figure 3.5. (a) Diagram of conventional TEM mode or parallel-beam mode in the TEM. (b)
Example lens diagram of convergent-beam/probe mode in the TEM. The exact approach to
creating a probe varies from microscope to microscope. Adapted from [99].

A strength of TEM imaging is that both an image and a diffraction pattern can be
obtained from the same region. After passing through the sample, the objective lens disperses the
emerging electrons such that they create a diffraction pattern in the back focal plane, before
recombining to form an image in the image plane. Selected area diffraction (SAD) is the use of
the diffraction pattern in the back focal plane to obtain detailed information on the crystal
structure of the region selected by the SAD aperture. As the diffraction conditions are sensitive

to both the crystal structure and the lattice’s relative orientation with respect to the electron
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beam, we use this technique to identify crystalline versus polycrystalline regions as well as to
identify unique crystal structures that form during fs-laser irradiation.

In scanning TEM (STEM) imaging mode, the electron beam is converged to a probe
(Figure 3.5(b)) and scanned over the surface using scan coils. The scan coils simultaneously scan
the computer display, thereby forming an image. In STEM mode an electron detector is used to
select what electrons are used to create the image, in the same way that an aperture is used in
conventional TEM. The differences between BF-STEM, DF-STEM, and HAADF-STEM depend

solely on the range of scattering angles that are used to generate the image (Figure 3.6).
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Figure 3.6. Schematic illustrating the range of detectors that can be used in scanning TEM
mode: The bright-field (BF) detector collects transmitted and slightly off-axis electrons. The
dark-field (DF) detector and high-angle annular dark field (HAADF) detector collect electrons
scattered at wider angles. The larger the collection angle the more sensitive the image is to
atomic weight and less sensitive to diffraction contrast. Figure adapted from [99].

A bright-field detector uses the transmitted electrons and those scattered to only very
small angles (< 0.6°), which includes both mass-thickness contrast and diffraction contrast.
Annular detectors have a hole (annulus) in the center to avoid collecting the transmitted beam
and electrons scattered to only small angles. The Rayleigh scattering angle is a function of the
atomic number, Z, and collecting only electrons scattered to larger angles will result in an image
that is more sensitive to atomic number and has less of a contribution due to diffraction contrast.

Dark-field STEM, a technique readily available at MIT, increases the amount of chemical

contrast in the image but does not completely eliminate diffraction contrast. High-angle annular
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DF-STEM relies on collecting only electron with very large scattering angles, thereby creating
an image with only chemical contrast. As such, the use of a wide-angle aperture is also referred
to as “Z-contrast” imaging. In this thesis we use HAADF-STEM imaging done at both Oak
Ridge National Lab and CEA-LETI (Grenoble, France) to study the dopant distribution in
hyperdoped silicon.

A convergent beam can also be used to generate diffraction patterns, in a technique called
convergent beam electron diffraction (CBED). Compared to SAD, CBED has a higher spatial
resolution (limited only by the probe size) and contains more information. CBED patterns can
include higher-order Laue zone (HOLZ) lines, which give 3-D crystallographic information
about the specimen. The converged beam can be scanned to generate an image (STEM) which
then enables precise positioning of the probe, offering great spatial control over where the
diffraction pattern is collected from. In this thesis we use CBED in characterizing the
crystallinity of features that are only 10’s of nanometers large, taking advantage of the higher
spatial resolution it affords.

As illustrated in Figure 3.4, much more occurs than just inelastic electron scattering when
high energy electrons pass through the sample. Interactions with the core electrons of atoms, in
particular, can be used for chemical identification and quantification and, when combined with a
converged electron probe, offer high spatial resolution. Interactions between the incident electron
beam and core electrons enable chemical identification because the energy levels of core
electronic orbitals are strongly affected by the number of protons in the nucleus, and thus act as
unique elemental signatures. As shown in Figure 3.7, the processes behind both energy-
dispersive x-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS) begin with a
high-energy incident electron ejecting a core electron from its atomic orbital. Some amount of
energy is transferred to the ejected electron, E.ns, which must be greater than the binding energy
of the core electron, Epinging. An electron from a higher energy orbital will relax to fill the core-
hole and emit an x-ray with a characteristic energy. In EDX, an x-ray detector is used to measure
the intensity and energy of the emitted x-rays. The composition can be extracted from the
relative peak intensities, given that the appropriate scaling factors are taking into account.

