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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. It is 
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/m2), 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 Gradečak 
Title: Thomas Lord Assistant Professor of Materials Science and Engineering 
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represents line scans across 5 different laser spots in the direction perpendicular to laser polarization 
(white dashed line, left inset). The surface morphology from the center of the peak is shown in the right 
inset. (d) A representative Raman spectrum from the outer rim of the stationary laser spot, which shows 
barely detectable amounts of Si-XII. .......................................................................................................... 79 

Figure 5.3. (a) The average position of the Si-I LO/TO peak in the rastered surface, across the fs-laser line 
scan, and mapped across the stationary laser spot, shown with standard error and indicated in the legend. 
The reference position of this peak is 520 cm-1 (dashed grey line). The Raman maps across the fs-laser 
line scan and the stationary spot don’t extend sufficiently beyond the laser irradiated region to show the 
completely relaxed silicon peak position, but reference spectra were used to calibrate all Raman signals. 
(b) The average peak position of the Si-XII peak for all three samples plotted with standard error. Only 
peaks with intensities above the noise (1500) are used to determine average position. ............................. 81 



  14 
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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.  

 

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 μm 

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.  

 
Figure 1.2. Linear absorption coefficient (αL) and absorption depth (1/αL) 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. Fs-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 4n2 by micron-scale surface texturing, meaning that the path length in 

silicon can be increased by a factor of ~50 [14]. 

 In commercial 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]. 

 

Figure 1.3. Illustration of the optical path of light incident on microstructured silicon surfaces, 
determined for λ = 600 nm and assuming an unaffected index of refraction of silicon (nSi = 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 SF6 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 SF6 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 mc-Si >15 [17] 
Isotropic acidic texturing mc-Si mc-Si 15 [20] 
Isotropic acidic texturing mc-Si mc-Si 10-12 [26] 
NaOH + IPA c-Si c-Si 10 [22] 
Na2CO3 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 mc-Si <2 [16] 
Ns-laser texture (N2 ambient) c-Si & mc-Si c-Si <5 [27] 
Fs-laser texture (vacuum) c-Si & mc-Si c-Si & mc-Si 3% [24] 
Fs-laser texture  (SF6 ambient) c-Si & mc-Si c-Si <3 [28] 
Fs-laser texture (SF6 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 
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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.   

 

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]. 

 
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 (E1, E2) 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 Ephoton, such that  E1,2 < Ephoton  < 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.   

 



  27 
 

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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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 (αL) and two-photon absorption (β) can be 

defined as:  

௘௙௙ߙ  ൌ ௅ߙ ൅  (1-2) ܫߚ

The light intensity (I) is related to the incident laser fluence (F) by taking into account the pulse 

length τp (sec) and the reflectivity, R:  

ܨ  ൌ
௉߬ܫ
1 െ ܴ

 (2-2) 

This expression can be used to define the light absorption depth, δ, in terms of the incidence 

fluence: 

ߜ  ൌ
1

௘௙௙ߙ
ൌ

߬௣
௅߬௣ߙ ൅ ሺ1ܨߚ െ ܴሻ

 (2-3) 

For silicon at a wavelength of 800 nm, the linear absorption coefficient, αL, is 850 cm-1 [8], the 

two-photon absorption coefficient, β, 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 

(1/αL = 11 μm).  

 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 
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in this investigation are focused to a spot ~300 μm 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/m2 and a peak 

intensity of 5 ൈ 1013 W/m2!  The average irradiance on the surface (or Poynting vector),	〈ܵ〉, is 

related to the electric field, E, by Maxwell’s equations:  

 〈ܵ〉 ൌ
1
2
ܿ߳଴ܧଶ (2-4) 

Using these values to calculate the peak electric field gives a value of 3 ൈ 1010 V/m, an order of 

magnitude higher than the binding fields of an electron to an atom, which are on the order of 109 

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/m2 

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

 

Fluence, F (kJ/m2) Pulse duration, τp (fs) Wavelength, λ (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] 

൑2.9 150 780 [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/m2 – 2.7 kJ/m2 under conditions similar to ours, we might therefore expect the onset of 

nonthermal melting to occur between 2.25 – 4 kJ/m2.   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/m2 [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/m2 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 λ = 620 nm and τ = 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 (τ = 100 fs, λ = 
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/m2 

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 



  35 
 

conversion of stress induced by thermoelastic pressure build-up into strain during 

subsequent expansion.  

 Ionic plasma generation occurs at even higher fluences (>10 kJ/m2) 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 Ionic 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/m2.  In silicon, the plasma formation threshold is 
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around 10 kJ/m2 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/m2 

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/m2 

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/m2 fs-laser pulse is able to quench several high-pressure phases of silicon: β-Sn 

(Si-II, 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, ݃݋ܮሺ߶௧௛ሺܰሻ ൈ ܰሻ, is linear with the log of the pulse 

number, ݃݋ܮሺܰሻ [58, 80, 81]. From this observation the equation can be derived:  

 ߶௧௛ሺܰሻ ൌ ߶௧௛ሺ1ሻ ∙ ܰకିଵ (2-4) 

Where the slope, ξ, 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, ξ. An 

example accumulation curve extracted for fs-laser irradiated silicon (λ=800 nm, τ = 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 (λ = 775 nm, τ = 150 fs) 

yielded an incubation parameter for silicon of 0.7 [80], suggesting that the incubation parameter 

is sensitive to irradiation conditions.  

 

Figure 2.3 Accumulation curve plotting the threshold fluence of laser-induced damage of 
silicon, Fmod, versus number of laser pulses, N, with (τ = 130 fs, λ = 800 nm) in air. The solid 
line presents a least square fit where ξ = 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/m2 Ti:sapphire laser (λ = 800 nm, τ = 100 fs) in the presence of SF6. 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 (τ = 100 fs, λ = 800 nm, 8 kJ/m2, 1 kHz, in SF6 
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 SF6. 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/m2) can result in ionic plasma formation, even 

though the threshold for ionic plasma formation is 10 kJ/m2 [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 SF6.   

 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 (λ = 308 nm, τ = 32 ns) at a peak fluence of 35 kJ/m2 in the presence of SF6.  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/m2 (τ = 80 fs, λ = 800 nm) and (b)  after 3000 pulses at 35 kJ/m2 (τ = 32 fs, λ = 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/cm3) than amorphous silicon (2.29 g/cm3) [92] and crystalline silicon 

(2.33 g/cm3) [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).  

  

 

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/m2. 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/m2. 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/m2 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.  

  



 
 

Chapte
  

 In
in this th
the differ
principle
thesis. In
of the res
technique
and char

3.1 Fem

3.1.1 F

 In

laser (λ =

is any int

by the ex

. 

and there

   

where i =

normal to

profile of

spots.  Th

described

 L

pulsing la

The irrad

laser spo

during la

number o

the peak 

 Expeer 3

n this chapte
esis. First, w

rent dopant i
es of the opti
n both section
sults present
e. For each s

racterization

mtosecond

Femtosecond

n the investig

= 800 nm, τ =

teger divisio

xpression: 

efore will ha

= x or y. Dur

o the directio

f the laser pu

he set-up thr

d in greater d

Large areas c

aser beam, w

diation receiv

t, w, the tran

aser rastering

of laser pulse

fluence. Sho

erimenta

er we review
we review the
introduction
cal and elec
ns, an empha
ted in the fol
section, refe

n techniques 

-laser irrad

d laser beam 

gations prese

= 80 fs). The

on of 1000. T

ave a full-wid

ring irradiatio

on of irradia

ulse, which w

rough which

detail in refe

an be treated

which is a co

ved under ra

nslation spee

g can be cond

es a single sp

ots per area c

l Methods

w the materia
e experimen
 methods av

ctron microsc
asis is place
llowing chap
erences conta
are provided

diation 

and rasterin

ented in this

e Ti:sapphire

The laser spo

,ሺxܫ yሻ

dth-half-max

௜ݓ ൌ 2ඥ

on the wafer

ation.  A CCD

will be impo

h the train of 

erences [5, 5

d with fs-las

ommon techn

astered condi

ed, v, and the

densed into 

pot receives 

can be writte

 43 

s 

al fabrication
tal set-up fo

vailable. The
copy-based c

ed on the det
pters, and the
aining more 
d.  

ng 

s thesis, we e

e pulse train

ot has a Gaus

ൌ ଴eܫ
ି ୶మ

ଶ஢౮
మ ି

x (w) expres

ඥ2 ൈ lnሺ2ሻ ൈ

r is positione

D camera is 

ortant for spa

f laser pulses

0].  

ser irradiation

nique in both

itions is a fu

e frequency, 

a single term

that are at a

en explicitly

 

n and charac
or fs-laser irr
en, we review
characteriza

tails relevant
e capabilitie

e detailed des

employ fs-la

n can be deliv

ssian intensi

୷మ

ଶ஢౯
మ
 

sed as  

ൈ σ୧ 

ed in the foc

used to prec

atially mapp

s is directed i

n by translat

h surface tex

unction of the

f. The irradi

m, shots per 

an intensity e

y as [50]: 

cterization te
radiation an
w the basic o
ation techniq
t to accurate
es and limita
scriptions of

aser pulses fr

vered with a

ity profile, I(

cus of the fs-

cisely measu

ing fluence a

is shown in 

ting the wafe

xturing and h

e full-width 

iation condit

area, which

equal to or g

echniques us
nd then discu
operating 
ques used in 
e interpretat
ations of eac
f the synthes

rom a Ti:sap

a frequency t

(x,y), describ

(3-1

(3-2

laser pulse a

ure the spatia

across the la

Figure 3.1, a

fer underneat

hyperdoping

half-max of

tions genera

h describe the

greater than h

sed 
uss 

this 
tion 
h 

sis 

pphire 

that 

bed 

1) 

2) 

and 

al 

aser 

and 

th the 

g. 

f the 

ated 

e 

half 



  44 
 

 ܵ ⁄ܣ ൌ
௬ݓ௫ݓߨ
௬߂௫߂

ൌ
݂ ∙ ௬ݓ௫ݓߨ

௬߂ݒ
 (3-3) 

Where Δx = 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, Δy, 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 ݓ௫ ⁄௫߂ ൌ ௬ݓ	 ⁄௬߂ .  

 

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/m2 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, wx = 372 um and Δx = 50 um, wy = 471 um and Δy = 63 um. The step sizes have been 

scaled with asymmetries in the beam size such that ݓ௫ ⁄௫߂ ≅ ௬ݓ	 ⁄௬߂ ≅ 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/m2, a single spot on the surface also receives over 300 

pulses between 0.1 - 2 kJ/m2.  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.  

 

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 

൑ 10ିହ Pa. In the case of thin-film doping or irradiation with no dopant present, the chamber is 

then back filled with 6.7 ൈ 10ସ	Pa (500 Torr) of N2. When doping from a gas phase, the vacuum 

chamber is filled to the same pressure with SF6 gas.  

 

 

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 (T) were measured for the wavelength range of 0.9  - 2.5 μm, enabling the 

determination of the absorptance, A (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-1 whereas amorphous silicon has a broad hump around 

480 cm-1 [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 BC8 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-1 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-1 and the Si-III peak at 443 cm-1.  

  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-1, the Si-III mode at 443 cm-1, and the Si-I mode at 520 cm-1 [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-1 peak of Si-I are well calibrated. The induced 

stress in Si-I can be calculated through the following relation [93]: 

 

ሻܽܲܩሺ	ݏݏ݁ݎݐܵ	݈ܽܿ݋ܮ  ൌ
݈ܽܿ݋ܮ ݇ܽ݁݌ ݊݋݅ݐ݅ݏ݋݌ െ 520 ܿ݉ିଵ

1.55 ܿ݉ିଵିܽܲܩଵ
 (3-4) 

 

 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-1, so shifts seen in all laser-irradiated spectra are due to laser 

irradiation. The shifts of the Si-XII (350 cm-1) and Si-III (443 cm-1) 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 µm, 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-1), Si-XII (350 cm-1) and Si-III (443 cm-1) 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 µm). 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 μm), 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.  

  

  



  49 
 

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, δ, is  limited by the 

wavelength of the radiation being used, λ, according to the Rayleigh criterion:  

 δ = 0.61λ/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.  

 

Figure 3.4. Schematic of the variety of signals generated during the interaction of a high-KV 
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. 



  52 
 

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. 

 

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).   

 

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, Etrans, which must be greater than the binding energy 

of the core electron, Ebinding. 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.   

 

 

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, Etrans. The 

amount of energy transferred must be greater than or equal to the binding energy, Ebinding, 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 SiOx) and the fine structure 

of the silicon L2,3-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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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 β-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-II 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 c-Si) [115], and ambient temperature [116].  For 

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

N2 (N2:Si), for which we do not expect dopant incorporation or compositional changes during 

irradiation, to silicon fs-laser doped with S (SF6:Si) and Se (Se:Si) using a peak fluence of 4 

kJ/m2 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-1) and Si-III (432 cm-1) 

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-1) and Si-XII (350 cm-

1) 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 

N2 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-1) 

and Si-III (432 cm-1) 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, N2:Si (reference), 

SF6: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-1, 395 cm-1), Si-III  

(387 cm-1, 443 cm-1),  and a-Si (broad peaks at 150 cm-1, 300 cm-1, and 470 cm-1) (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-1, 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-III peak around 443 cm-1 and the Si-XII peak around 354 cm-1 

(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 
SF6:Si, Se:Si, and N2: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-1) and Si-III (432 
cm-1) Raman modes reported in nanoindentation studies [96]. 
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Raman modes of their respective phases). Though small variations (1-2 cm-1) 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-1) 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-1, 395 cm-1) and Si-III (387 cm-1, 

443 cm-1) 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-III, was estimated from the Raman peak intensities at 443 and 354 cm-1 (Figure 4.2(c)). N2:Si, 

SF6:Si, and Se:Si have a Si-XII/Si-III 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 distribution of silicon polymorphs using TEM, allowing 

us to better understand the pressure distribution induced during fs-laser irradiation. The general 

structure of the N2:Si and SF6:Si surface spikes (Figure 4.3 (a) and (b), respectively) is consistent 

with previous investigations [29]; across the surface a disordered layer forms through melting 

and resolidification. Irradiation in SF6 leads to a disordered surface layer with 1% atomic 

concentrations of sulfur, incorporated from the gas phase.  Although SAD patterns show that the 

spikes are mostly single-crystalline silicon (Figure 4.3(a-b), inset), both samples exhibit strong 

contrast in the center of the spike.  

We identify the contrast as strain contrast in the c-Si matrix surrounding isolated regions 

of a-Si (20-200 nm). A single region from the center of an SF6:Si spike is shown in Figure 4.3(c), 

and CBED patterns (Figure 4.3(d)) confirm that the volume of material is amorphous and the 

surrounding matrix is crystalline. EELS spectra reveal no chemical difference between the 

volume of amorphous material and the c-Si matrix. However, the fine structure of the Si-L23 

edge (99 eV, Figure 4.3(e)) measured in the amorphous region exhibits a shoulder at 102 eV, in 

contrast to the dip exhibited in the spectra from the c-Si matrix. This fine structure is 

characteristic of a-Si, resulting from the reduction of density of states around the conduction-

band minimum in a-Si [101, 119].  We note that a-Si can form through melting and ultra-fast 

resolidification following fs-laser irradiation under certain conditions [105, 120], but in our case 

the a-Si particles are found in regions below the melt depth. 
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Figure 4.3. Cross-sectional BF-TEM images of N2:Si (a) and SF6:Si (b). SAD patterns from the 
regions highlighted by the dashed circles (inset) correspond to the Si-I [101] zone axis. White 
arrows indicate contrast in the core of the peaks arising from areas of transformed material (20-
200 nm in diameter), shown to be a-Si. BF-TEM (c) of an isolated region of a-Si from the core of 
an SF6:Si spike. Numbered spots 1 and 2 correspond to c-Si and a-Si points probed using CBED 
(d) and EELS (e). BF-TEM (f) of region in (b) that shows nanocrystals (black arrows) inside the 
a-Si. 

Within the a-Si regions we observe nanocrystals 1-10 nm in size (Figure 4.3(f)). The 

small size of the nanocrystals makes them undetectable by SAD and their structure difficult to 

confirm, but we might expect Si-XII and Si-III to be present within the a-Si regions because both 

a-Si and the crystalline polymorphs are products of Si-II. In addition, the formation of a-Si can 

promote the nucleation of crystalline polymorphs during subsequent laser pulses, as the 

activation barrier of nucleating Si-XII from Si-II is greatly reduced at a Si-II/a-Si interface [116]. 

For these reasons, it is possible that the nanocrystals in the a-Si regions are nucleated Si-XII 

and/or Si-III.   
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In contrast to the single-crystalline structure of N2:Si and SF6:Si surface spikes, the Se:Si 

spikes are composed of Se-rich polycrystalline silicon (pc-Si) (Figure 4.4(a)). This arises from 

the use of a thin-film dopant precursor and will be discussed thoroughly in Chapter 6 and 

Chapter 7. We were not able to identify a-Si in the spike due to the strong diffraction contrast of 

this polycrystalline region, but a-Si regions can be observed in the single-crystalline base of the 

spike.  In addition, a single crystal of Si-III on the [101] zone axis was identified within the 

polycrystalline region using SAD (Figure 4.4(b)); this diffraction pattern is most easily 

identifiable by ሺ101തሻ spots corresponding to a spacing of 4.70 Å [121]. 

 

Figure 4.4. (a) BF-TEM image of Se:Si peak, showing a polycrystalline region and small 
volumes of a-Si (white arrows). (b) SAD pattern from region corresponding to dashed circle in 
(a). Spots corresponding to Si-III [101] zone axis can be identified within the Si-I polycrystalline 
pattern (grey rings), and lower order spots are identified by red circles.  

4.3.3 Silicon polymorph formation and evolution over many laser pulses   

To better understand the high-pressure phase transformations, we monitored the 

formation of silicon polymorphs in Se:Si with an increasing number of fs-laser pulses by varying 

the scan rate of the laser across the surface. SEM images of the evolution in surface morphology 

with an increasing number of laser pulses (Figure 4.5(a)) show the evolution of spikes from 

ripples over multiple laser pulses.  The corresponding Raman spectra (Figure 4.5(b)) reveal that 

the broad a-Si peak is visible after 10 pulses, though the appearance (continued on page 69)  
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Figure 4.5. (a) SEM micrographs of the Se:Si surface morphology with an increasing number of 
laser shots/area. The laser scan direction and polarization was in the horizontal direction. (b) 
Stokes Raman spectra of Se:Si irradiated with an increasing number of laser pulses, offset to 
show the individual spectra. The inset is rescaled to highlight the Raman modes corresponding to 
a-Si, Si-III, and Si-XII. The color designation is the same in both plots. (c) Bar graphs showing 
the position of the Si-XII and Si-III modes and their relative intensities after 25, 42, and 88 laser 
pulses, plotted with standard deviation. 
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of amorphous silicon is not necessarily pressure-induced because it can also form on the surface 

through melting and rapid resolidification. The Si-XII and Si-III Raman modes appear after 25 

laser pulses, in parallel with the onset of micron-scale peak formation observed in SEM images.  