In this thesis, EDX is a valuable tool for investigating the distribution of selenium in
silicon, though it is not without limitations. One limitation of EDX is the spatial resolution, as

both electron scattering and x-ray scattering will generate signals from a volume larger than the
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initial electron probe. In addition, EDX is not well suited for the detection of light elements (Li,
O, N...) because the x-ray fluorescent yield decreases rapidly with decreasing atomic number.
Finally, because the chemical resolution of EDX is on the order of 1% the quantification of EDX
spectra presented in this work is still qualitative, capable only of identifying regions that contain

selenium concentrations ~3 orders of magnitude above their solubility limit.
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Figure 3.7. Illustration of interactions between incident electrons and core electrons that are used
for chemical characterization in a TEM via energy dispersive x-ray spectroscopy (EDX) and
electron energy loss spectroscopy (EELS).

EELS is an alternative approach to chemical identification based on monitoring the
amount of energy lost by the electrons that travelled through the sample. By passing the
transmitted beam through an energy filter, a wide range of inelastic collisions that occurred
within the sample can be probed. The same incident electron that ejected the core-electron,
leading to x-ray generation in the previous example, loses some amount of energy, Eans. The
amount of energy transferred must be greater than or equal to the binding energy, Epinding, and
can be used for chemical identification. The energy-loss spectrum has a series of edges,
corresponding to the onset of ionization from different elements and orbitals, which appear at

signature binding energies. In this way EELS is similar to EDX except with better spatial
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resolution, because there are no secondary scattering effects and EELS has a higher sensitivity to
light elements. The higher-energy tail of the core-shell edge in the EELS spectra also contains
information about the density of states. In this thesis we use EELS specifically to confirm the
presence of amorphous silicon. The sensitivity to light elements makes EELS suitable for
confirming the absence of large concentrations of oxygen (ruling out SiOy) and the fine structure
of the silicon L, 3-edge is dependent on crystallinity due to the reduction of density of states
around the conduction-band minimum in amorphous silicon [101]. For more information on

EELS, an excellent review is available in reference [102].
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Chapter 4 Pressure-induced transformations Pt. 1. Hyperdoping,
Spatial distribution & Stability

Understanding the relationship between surface texturing and pressure-induced phase
transformations in silicon is critical for minimizing laser-induced damage during optoelectronic
device fabrication. In this chapter we investigate the transformation from diamond cubic Si-I to
pressure-induced polymorphic crystal structures (amorphous Si, Si-XII, and Si-1ll) during
femtosecond-laser irradiation using SEM, Raman spectroscopy, and TEM. Amorphous Si, Si-XII,
and Si-1II are found to form in femtosecond-laser doped silicon regardless of the presence of a
gaseous or thin-film dopant precursor. Through studying the spatial distribution and the
formation of Si-XII/III with evolving surface morphology, we show that the formation of
crystalline polymorphs is closely related to the surface texturing process. Finally, we find that
the polymorph phases disappear during annealing more rapidly than the sub-band gap
absorptance decreases, enabling us to decouple these two processes through post treatment
annealing.

4.1 Introduction

Defect formation in silicon during pulsed laser irradiation can occur through both the
imperfect resolidification of molten silicon and pressure-induced plastic deformation. Defects
that form during resolidification include excess vacancies and self-interstitials, stacking faults
and dislocations, grain boundaries, phase segregation, and, in extreme cases, amorphization. The
formation of melting-induced defects and their relation to irradiation parameters is relatively well
understood [103, 104]. In addition, they are isolated to the melt depth of the material and
therefore can be removed, if desired, by a wet etching step [15].

Much less is understood about pressure-induced plastic deformation during fs-laser
surface texturing. For example, amorphous pockets have been observed below the melt depth
[105] but their chemical composition and origin remains unexplained. Raman investigations
suggest the formation of pressure-induced crystalline phases in silicon following fs-laser
irradiation [105, 106] but little is known about their spatial distribution within the material or the
mechanisms behind their formation. Finally, there are multiple sources of pressure generation
during fs-laser irradiation (Chapter 2) and it is unknown which processes are responsible for
plastic deformation during surface texturing.

Pressure-induced plastic deformation in silicon is unique because the preferred
mechanism of plastic deformation at moderate temperatures is an irreversible phase

transformation [107]. At temperatures lower than 350°C, silicon responds to pressures above 10-
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12 GPa by undergoing a series of irreversible phase transformations (Figure 4.1). Because the
exact series of pressure-induced phase transformations is sensitive to pressure loading and
unloading conditions, studying these transformations provides a novel insight into the conditions
at the surface following fs-laser irradiation.