No statistically significant trends in the wavenumber of the Si-XII and Si-III modes with an 

increasing amount of laser irradiation were observed (Figure 4.5(c)), but the Si-XII/Si-III ratio 

increases between 25 and 88 laser pulses, indicating that Si-XII is preferentially generated over 

Si-III in this stage of laser irradiation.  

In order to confirm the onset of pressure-induced phase transformations between 10 and 

25 shots/area, TEM investigations were used to monitor the formation of sub-surface amorphous 

silicon (Figure 4.6). After 10 shots/area (Figure 4.6(a)) the amorphous silicon detected in the 

Raman spectra is observed only on the surface, indicating that it is the result of melting and 

resolidification.  Following 25 shots/area (Figure 4.6(b)), in addition to the melting-induced 

amorphous layer on the surface, pressure-induced amorphous regions are observed beneath the 

surface. This observation confirms the onset of pressure-induced phase transformations between 

10 and 25 shots/area, which appears related to the surface texturing process.  

 

 

Figure 4.6. Cross-sectional BF-TEM images of the surface after irradiation with (a) 10 
shots/area and (b) 25 shots per area. After 10 shots/area there is an amorphous layer (white 
arrow) that formed through melting and resolidification on the surface. After 25 shots/area, 
pockets of amorphous material form beneath the melt depth (black arrow), confirming the onset 
of pressure-induced phase transformations.  
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4.3.4 Thermal Stability of Silicon Polymorphs 

 Silicon that is fs-laser doped with chalcogens exhibits strong sub-band gap absorptance 

that decreases drastically with annealing [122]. Because pressure-induced silicon polymorphs are 

also metastable and transform back to Si-I with annealing, we compare the relative rates of 

relaxation of silicon polymorphs and optically active chalcogen species to gain insight into the 

relative kinetics between these two processes. Selenium fs-laser doped silicon was annealed for 

30 minutes in nitrogen at 325°C, 450°C, 575°C, and 700°C, and the average absorptance was 

measured for each and compared to N2:Si and untreated Si (Figure 4.7(a)). We observe a 

characteristic decrease in the sub-band gap absorptance of Se:Si with annealing, from 90% prior 

to annealing to 44% after the 700°C anneal. The monotonically decreasing absorptance in N2:Si 

is due to defect states induced by irradiation [123]. 

 The evolution of the silicon polymorphs with annealing was monitored using Raman 

spectroscopy (Figure 4.7(b)). The Si-XII and Si-III modes are still visible after annealing at 

325°C, but cannot be resolved after the 450°C anneal. The 325°C anneal did not significantly 

change the position of the Si-XII mode or the Si-XII/Si-III intensity ratio, as expected from 

previous work [115]. The Si-III mode, however, is shifted to lower wavenumbers (Figure 4.7(c)), 

which suggests a relaxation of the initial compressive stress with annealing. Finally, the broad a-

Si peak at 470 cm-1 is still visible after the 575°C anneal, but disappears after the 700°C anneal.  
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Figure 4.7. (a) Absorptance spectra of Se:Si after a 30 min anneal at the indicated temperatures. 
Included for reference are spectra from a not annealed (NA) sample, the absorptance spectra of a 
sample irradiated in N2 without a dopant present and a silicon wafer. (b) Stokes Raman spectra of 
the same samples (250 – 500 cm-1). Spectra are offset to highlight the a-Si, Si-III, and Si-XII 
peaks and their evolution with annealing. (c) Bar graphs showing the position of the Si-XII and 
Si-III modes and their relative intensities with annealing, plotted with standard deviation.  
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4.4 Discussion 

4.4.1 Pressure-induced Phase Transformations 

 The variation of the Raman spectra (Figure 4.2(b)) of silicon fs-laser doped using 

different dopant precursors is not statistically significant, suggesting that the formation of silicon 

polymorphs is not directly coupled to the doping process, dopant type, or precursor phase. The 

Raman and TEM results reported in this thesis, including the extent of the phase transformations, 

Raman peak intensities, and peak positions can be largely attributed to the ultra-fast pressure 

loading and unloading that fs-laser irradiation induces. TEM investigations show that the 

transformation to a-Si is limited to 20-200 nm particles that form in close proximity to each other 

and in the center of the surface spikes. This volume reflects the material transformed to Si-II 

upon pressure loading, as Si-II cannot transform directly back to Si-I upon pressure release.  We 

propose that the transformation to Si-II is kinetically limited by the short time-scale of pressure 

loading, and that the volume of a-Si reflects the extent of nucleation and growth of Si-II that 

occurred before pressure release.  During nanoindentation investigations, slow, incremental 

loading conditions result in silicon polymorph formation over the entire volume subject to 

sufficient pressures for the Si-I Si-II transformation [124]. In this scenario, the transformation 

does not suffer from kinetic limitations, and micron-scale volumes of a-Si and Si-XII/III are 

kinetically allowed to form. In contrast, the small and kinetically-limited volumes of Si-II 

generated in fs-laser irradiated Si are an important aspect of the phase transformation process, as 

the total volume of material transformed to Si-II will influence the subsequent phase 

transformation pathways.  For example, the nucleation of Si-XII from Si-II is less probable in 

small volumes of Si-II due to the reduced number of available nucleation sites [125].   

The relative Raman intensities show that only a limited amount of crystalline high-

pressure phases form in our samples. Nanocrystals (1-10 nm) that are possibly Si-XII and Si-III 

were observed in BF-TEM images within the a-Si volumes and 1- 10 nm in size (Figure 4.3(f)). 

The crystalline polymorph Raman peak shifts, quantified in Figure 4.2(b), can be qualitatively 

translated into residual stresses based on empirical studies of the Si-XII and Si-III peak positions 

with pressure; a shift of the Si-XII peak from 350 cm-1 to 354 cm-1 and of the Si-III Peak from 

432 cm-1 to 443 cm-1 indicates that both crystalline silicon polymorphs exist under several GPa 

more compressive stress than when generated using nanoindentation [97]. This is surprising 

because a-Si, Si-XII, and Si-III formed from Si-II under several GP of pressure, and additional 
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pressure release would be expected to leave them under tensile stress. The observed residual 

stress can inform the identification of the pressure-generation mechanisms driving phase 

transformations in silicon (Chapter 5) and could have implications on the stability of the 

polymorphs (section 4.3.4). 

4.4.2 Polymorph spatial distribution and evolution with shot number: a surface-morphology 
driven effect 

The BF-TEM investigations reveal that high-pressure silicon phases form preferably in 

the core of the spikes, suggesting that the pressure-induced phase transformations are related to 

the evolution of the surface morphology over multiple laser pulses. Transformed regions of 

material have been observed previously in the cores of peaks formed by fs-laser irradiation of 

silicon [29, 126], but neither their composition nor their mechanism of formation was identified.  

In addition, we see that the initial laser pulses do not generate sufficient pressures at this fluence 

(4 kJ/m2) to drive phase transformation (Figure 4.5(b), Figure 4.6), but identical laser pulses 

during later-stage irradiation do.  The spatial distribution and delayed formation of pressure-

induced amorphous silicon thus suggest that the surface texturing process is closely related to the 

formation of pressure-induced phase transformations. As discussed in Chapter 2, the evolving 

surface morphology has a strong effect on the local fluence, influencing the local rates of melting 

and ablation even at low fluences, and resulting in a complex range of processes occurring at the 

surface.  The presence of silicon polymorphs in the core of the spikes (Figure 4.3(a,b)) and the 

absence of plastic deformation in regions between the peaks show that the peak centers achieve 

pressures higher than is experienced in the valleys. The resulting plastic deformation occurs in 

the body of the peaks which could contribute to an increased leakage current and is difficult to 

remove by surface etching.  

In addition to the trends observed with respect to surface morphology, it is worth noting 

that the phase transformations, which occur over many laser pulses, would be influenced by the 

formation of a-Si regions from Si-II during earlier laser pulses. An existing a-Si matrix greatly 

reduces the activation barrier to the nucleation of crystalline polymorphs [116] and would 

therefore favor the formation of crystalline silicon polymorphs during subsequent laser pulses; 

this would lead to the formation of nanocrystals of silicon polymorphs within the a-Si matrix, as 

observed in Figure 4.3(f).  



  72 
 

4.4.3 Polymorph relaxation and optical deactivation  

Comparing the Raman spectra of fs-laser doped silicon annealed at various temperatures 

(Figure 4.7(b)) with the sub-band gap absorptance (Figure 4.7(a)) provides insights into the 

relationship between the silicon polymorphs and optical properties, and the ability to decouple 

these through annealing. Undoped N2:Si has a very similar Raman spectra to Se:Si (Figure 

4.2(b)), but does not exhibit strong absorptance into the IR that is characteristic of the doped 

samples (Figure 4.7(a)). This is conclusive evidence that the formation of metastable polymorphs 

does not play a dominant role in increasing the IR absorptance.  In addition, Se:Si exhibits 82% 

average IR absorptance after the 450°C anneal, the point at which the high-pressure crystalline 

phases are undetectable by Raman spectroscopy. After the 700°C anneal, when the a-Si has 

recrystallized, the average IR absorptance (44%) is still much greater than N2:Si. Thus, the 

metastable phases in selenium fs-laser doped silicon can be annealed out while maintaining 

moderate IR. Such annealing treatments have been used in the past to improve the device 

performance of fs-laser doped silicon [32] and the reduction of metastable silicon polymorphs 

during annealing may be an important contributing factor.   