The current understanding of pressure-induced phase transformations in silicon was
developed through high-pressure studies using diamond anvil cells [ 108] and nanoindentation
[109]. The relevant processes are illustrated in Figure 4.1. Silicon transforms from its diamond
cubic phase (Si-I) to a B-Sn phase (Si-II) at pressures above ~12 GPa and this transformation is
irreversible, i.e. Si-II cannot transform back to Si-I during pressure unloading [110, 111]. Upon
sufficiently slow pressure release, silicon with R8 structure (Si-XII) nucleates from Si-1I and
then reversibly transforms to a BC8 structure (Si-III) around 2 GPa [112]. Nanoindentation
studies have found that the formation of Si-XII/III from Si-II is nucleation limited; alternatively,
there is no activation barrier to the formation of amorphous silicon (a-Si) from Si-II. The
nucleation of Si-XII/III can be suppressed by sufficiently fast unloading rates, forcing Si-II to
transform completely into a-Si [113]. The formation of crystalline silicon polymorphs is
enhanced at slightly increased temperatures [107], but the nucleation of Si-XII is suppressed at
temperatures above ~200°C [107]. At temperatures above 350°C there is a rapid decrease in
silicon hardness due to the thermal activation of dislocation motion and plastic deformation
proceeds, instead, by the formation and motion of dislocations. The pressure-induced silicon
polymorphs are metastable: Si-XII, Si-III, and a-Si transform back to polycrystalline Si-I with
annealing through intermediate phases. The exact pathway of relaxation depends strongly on the
surrounding matrix, residual stresses in the material [114], loading and unloading rates, indenter
shape [113], phase of the initial surface (a-Si vs ¢-Si) [115], and ambient temperature [116]. For

example, the Si-I1/a-Si interfaces lower the activation barrier for the nucleation of Si-XII [116].

58



Silicon-I
B-Sn
o | Metallic _
M Rapid
((‘Qe-( A - Unloading
A 3
LY
\(\C"da o
Silicon-XIlI
r8 g
230 meV indirect i;e:;‘;;e
BEnCIgEp (>12 GPa)
Annealing
Silicon-Ill | Annealing Silicon-| Annealing

bes e — Eile;mon_d c?ublt(: < An;qlfphgus
Semimetal .1 ev indirec ilico

band gap

Figure 4.1. The irreversible reaction pathways that silicon undergoes during pressure loading
and unloading at moderate temperatures. The formation of Si-XII, Si-III, and a-Si are very
sensitive on the rate of pressure unloading, the temperature, and the phase of the surrounding
silicon matrix.

Investigations into pressure-induced phases in silicon following fs-laser irradiation have
been very limited [105, 106] and there has been no systematic investigation into their formation.
Understanding the pressure-induced transformations is critical for the application of fs-laser
irradiation to optoelectronic device fabrication because a-Si, Si-IIl, and Si-XII have different
material properties than Si-I and could affect optoelectronic device performance. Si-XII has an
indirect band gap of 230 meV [117], Si-IIl is a p-type semimetal [118], and unpassivated a-Si
presents a high density of recombination sites. In addition, due to their sensitivity on pressure
loading and unloading conditions, investigating their formation can provide valuable insights
into the conditions generated during fs-laser irradiation and the pressure generation mechanisms
responsible for plastic deformation. In addition, The silicon polymorphs are stable under

ambient conditions but will transform back to Si-I with annealing, and therefore understanding
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the annealing conditions necessary to remove the silicon polymorphs following laser irradiation
may provide an approach to eliminating them during device fabrication.

In this chapter, we investigate the relationship between high-pressure phase
transformations, surface texturing, and optical hyperdoping using fs-laser irradiation rastered
over large areas. Using TEM we investigate the spatial distribution of the silicon polymorphs in
fs-laser doped silicon and show that the polymorphs form preferentially in the center of the
surface spikes. The relationship between phase transformations and surface morphology is
studied by monitoring the formation of silicon polymorphs with varied laser-rastering speeds.
Finally, we investigate the thermal stability of silicon polymorphs formed during fs-laser
irradiation and compare the kinetics of their relaxation with annealing to the evolution of the

optical properties of fs-laser doped silicon with annealing.

4.2 Experimental

In this investigation of fs-laser doping over large areas, we compare silicon irradiated in
N, (N2:Si), for which we do not expect dopant incorporation or compositional changes during
irradiation, to silicon fs-laser doped with S (SF:Si) and Se (Se:Si) using a peak fluence of 4
kJ/m* and the doping methods described in Chapter 3. Large areas of each sample were prepared
by translating the silicon wafer during pulsed-laser irradiation such that, unless otherwise noted,
every point on the sample surface received an equivalent of 88 laser pulses. To investigate the
relation between silicon polymorphs and irradiation, Se:Si was prepared with a range of rastering
speeds, resulting in 10, 25, 42, and 88 laser pulses per area.