Changes in the Raman peak intensities can also provide insight into the transformation 

pathways through which the metastable polymorphs transform back to Si-I.  We observe 

pronounced Si-XII and Si-III peaks in Figure 4.7(b) after a 30 minute anneal at 325°C. 

Investigations of the annealing kinetics of nanoindentation-induced high pressure phases found 

that the Si-XII and Si-III Raman peaks were undetectable after less than 10 minutes of annealing 

at 300°C [115]. The increased stability of the fs-laser generated silicon polymorphs could due to 

their formation within the a-Si regions, as suggested from Figure 4.3(f), which has been shown to 

make Si-XII and S-III more thermally stable [115]. Additionally, the existence of strong residual 

stresses, as are reported, will affect the kinetics of the transformation back to Si-I. The 

crystallization of a-Si after annealing at 700°C agrees with previous investigations which show 

that formation of c-Si from a-Si requires annealing temperatures exceeding 550°C [127].  

It has been reported that Si-III transforms back to Si-I through the formation of an 

intermediate phase having the lonsdaleite (hexagonal diamond) structure, Si-IV, which has a 

Raman mode at 508 cm-1 [118]. We are unable to detect the formation Si-IV with annealing, 

though its proximity to the Si-I mode will make it difficult/impossible to detected given the 

relatively small volumes of crystalline polymorphs we are characterizing compared to those 
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generated during nanoindentation studies. Additional investigations are necessary to elucidate 

the phase transformation pathway of silicon polymorphs generated by fs-laser irradiation, as well 

as to understand the microstructural effects of the annealing process.  

4.5 Conclusions 

This study revealed several interesting insights about the relationship between fs-laser 

irradiation conditions, surface morphology, and silicon polymorph formation. First, we found 

that the phase of the dopant precursor does not directly impact the formation of high-pressure 

phases of silicon. Raman showed that small volumes of Si-XII and Si-III are generated under 

compressive stress during the rastering of fs-laser pulses across the surface, with more Si-XII 

generated than Si-III. The limited formation of a-Si, Si-XII and Si-III, and the preference for Si-

XII formation over Si-III, can be attributed to the fast pressure cycles that are generated by fs-

laser irradiation. Structural investigations showed that the formation of silicon polymorphs over 

many laser pulses is correlated with the onset of micron-scale surface texturing, and that the 

amorphous material generated in the core of the peaks is amorphous silicon generated by 

pressure-induced phase transformations. These results suggest a strong relationship between 

surface morphology and pressure-induced phase transformations, which is a valuable insight into 

the mechanisms responsible for silicon polymorph formation. In Chapter 5, we will investigate 

further the pressure generation mechanism driving the pressure-induced phase transformations 

through a systematic study of the relationship between silicon polymorph formation, laser 

irradiation conditions, and microstructure.  

 By coupling Raman investigations with absorptance measurements and post-irradiation 

annealing, we showed that the silicon polymorphs can be removed through anneals similar to 

what is used in optoelectronic device processing and confirm that the silicon polymorphs are not 

responsible for the large increase in IR-absorptance. The polymorphs are found to be more 

thermally stable than when generated by nanoindentation, which could be due to the stabilizing 

effects of the existing stress states of the polymorphs or the formation of crystalline polymorphs 

in an a-Si matrix.  An important next step in this investigation is to understand the effect of 

annealing-out the silicon polymorphs on the resulting microstructure. The decay in absorptance 

of selenium-hyperdoped silicon will be investigated in greater detail in Chapter 6.  
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fluence [68], and thus the local fluence increases arising from self-focusing on a textured surface 

would also increase the local thermoelastic pressure generation.  Finally, resolidification-induced 

stresses arise from the frustrated expansion of molten silicon upon resolidification on a textured 

surface.   

 To understand the pressure generation mechanisms driving plastic deformation, we can 

refer to extensive nanoindentation investigations into pressure induced phase transformations in 

silicon (see section 4.1).  The formation of Si-XII and Si-I depends strongly on both the rate of 

pressure unloading [124] and the surrounding temperature [107]. The formation of Si-XII/III 

during nanoindention experiments can be suppressed at pressure release rates on the order of 

microseconds [111], many orders of magnitude slower than most processes affiliated with fs-

laser irradiation. The timescale of recoil shock waves and of thermoelastic pressure cycles are on 

the order of picoseconds, and thus would be expected to inhibit the formation of Si-XII/III [52, 

69]. The intensity of recoil shock waves arising from ionic plasma formation decays so rapidly 

that the pressure waves have been shown capable of quenching Si-II, kinetically inhibiting even 

the formation of amorphous silicon upon pressure release [75]. The resolidification of molten 

silicon on a roughened surface during laser irradiation generates residual stresses in silicon in the 

GPa range [70, 93]. Based on the existence of large residual stresses, we can infer that pressure 

relaxation is frustrated and that the transient pressures may decay sufficiently slow to allow for 

the nucleation of Si-XII.   

 In this investigation we methodically investigate the relationship between irradiation 

conditions, surface morphology, and phase transformations in order to identify the dominant 

pressure generation mechanisms responsible for plastic deformation during surface texturing. In 

the context of this investigation, the sensitivity of Si-XII and Si-III formation to the surrounding 

environment enables a refined understanding of the conditions at the surface during fs-laser 

irradiation.  

5.2 Experimental 

 Understanding the fundamental laser-material interactions that lead to the nucleation of 

Si-XII and Si-III requires that the irradiation conditions are carefully controlled. In order to 

improve our understanding of fs-laser conditions generated at the surface, we compare surfaces 

textured via laser rastering with laser spots prepared by stationary irradiation. In this 
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investigation, silicon (100) wafers were irradiated with Ti:sapphire fs-laser pulses (λ = 800 nm, τ 

=  80 fs, 25 Hz) in 500 Torr N2 ambient without any dopant present. The additional irradiation 

conditions (fluence, pulse number, rastering details) are reported below.  

 Raman spectroscopy is used to detect the presence of high-pressure silicon phases by 

monitoring the appearance of the most pronounced Si-XII (354 cm-1) and Si-III (432 cm-1) 

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. As resolidification-

induced stresses are central to this investigation, we probe the residual stress in the polymorphs 

and in the silicon lattice by monitoring the position of the Si-I (520 cm-1), Si-III mode (432 cm-1) 

and Si-XII mode (354 cm-1) (see section 3.2.2). In order to clarify the conditions favoring Si-

XII/III formation, the spatial distribution of silicon polymorphs is mapped across stationary laser 

spots.  Raman line scans were collected with a 5 um step size in a direction perpendicular to the 

direction of laser polarization and laser rastering. Data from the line scans is spatially binned into 

50 μm groups in order to clearly illustrate spatial trends across the laser spot, and are plotted with 

standard error in order to reflect the uncertainty in the measured average.   

 The surface morphology was imaged using the InLens detector of a Zeiss Field Ultra55 

Field Emission SEM (FESEM) operating at 5 kV. Cross-sectional TEM samples were prepared 

from the center of select laser spots using the lift-out method on a FEI Helios 600 dual-beam 

focused ion beam (FIB). Bright-field (BF) TEM micrographs and selected area diffraction 

patterns were collected with a JEOL 2011 TEM operated at 200 kV.   

5.3 Results 

5.3.1 Rastering vs. stationary laser spots  

 Rastering the laser beam across the surface complicates significantly the irradiation 

conditions at the surface (Figure 3.2). A systematic investigation of the relationship between 

irradiation conditions and pressure-induced phase transformations requires that we use stationary 

laser shots, so that the exact pulse number and fluence can be controlled. We therefore begin this 

investigation by understanding the relationship between polymorph formation and laser-beam 

rastering. Using a Gaussian laser beam with a peak fluence of 4 kJ/m2, we characterize the 

pressure-induced phase transformations on 3 distinct surfaces: (1) a surface that received an 88 
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shot/area raster; (2) on a line formed by translating the stage in a line under the same conditions 

as used in (1); and (3) a spot that received 88 pulses from a stationary laser beam.  

 Figure 5.1(a) shows the average intensities of the SI-XII and Si-III modes on a rastered 

surface that received 88 s/A.  Micron-scale surface roughness has developed (Figure 5.1(a) inset) 

that is characteristic of silicon irradiated with fs-laser irradiation under these conditions. The Si-

XII/Si-III ratio across the rastered surface is 2.5 ± 0.5, comparable to the rastered samples 

investigated in section 4.2.  For visual reference, Figure 5.1(b) shows a Raman spectrum from 

the rastered surface with representative Si-XII and Si-III peak intensities. 

 

Figure 5.1 (a) The average intensity and standard error of the Si-III (blue) and Si-XII (red) 
Raman peaks from 20 spectra collected from surface that received 88 shots/area with a 4 kJ/m2 
Gaussian laser spot; surface morphology shown in inset and representative Raman spectrum 
shown in (b), with peak intensities provided.  
 
 To understand the process that leads to silicon polymorph formation, the fs-laser was 

translated in a straight line under conditions identical to what was used on the rastered surface 

above (this condition is illustrated by the blue squares in Figure 3.2).  

Figure 5.2(a) shows the Si-XII and Si-III peak intensities as a function of distance across the 

irradiated line. The difference in surface morphology will influence the intensity of the Raman 

spectra; we might expect rougher surfaces to decrease the peak intensity through increased 

scattering. However, the peak intensities across the line scan (which is less textured than the 

rastered surface) is a factor of 4-5 less than what is observed on the rastered surface. The 

decreased intensity and reduced surface texturing ( 
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Figure 5.2(a)) is likely related to the reduced number of laser pulses received compared to the 

rastered surface; the center of the line scan (continued on page 82)  

 

 
 
Figure 5.2. (a) The average intensity and standard error of the Si-III (blue) and Si-XII (red) 
Raman peaks measured across a 1-D line scan that received 11 shots/area at peak fluence of 4 
kJ/m2.  Data represents average of 5 Raman line scans perpendicular to the direction of laser 
motion (white dashed line, left inset). The right inset shows the surface morphology in the center 
of the spot following irradiation, and a representative Raman spectrum from the center of the 
laser-affected stripe is shown in (b). (c) The average intensity and standard error of the Si-III 
(blue) and Si-XII (red) Raman peaks measured across a spot that received 88 pulses from a 
stationary Gaussian laser beam at peak fluence of 4 kJ/m2.  Data represents line scans across 5 
different laser spots in the direction perpendicular to laser polarization (white dashed line, left 
inset). The surface morphology from the center of the peak is shown in the right inset. (d) A 
representative Raman spectrum from the outer rim of the stationary laser spot, which shows 
barely detectable amounts of Si-XII. 
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received just 11 pulses above 2 kJ/m2 (compared to the 88 shots above 2 kJ/m2 received by the 

rastered surface). 

 Finally, the crystalline silicon polymorph distribution in a stationary laser spot was 

investigated.  

Figure 5.2(c) shows a map of the Si-XII/III intensities across a laser spot that received 88 pulses 

at a fluence of 4 kJ/m2.  Compared with the line scan or the rastered surface, this laser spot has 

received a significantly higher cumulative dosage, which is reflected in the size of the surface 

peaks in the inset of  

Figure 5.2(c) compared with the rastered surface (Figure 5.1(a), inset). The overall intensity of 

the silicon polymorph modes, however, has decreased dramatically compared to both the line 

scan and the areal raster. In the peak fitting procedure used, a peak intensity of 1500 or lower is 

below the noise level; the average values in the center of the peak are well below this limit. 

Small volumes of Si-XII  (peak intensities of ~2000 a.u., compared to >20,000 a.u. in the 

rastered surface) can be detected 200-300 μm away from the center of the laser beam. This 

significant difference in intensity could provide insights into the pressure-generation 

mechanisms. The slight differences in surface morphology will influence the Si-XII peak 

intensities of the rastered surface and the 4.0 kJ/m2 stationary spot, but not likely by an order of 

magnitude. Interestingly, Si-III cannot be detected above the noise limit (1500 a.u.) in the 

stationary laser spot. 

 In order to understand the influence that laser motion has on the resulting stress states, the 

residual stress in both the Si-I matrix and the Si-XII polymorphs is investigated by monitoring 

their respective mode positions in the Raman spectra (Figure 5.3). The surface irradiated with a 

stationary laser spot exhibits a shift of the Si-I mode to 0.75 cm-1 lower than 520 cm-1, which can 

be qualitatively interpreted as a residual tensile stress of 0.5 GPa. The rastered surface exhibits 

less tensile stress than the stationary spot; the Si-I peak is shifted to 519.7 correlating to ~0.2 

GPa residual tensile stress. Interestingly, the fs-laser line scan shows the opposite trend and is 

shifted above 520 cm-1 by 0.2 cm-1. This suggests that the surface is under a slight residual 

compressive stress (~0.1 GPa).  

 The Si-XII mode is shifted to wave numbers higher than theoretically predicted [129] and 

observed in nanoindentation studies (350 cm-1) [96]  under all irradiation conditions, indicating 

compressive residual stresses. The relative magnitudes indicate that Si-XII is under more 
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residual compressive stress in the stationary spot than the rastered surface. Shifts in Si-XII peak 

positions in this regime are difficult to quantify beyond that the stresses are on the order of 

several GPa [97], so we base our analysis on the relative shifts as related to laser irradiation 

conditions.  

 These investigations show that the amount of crystalline silicon polymorphs and residual 

stresses generated within the material are strongly influenced by the laser rastering conditions. 

The relationship between surface morphology and silicon polymorph formation is more complex 

than initial studies suggested: we detect no Si-XII formation in the center of the 4 kJ/m2 

stationary laser spot, which exhibits micron-scale surface texturing, and detect strong Si-XII 

formation in the fs-laser line scan, which exhibits much less texturing.  

 

Figure 5.3. (a) The average position of the Si-I LO/TO peak in the rastered surface, across the 
fs-laser line scan, and mapped across the stationary laser spot, shown with standard error and 
indicated in the legend. The reference position of this peak is 520 cm-1 (dashed grey line). The 
Raman maps across the fs-laser line scan and the stationary spot don’t extend sufficiently beyond 
the laser irradiated region to show the completely relaxed silicon peak position, but reference 
spectra were used to calibrate all Raman signals. (b) The average peak position of the Si-XII 
peak for all three samples plotted with standard error. Only peaks with intensities above the noise 
(1500) are used to determine average position.  

 The residual compressive stress detected in the Si-XII polymorphs supports that the 

crystalline polymorphs are forming due to resolidification-induced stresses. It is generally 

accepted that the residual stress in the lattice is a product of melting and resolidification on the 

surface [70, 93], and therefore the formation of crystalline polymorphs under compressive 

residual stress indicates that polymorph formation and resolidification-induced stresses may be 

related. The trends in the residual stress detected in the Si-I lattice are more complicated, and 
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will be elucidated through a combination of Raman and TEM investigations in the following 

sections.  

 

Figure 5.4. SEM images of (a) laser spots following 88 pulses at the fluence indicated (2.0 – 3.6 
kJ/m2) and (b) the surface morphology in the center of each laser spot. (c) Graphical 
representation of the irradiation conditions used, presented in a Fluence-Shot number plot for 
comparison with Figure 3.2(b). For each irradiation condition, Raman line scans were taken 
across 5 distinct laser spots perpendicular to the direction of laser polarization (vertically). The 
average peak intensities and standard error is plotted for Si-XII (d) and Si-III (e). The Si-III peak 
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intensities are below the noise limit (~1500) for all samples. Increases in the Si-III signal up to 
~1000 a.u. are artifacts due to amorphous silicon around the edge of the spot.  

5.3.2 Fluence dependence of Si-XII/III nucleation 

 Covering a large area with fs-laser irradiation by translating (rastering) the sample under 

a pulsed laser beam exposes each point on the surface to a wide range of fluences (Figure 3.2).   

We showed in the previous section that holding the sample stationary produces an order of 

magnitude less Si-XII than when the laser is rastered with an identical fluence profile, and the Si-

XII forms preferentially in a ring 200-300 μm away from the center of the stationary spot.  In 

order to gain insight into the reduced intensity of Si-XII and the spatial distribution, different 

stationary spots were irradiated with 88 fs-laser pulses of constant fluence, ranging from 4.0  

kJ/m2  to < 2.0 kJ/m2 (Figure 5.4). 

 Figure 5.4(a) shows SEM images of the laser spots irradiated with 88 pulses with peak 

fluences of 3.6, 3.2, 2.8, 2.4, and 2.0 kJ/m2 respectively. At fluences of 1.6 kJ/m2 or lower, there 

was no detectable change in the surface after 88 laser pulses.  Although the spot size of the laser 

is the same for all irradiation conditions, the diameter of the affected region decreases with 

decreasing peak fluence (Figure 5.4) due to the Guassian decrease in laser fluence dropping 

below the 88-pulse silicon modification threshold (between 1.6 – 2.0 kJ/m2) (see section 2.2.1). 

Figure 5.4(b) shows SEM images of the surface morphology in the center of the laser spot. As 

the fluence decreases, the micron-scale surface texturing decreases in size, consistent with 

previous studies [5].  

 Figure 5.4(c) shows a fluence-pulse number plot illustrating the irradiation conditions 

that each sample received, and these can be graphically compared with the fluence-pulse number 

plot in Figure 3.2(b) describing the conditions on the surface during laser rastering. Decreasing 

the laser fluence from 4 kJ/m2 to 3.6 kJ/m2 results in a decreased area in the center of the spot 

showing suppressed Si-XII formation, and further decreasing the peak fluence to 3.2 kJ/m2 

eliminates the central region of suppressed Si-XII nucleation. The peak intensity of the Si-XII 

mode, however, remains an order of magnitude less than observed in the rastered surface.  

 The lack of Si-XII detection in the center of the 4.0 kJ/m2 and 3.6 kJ/m2 laser spots 

suggest that the formation of Si-XII is suppressed at sufficiently high fluences, though we cannot 

discount the effect of surface morphology on this trend. In the 4.0 kJ/m2 laser spot, the Si-XII 

peak intensity map (Figure 5.5(a)) clearly illustrates that the Si-XII signal is suppressed in the 
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center of the irradiated region, and that the Si-XII signal shows up in regions that received 

fluences greater than ~3.2 kJ/m2, forming a ring that extends out to a distance that received 

roughly 1.6 kJ/m2. In contrast, the 2D map of the 3.2 kJ/m2 laser spot (Figure 5.5(b)) confirms 

that there is no strong Si-XII suppression in the middle of the peak. The region of detectable Si-

XII in this case extends out to a fluence of roughly 1.85 kJ/m2; a threshold similar to what we 

observed for the 4.0 kJ/m2 laser spot.   