Raman spectroscopy was used to detect the presence of high-pressure silicon phases by
monitoring the appearance of the most pronounced Si-XII (350 cm™) and Si-IIT (432 cm™)
modes. The relative amounts of Si-XII and Si-III are approximated by comparing the area under
each peak after background subtraction, referred to as the peak intensity. The residual stress in
the polymorphs is probed by monitoring the position of the Si-III (432 cm™) and Si-XII (350 cm’
" modes. For quantification of the Raman investigations into silicon polymorph formation,
spectra were collected from 20 different locations.

The sample morphology was investigated using a FEI Helios 600 scanning electron
microscope (SEM) operated at 5 kV accelerating voltage. Cross-sectional transmission electron

microscopy (TEM) samples of the rastered surfaces were prepared using a tripod polisher
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followed by a brief Ar'-ion mill at 5 kV. Bright-field (BF) TEM micrographs and selected area
diffraction patterns (SAD) were collected with a JEOL 2011 TEM operated at 200 kV. SAD
patterns for the crystalline silicon crystal structures were calculated using JEMS software
package. Dark-field scanning TEM (DF-STEM), convergent beam electron diffraction (CBED),
and electron energy loss spectroscopy (EELS) were carried out on a JEOL 2010F TEM operated
at 200 kV, with a Gatan Image Filtering (GIF) system with an energy resolution of 1.2 eV. To
remove noise without affecting the overall shape, reported EELS spectra were processed using
an 8-point Savitzky-Golay smoothing filter.

To investigate the thermal stability of the silicon polymorphs, samples were annealed in a
N, atmosphere for 30 minutes over a range of temperatures (325°C, 450°C, 575°C, and 700°C).
In a manner similar to previous investigations, Raman spectroscopy was to detect the presence of
high-pressure silicon phases by monitoring the decay of the most pronounced Si-XII (350 cm™)

and Si-III (432 cm™) modes with annealing.

4.3 Results

4.3.1 Silicon Polymorphs and Doping

First, the relationship between silicon polymorph formation and the introduction of
dopants during fs-laser irradiation was investigated using Raman spectroscopy; peak positions
and relative peak intensities in the Raman spectra were used to understand the extent of the phase
transformations and their resulting stress states. All three samples investigated, N,:Si (reference),
SFe:Si, and Se:Si, develop micron-scale spikes on the surface after 88 fs-laser pulses (Figure
4.2(a)), and exhibit peaks in the Raman spectra indicative of Si-XII (354 cm™, 395 cm™), Si-III
(387 cm™, 443 cm™), and a-Si (broad peaks at 150 cm™, 300 cm™, and 470 cm™) (Figure 4.2(b))
[95]. The intensities of the silicon polymorph Raman modes are at least an order of magnitude
lower than the Si-I peak at 520 cm™, suggesting a relatively small volume of silicon polymorphs
are generated compared to the volume of Si-I being probed.

We estimated the residual strain in the high-pressure crystalline polymorphs by
measuring the position of the Si-IIT peak around 443 cm™ and the Si-XII peak around 354 cm’™

(these peaks were selected as they are the most clearly pronounced (continued on page 65)
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Figure 4.2. (a) SEM micrographs showing the surface morphology of fs-laser irradiated Si. The
laser scan direction and polarization was in the horizontal direction. (b) Stokes Raman spectra of
SF¢:Si, Se:Si, and N,:Si, offset to show individual spectra. The rescaled inset highlights the
Raman modes corresponding to a-Si, Si-III, and Si-XII. The color designation is the same in both
plots. (c) The position of the Si-XII and Si-III modes and their relative intensities, plotted with
standard deviation. Dashed lines indicate the positions of the Si-XII (350 cm™) and Si-III (432
cm™') Raman modes reported in nanoindentation studies [96].

62



Raman modes of their respective phases). Though small variations (1-2 cm™) exist between the
20 spectra recorded at difference positions on each sample, the Si-XII and Si-III peaks are
consistently shifted to significantly higher wavenumbers (4-10 cm™) than values often reported
in nanoindentation studies [96], indicating that they exist under compressive stress. The
appearance of 2 characteristic peaks for both Si-XII (354 cm™, 395 cm™) and Si-III (387 cm,
443 cm™) confirms that these peaks originate from the crystalline polymorphs despite their
sizeable shift. Finally, the relative volume ratio of the crystalline phases generated, Si-XII and
Si-111I, was estimated from the Raman peak intensities at 443 and 354 cm’ (Figure 4.2(c)). Na:Si,
SF¢:Si, and Se:Si have a Si-XII/Si-1II ratio around 2, suggesting that the majority of the total
crystalline polymorph volume is Si-XII [96].

4.3.2 Spatial Distribution of Silicon Polymorphs

Next, we investigated the spatial 