 This study revealed a couple of important insights: First, the intensity of the Si-XII peak 

remains an order of magnitude less than was observed on the rastered surface, regardless of 

fluence used. Second, the formation of Si-XII  appears relatively insensitive to fluence within the 

range in which they are detectable (1.8 – 3.2 kJ/m2).  

 

Figure 5.5. SEM images of laser spots irradiated with 88 fs-laser pulses with a peak fluence of 
(a) 4.0 kJ/m2 and (b) 3.2 kJ/m2. Raman spectra were collected across the area of each laser spot 
and the intensity of the Si-XII peak is plotted for the (c) 4.0 kJ/m2 and (d) 3.2 kJ/m2 spots. 
Dashed lines indicate approximate fluence thresholds for the activation and suppression of Si-XII 
formation.  
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 To characterize the residual strain in the laser-textured surface, the peak shifts of the Si-I 

LO/TO Raman mode are plotted in Figure 5.6(a).  The centers of the stationary laser spots have 

comparable Si-I peak shifts, indicating that varying the fluence between 2.0 kJ/m2 – 4.0 kJ/m2 

does not strongly affect the residual lattice strain. The average position in the center of the 

stationary laser spots is about 0.75 cm-1 lower than the equilibrium condition, corresponding to 

~0.5 GPa of residual tensile stress. Unlike the Si-XII mode, the residual stress in the Si-I mode is 

not reduced in the center of the high fluence peaks (4.0 kJ/m2, 3.6 kJ/m2).  The position of the Si-

XII peak is around 356-357 cm-1 for all fluences (Figure 5.6(b)), consistently 1 cm-1 higher 

(under more compressive stress) than observed in the rastered surface.  

 The relationships observed here between laser fluence and silicon polymorph formation 

are consistent with resolidification-driven pressure generation. We observe compressive residual 

strain in the Si-XII polymorphs, which would be expected if resolidification, which is known to 

cause large residual stresses, was also driving the pressure-induced phase transformations. 

Before discussing the fluence dependence (or lack thereof), we should note that a rigorous 

discussion of the effect of laser fluence is difficult because the self-focusing effects of the 

roughened surface create local regions of increased fluence between the peaks. Therefore, it is 

possible to qualitatively comment on the effect of fluence but not appropriate to discuss precise 

thresholds.   

 

Figure 5.6. (a) The average position of the Si-I LO/TO peak, extracted from the same Raman 
spectra used to generate Figure 5.3(d,e), with standard error included. The reference position of 
this peak is 520 cm-1 (dashed grey line). (b) The average peak position of the Si-XII peak 
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(plotted with standard error) shows no strong trends with fluence. Only peaks with intensities 
above the noise (1500 a.u.) are used to determine average position. 

 Our investigations have shown that between ~1.8 kJ/m2 and ~3.2 kJ/m2 there is not  

strong fluence dependence reflected in the amount of Si-XII generated, the residual compressive 

strain of the Si-XII, or the residual tensile strain detected in the Si-I lattice. This finding does not 

align with the trends expected in thermoelastic pressure waves or recoil shock waves; both 

increase with fluence [52] and this would be expected to produce an increasing volume of silicon 

polymorphs. One mechanism stands out as a candidate for producing such a trend: melting and 

resolidification on the surface occurring in parallel with ablation. The surface texturing indicates 

nontrivial material ablation at fluences greater than 1.8 - 2.0 kJ/m2. The single-shot ablation 

threshold is around 3 kJ/m2, but due to incubation effects (section 2.2.1) there is roughly a factor 

of 2 decrease in surface modification thresholds after 88 laser pulses.  During material ablation 

some of the deposited energy is dissipated through ablation/evaporation. The remaining energy 

deposited on the surface leads to melting and resolidification [130], but the amount of 

amorphous silicon generated during fs-laser irradiation above the ablation threshold is less 

sensitive to fluence than melting below the ablation threshold [131]. The insensitivity towards 

fluence of both Si-XII formation and the residual strains when irradiated between 1.8 kJ/m2 and 

3.2 kJ/m2, therefore, agrees well with what might be expected from stresses induced by 

resolidification in a regime in which melting following ablation was the predominant event.  

 Inherent in the previous discussion is that these investigations also identified an upper-

and lower-fluence bound the formation of Si-XII. The low-fluence threshold for the formation of 

Si-XII (~1.8 - 2.0 kJ/m2) correlates well with observed surface texturing. Varying the peak 

fluence in 0.4 kJ/m2 increments showed that silicon modification and Si-XII formation both 

ceased at 1.6 kJ/m2. Similarly, in our radial investigation of the fluence dependence (Figure 

5.5(c,d)) the Si-XII signal drops off at a distance very close to the limit of observed surface 

texturing (Figure 5.5(a,b)).  Understanding the high-fluence limit is a little more complicated. At 

fluences above 3.2 kJ/m2 the formation of Si-XII becomes suppressed, though the residual lattice 

strain in the substrate is still strongly tensile. In order to understand this behavior we must 

consider both the temperature dependence of plastic deformation in silicon and the possible 

effects of surface morphology on Si-XII detection, which will be discussed in section 5.4.4.  
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 Though the fluence investigations yielded several interesting insights, they leave many 

open questions about the formation of Si-XII and Si-III.  Most importantly, across all fluences 

the concentration of Si-XII in the stationary shots is an order of magnitude lower than what is 

observed on the rastered surface, and there is no Si-III detected in any of the stationary laser 

spots.  Referring back to Figure 3.2, it is clear that laser rastering results not only in irradiation 

with different fluences (as replicated here), but irradiation with a range of fluences on the same 

laser spot. The fluence dependence identified in this section is not sufficient to account for the 

amount of Si-XII and Si-III that forms during laser rastering, and we explore the effects of 

fluence modulation in the following section.  

5.3.3 Effect of fluence modulation 

 Investigations into the relationship between laser irradiation conditions and pressure-

induced plastic deformation, namely the formation of Si-XII, have shown that the act of rastering 

the laser beam across the surface drastically enhances the formation of crystalline silicon 

polymorphs compared to stationary-beam irradiation with constant fluence, regardless of the 

fluence used. The rastering of a Gaussian fs-laser beam (Figure 3.2(b)) delivers a range of 

fluences onto the same area, where our investigations into the irradiation under constant fluence 

did not capture this effect (Figure 5.4(c)). In this section we investigate the effect of fluence 

modulation on the formation of Si-XII and Si-III by preparing stationary spots that received a 

combination of the fluences used in section 5.3.2, mimicking the irradiation dose received during 

laser rastering.  

Fluence (kJ/m2) Pulse Number Sample

4 5 FM1 

3.6 8 FM2 

3.2 12 FM3 

2.8 12 FM4 

2.4 20 

2 12 

1.6 20 FM5 

Table 5.1. Irradiation conditions used to prepare the series of fluence modulated samples 
investigated. Each sample began with 5 pulses of 4 kJ/m2, and then received irradiation in the 
order it is listed down to the row of the sample name, as illustrated in Figure 5.7(c).  
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 Table 5.1 gives the irradiation conditions of the 5 laser spots investigated. Sample FM5 

has received the full range of fluences in proportions that imitate the total dosage received by a 

single point on a rastered surface, thought it does not capture the oscillations in fluence. Samples 

FM1 – FM4 received only a portion of the fluence series, allowing us to understand the effect of 

each stage of irradiation on the formation of crystalline silicon polymorphs. Figure 5.7(c) 

illustrates these irradiation conditions on a fluence-pulse number plot, to allow visual 

comparison of the irradiation conditions with those of rastering (Figure 3.2).  

 Figure 5.7(a) shows SEM images of the evolving spot size with each stage of additional 

irradiation and Figure 5.7(b) shows the evolution of the surface morphology in the center of the 

laser spot. There is no noticeable difference in surface morphology between FM4 and FM5, 

indicating that the 1.6 - 2.4 kJ/m2 dosages do not play a large role in surface structuring. The 

surface morphology of both FM4 and FM5 is very similar to the surface morphology of the 

rastered surface (Figure 5.7(a)), confirming that surface texturing is driven by high-fluence 

irradiation (2.8 – 4 kJ/m2).  

 Figure 5.7(d) and (e) show Raman maps across each laser spot of the Si-XII and Si-III 

peak intensities, respectively. There is no detectable Si-XII signal in FM1, FM2, or FM3, which 

correspond to the first 25 laser pulses and cover the fluence range from 4.0 – 3.2 kJ/m2.  

Irradiation with 12 subsequent pulses at 2.8 kJ/m2 (FM4) causes an increase of the Si-XII signal 

to just above the noise limit (~1500 a.u.).  Similar to the constant fluence studies, there is no Si-

III signal detected in FM1 - FM4 (Figure 5.7(e)).  

 In the final stage of low-fluence irradiation (FM5), after 20 pulses at 2.4 kJ/m2, 12 at 2 

kJ/m2, and 20 at 1.6 kJ/m2, we observe an increase in the intensity of the Si-XII and Si-III signals 

to levels 4-times higher than achieved by irradiation with any fixed fluence (discussed in section 

5.3.2). Although the fluence profile on a rastered surface (Figure 3.2(b)) is much more 

complicated than the fluence-modulated simulation (Figure 5.7(c)), our crude approximation 

demonstrates the capability of fluence modulation during laser rastering to drive the nucleation 

of Si-XII.  The decrease of the Si-XII intensity in the center of FM5 is reminiscent of what was 

observed following constant fluence irradiation with 4.0 kJ/m2, though the reason behind its 

appearance is unclear.  The Si-III signal grows to barely above the noise levels only after the 

low-fluence irradiation, which is the first time in a stationary spot (FM5) we observe a detectable 
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Si-III (Figure 5.7(e)). FM5 exhibits a Si-XII/III ratio of 4.5±2.1, higher than observed on the 

rastered surface, indicating a stronger preference for Si-XII formation (discussed in 5.4.3).  

 

Figure 5.7. (a) SEM images of laser spots following irradiation under the conditions reported in 
Table 5.1. (b) SEM images showing the surface morphology in the center of each laser spot. (c) 
Representation of the irradiation conditions used presented in a fluence-shot number plot for 
comparison with Fig. 4.3.1(b). To monitor the spatial distribution of the crystalline polymorphs, 
3 Raman line scans were taken across each laser spot perpendicular to the direction of laser 
polarization (vertically) and the average peak intensities and standard error of Si-XII is plotted in 
(d) and Si-III is plotted in (e). The standard error is negligibly small because the line scans reflect 
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averaging 3 line scans across the same spot, whereas previous line scans were averaged across 
multiple distinct laser spots.  
 Next, the effect of fluence modulation on residual strain is investigated by characterizing 

shifts in the Si-XII and Si-I Raman modes (Figure 5.8).  Although FM4 and FM5 do not show 

drastic differences in surface morphology (Figure 5.7(a)), the low fluence irradiation drives a 

large increase in Si-XII formation.  This trend is mirrored in the tensile stress experienced in the 

silicon lattice; FM5 exhibits a significantly larger peak shift than FM4 (Figure 5.8(a)). The 

largest shift of the Si-I mode in FM5 is ~0.9 cm-1, corresponding to 0.58 GPa of residual tensile 

stress. The Si-XII mode of FM5 is shifted to 357.8 cm-1, again noticeably higher than was 

observed in the stationary 4.0 kJ/m2 spot or the rastered surface (Figure 5.8(b)), indicating that 

the crystalline polymorphs are under considerable compressive stress.  

 

Figure 5.8. (a) The average position of the Si-I LO/TO peak, extracted from the same Raman 
spectra used to generate Fig. 4.3.5. (d,e), plotted with standard error. The reference position of 
this peak is 520 cm-1 (dashed grey line). (b) The average peak position of the Si-XII peak plotted 
with standard error for FM5, compared with the Si-XII peak position for the stationary 4.0 kJ/m2 

laser spot and the areal raster. Only peaks with intensities above the noise (1500 a.u.) are used to 
determine average position. 
 

 From the drastic effects following the irradiation of a textured surface (FM4) with a 

series of low-fluence laser pulses (FM5) it can be concluded that fluence modulation is 

responsible for the strong silicon polymorph generation on a rastered surface. We observe a 

strong increase in the Si-XII signal, a factor of 4 higher than any constant-fluence stationary 

spot, as well as the appearance of Si-III, in FM5. The important role of low-fluence irradiation 

supports the hypothesis that the formation of Si-XII is driven by melting and resolidification-
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induced stresses, as sufficiently low fluences favor melting over ablation. The difference in Si-

XII and Si-III peak intensities between FM5 (Figure 5.7) and the rastered surface (Figure 5.1(a)) 

can be attributed to the quantity of low fluence irradiation received. The 88 shots/area rastered 

surface contains almost 3 times more Si-XII than FM5. FM5 was irradiated with 20 pulses at 1.6 

kJ/m2 and 12 at 2.0 kJ/m2, whereas the rastered surface received ~124 pulses between 1-2 kJ/m2. 

The difference in the amount of low-fluence irradiation can also explain the trends in residual 

lattice strain and the Si-XII/III ratio. These effects will be discussed in section 5.4.3.   

 This investigation into the effects of fluence modulation on Si-XII formation illustrates 

the significance of low-fluence irradiation of textured surfaces on polymorph formation, 

supporting the hypothesis that silicon polymorph formation is driven by resolidification-induced 

stresses. Our Raman investigations are capable of detecting Si-XII and Si-III and measuring 

lattice strain, but do not provide detailed information on the relationship between fluence 

modulation, resolidification induced stresses, and the resulting microstructure. In order to further 

elucidate the effects of fluence modulation on plastic deformation, we use TEM to understand 

the microstructural differences between FM4, FM5, and the 88 s/A areal raster.    

5.3.4 Microstructure of Rastered vs. Fluence-modulated Surfaces 

 The Raman-based investigations in sections 5.3.2 and 5.3.3  support our hypothesis that 

resolidification-induced stresses drive polymorph formation during fs-laser surface texturing, but 

cannot speak to the role of resolidification-induced stresses on other forms of plastic deformation 

(e.g. pressure-induced a-Si, dislocations, staking faults). In this section we use TEM to clarify 

the effect of low-fluence irradiation on the resulting microstructure and the relationship between 

resolidification-induced stresses and plastic deformation. We investigate the surface structure of 

FM4 (Figure 5.9(a)), FM5 (Figure 5.9(b)), and a rastered surface that received 88 shots/area in 

N2 (Figure 5.9(c)) using TEM to complement the previous investigations into the relationship 

between irradiation conditions, melting and resolidification, surface morphology, and plastic 

deformation. Specifically, TEM allows us to understand the melting and resolidification that 

occurs at the surface and the spatial distribution of pressure-generated plastic deformation 

(amorphous silicon, dislocations, and stacking faults).  
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Figure 5.9. Cross-sectional BF-TEM showing the microstructure of the (a) FM4 and (b) FM5 
laser spots. Black arrow in (b) indicates crystallization on the surface. These samples were 
prepared using FIB and have a protective layer of Pt deposited on the surface. (c)  BF-TEM of 
the 88 shot/area rastered surface, showing distribution of amorphous silicon pockets (white 
arrows) with respect to surface morphology. This sample was prepared by polishing and is 
covered in electron-transparent glue.  (d) Higher-magnification image of bump indicated in (a) 
(dashed line), which contains stacking faults and dislocations near the surface (black arrows) and 
amorphous pockets in the core of the peak (white arrow). (e,f) BF-TEM and DDF-TEM of 
region indicated in (b), respectively. BF-TEM shows considerable strain contrast within the 
surface peak and the DDF-TEM image highlights nanocrystals that have formed below the melt 
depth.  
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 Measuring the depth of the resolidified surface layers, which is discernible from the TEM 

micrographs, provides insights into the extent of melting and resolidification on the surface and 

its relationship with the amount of low-fluence irradiation delivered. We find that the average 

thickness of the laser melt depth in FM4 is ~50 ± 20 nm and in FM5 it increases to ~70 ± 30 nm, 

indicating that the additional irradiation increased the amount of amorphous silicon on the 

surface. We report only approximate values to reflect the uncertainty in these measurements. The 

observation that additional low-fluence irradiation increases the extent of resolidification on the 

surface, which in turn increases the residual lattice strain as well as the concentration of 

crystalline silicon polymorphs, is further evidence supporting that resolidification-driven stresses 

drive the formation of crystalline silicon polymorphs. 

 In contrast to the stationary-spot samples, the rastered sample (Figure 5.9(c)) has a 

crystalline resolidified layer across the surface that is 300 ± 100 nm thick, though the thickness 

in some regions is difficult to discern due to contrast from pressure-induced a-Si. The only areas 

without a substantial recrystallized layer are the valleys forming due to increased local rates of 

ablation (the amorphous layer in the valleys was not included in the thickness measurement). 

The differences in microstructure between the rastered surface and FM5 can be attributed to the 

amount of low-fluence irradiation that the rastered surface receives compared to FM5. FM5 was 

irradiated with 20 pulses at 1.6 kJ/m2 and 12 at 2.0 kJ/m2, versus the rastered surface that 

receives ~124 pulses between 1-2 kJ/m2.  The evidence for resolidification-driven plastic 

deformation is clear: The increased amount of low-fluence irradiation leads to a deeper 

cumulative melt depth, which is correlated with a significant increase in the amount of Si-XII 

generated. This discussion will be continued in section 5.4.1. 

 The spatial distribution of the plastic deformation adds additional insights into the 

discussion of the pressure generation mechanisms responsible for plastic deformation. Consistent 

with investigations in section 4.2, both FM4 and FM5 show signs of plastic deformation below 

the melt depth and it is restricted to within the surface peaks. Amorphous pockets of material 

have formed in the core of the surface peak in FM4 and closer to the surface both stacking faults 

and dislocations were identified (Figure 5.9(d)). Regions of amorphous silicon are also present in 

the surface peak in FM5 (Figure 5.9(e)), though they are difficult to resolve due to the strain 

contrast in this region. The amorphous pockets are more visible in the DDF-TEM image of this 

region (Figure 5.9(f)), which also reveals nanocrystals present predominantly in the amorphous 
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pockets. Similar to the discussion in section 4.3.2., we cannot confirm the crystal structure of 

these nanocrystals but their small relative volume and distribution within the a-Si pockets 

suggest that they are crystalline silicon polymorphs  

 The TEM image of the 88 shot/area rastered surface (Figure 5.9(c)) shows several valleys 

that have formed through localized ablation arising from self-focusing effects. These features 

show no direct relation to the formation of amorphous silicon or any other form of plastic 

deformation, which supports that ablation does not play a key role in plastic deformation under 

these conditions.  On the other hand, the regions in which pressure-induced amorphous silicon 

forms  is strongly correlated with resolidification on convex portions of the surface. Much of this 

investigation has focused on the conditions that favor Si-XII formation and the thresholds 

discussed are specific to Si-XII nucleation, but the spatial distribution of amorphous silicon 

suggests that resolidification-induced pressures are also responsible for the formation of a-Si 

pockets.  

5.4 Discussion  

 We began this investigation into pressure-generation mechanisms with the observation 

that Si-XII nucleation can be quenched in nanoindentation studies by pressure unloading at rates 

7 orders of magnitude slower [111] than the pressure unloading rates expected in recoil shock 

wave or thermoelastic pressure cycles (see Chapter 2). Based on this observation, we 

hypothesized that resolidification-induced stresses could be responsible for the formation of Si-

XII and possibly additional plastic deformation.  

 We investigated the relationship between irradiation conditions and Si-XII formation in 

order to (1) confirm the dominant pressure generation mechanisms driving plastic deformation 

during surface texturing and (2) improve our understanding of the conditions at the surface 

during fs-laser irradiation. We will begin our discussion by summarizing and expounding upon 

the Raman and TEM results presented in this chapter, which consistently support the hypothesis 

that resolidification-induced stresses drive plastic deformation (5.4.1). Next, we use our 

understanding of the resulting microstructure and the temperature dependence of plastic 

deformation in silicon to comment on the effects of local heating (5.4.2). Then, several 

anomalous trends in the Raman data are identified as consequences of low-fluence laser 
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annealing which occurs during laser rastering (5.4.3). Finally, we discuss the high-fluence 

threshold for Si-XII formation (5.4.4). 

5.4.1 Resolidification-induced stresses and the nucleation of Si-XII  

 In our investigation into the relationship between pressure-induced phase transformations 

and irradiation conditions we found that the formation of Si-XII/III is enhanced by the rastering 

of a Gaussian fs-laser beam across the surface. In order to identify the mechanisms associated 

with rastering that favor Si-XII/III formation, we explored the fluence dependence using 

stationary laser spots and found that irradiation with constant fluence produces Si-XII at levels 

an order of magnitude lower than the levels achieved through laser rastering. The lower-fluence 

threshold for Si-XII formation was well aligned with the threshold for surface texturing (>1.8 

kJ/m2, 88 pulses), which speaks to the importance of surface texturing for generating 

resolidification-induced stresses.  The amount of Si-XII formed was independent of fluence 

between 2.0 – 3.2 kJ/m2, which agrees with the fluence dependence expected for melting 

occurring concurrently with ablation. Due to the low amounts of Si-XII detected in any 

stationary spots, we concluded that there must be additional effects at play during laser rastering 

that favor the formation of crystalline silicon polymorphs.  

  Next, we investigated the formation of Si-XII/III in a stationary laser spot with varied 

fluence, beginning at 4 kJ/m2 and decreasing to 1.6 kJ/m2 in proportions similar to what was is 

delivered by laser rastering.  We found that a surface textured by high fluence irradiation (4.0 – 

2.8 kJ/m2), when subsequently irradiated with low fluence irradiation (2.4 – 1.6 kJ/m2) resulted 

in a 4-fold increase in Si-XII formation over samples irradiated with the same number of pulses 

at a fixed fluence.  This sample also showed signs of Si-III formation, which will be discussed in 

section 5.4.3.  TEM investigations confirmed that the low fluence irradiation increases the 

thickness of the resolidified layer on the surface (FM4 vs. FM5, Figure 5.9(a,b)). Irradiation with 

fluences sufficient only to melt the surface can lead to an increasing melt depth with repeated 

irradiation due to the lower latent heat of melting of amorphous silicon compared to crystalline 

silicon [132]. Less energy is required to melt a layer of silicon that is already amorphous, and 

this will result in a slight increase in the amount of material that melts on the surface with 

repeated irradiation below the ablation threshold.   Finally, TEM also revealed that the spatial 

distribution of amorphous silicon pockets, which are formed by pressure-induced phase 
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transformations, is closely coupled with resolidification on textured surfaces. The correlation 

between melting on roughened surfaces and the formation of amorphous silicon suggests that 

resolidification-driven pressures are responsible not only for Si-XII formation, but for all sub-

surface plastic deformation that occurs under these irradiation conditions.  

 We gained further insights into the role of resolidification-induced pressures by 

characterizing the residual stresses in Si-XII and in the Si-I substrate after irradiation.  The areal 

raster (Figure 5.3), constant-fluence series of stationary laser-irradiated spots (Figure 5.6) and the 

fluence modulated series (Figure 5.8) all exhibited a Si-XII mode (350 cm-1) shifted to higher 

wave numbers, indicating that it is forming under residual compressive stress. In addition, the 

substrate peak at 520 cm-1 is shifted to lower wave numbers, indicating that it is under residual 

tensile stress. The seemingly conflicting trends in residual stresses, Si-XII existing under 

compressive stress and the substrate existing under tensile stress, is a consequence of the 

combination of tensile and compressive stresses that arise through melting and resolidification on 

such textured surfaces. We can gain insights into the relationship between surface morphology 

and resolidification-induced stresses by referring to Borowiec et al.’s finite element modeling of 

residual surface stresses in a 1-D trench due to cooling of a surface layer with a negative thermal 

expansion coefficient (Figure 2.6) [94]. Note that the negative thermal expansion coefficient is 

qualitatively accurate for silicon because silicon expands upon solidification. At the bottom of 

the trench there is a tensile stress and the volume expansion induces compressive stresses on the 

sides of the trench. This predicted distribution of compressive and tensile stresses, the residual 

stresses we observe in Si-I and Si-XII, and what we know about the spatial distribution of the 

pressure induced phase transformations support that resolidification-induced stresses are 

responsible for the observed plastic deformation. Plastic deformation resulting from compressive 

stresses (dislocations, a-Si pockets) are present only in the protruding surface peaks, which we 

would expect to be under compression based on extrapolation of Boroweic’s model.  The 

valleys, predicted by Boroweic’s model to be under tensile stress, do not show any signs of 

plastic deformation and are composed entirely of Si-I.   

 Interestingly, the fs-laser line scan (Fig. 4.3.3) that has a ripple-like surface morphology 

exhibits a net compressive stress in the silicon lattice (positive shift in the Si-I peak) while also 

exhibiting significant Si-XII formation. Based on this discussion, it is clear that the distribution 

of sub-surface stresses will strongly depend on surface morphology and thus the ripple structure 
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would be expected to have a different distribution of stresses within the sample. Moving forward, 

the rigorous application of finite-element modeling towards understanding the relationship 

between surface morphology and the stress states in silicon could enable a detailed 

understanding of stress generation in laser-textured surfaces.  

5.4.2 Effects of local heating on plastic deformation mechanisms  

 The mechanisms of plastic deformation in silicon are temperature sensitive [107] and 

thus we expect the pressure-induced phase transformations to be strongly influenced by the 

temperature during pressure cycling. The Si-I→Si-II phase transformation is the preferred 

mechanism of plastic deformation in silicon at temperatures below 350°C. Above this 

temperature silicon becomes much softer due to thermally-enhanced dislocation glide and no 

phase transformations occur. In addition, the nucleation of Si-XII is suppressed at temperatures 

above ~200°C. Femtosecond laser irradiation has a relatively small thermal footprint compared 

to longer pulse irradiation, but this does not mean that thermal effects are completely absent. 

Studies of the heat affected zone (HAZ) in metals have shown that temperature increases of 

several 100°C can occur over micron length-scales during fs-laser irradiation around the ablation 

threshold [133].  

 The temperature dependence of plastic deformation in silicon is clearly illustrated in the 

surface peak in FM4 (Figure 5.9(d)). The outer ~300 nm contain stacking faults and dislocations, 

indicating temperatures during pressure loading greater than 350°C.  The amorphous pockets of 

material, indicative of the Si-I→Si-II phase transformation, are present only in the center of the 

peak. This transition in plastic deformation mechanisms is a direct consequence of the 

irradiation-induced temperature gradient present during loading. In addition, our investigation 

into the growth mechanisms of surface peaks in chapter 4 supports that significant temperature 

increases occur within the surface peaks during irradiation at 4 kJ/m2 fluence (see Chapter 6).  

5.4.3 Low-fluence laser annealing: Si-III formation and surface relaxation  

 In our investigation into stationary fs-laser irradiation of silicon at constant fluences, no 

Si-III was detected across the entire fluence range (Figure 5.4(e)). The fluence modulated spots, 

which received a range of fluences (Figure 5.7(e)), showed detectable levels of Si-III after low 

fluence irradiation and had a Si-XII/III ratio of 4.5 ± 2.1, higher than what was observed 

following an areal raster (2.5 ± 0.5 ) or the line scan (2.2 ± 1.0 ). Considering the effective 
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dosages received by the constant fluence spot (Figure 5.4(c)), the FM5 fluence modulated spot 

(Figure 5.7(c)), the line scan, and the areal raster (Figure 3.2(b)), we can conclude that the 

formation of Si-III during fs-laser irradiation is favored by very low-fluence irradiation of 

surfaces in which Si-XII is present. Irradiation at sufficiently low fluences results primarily in 

annealing, and only very modest temperatures (100-200°C) are necessary to drive the Si-XII→III 

transition (Figure 4.1) [114]. The higher Si-XII/III ratio in the fluence modulated sample 

compared to the line scan or areal rastered surface is attributed to the difference in the amount of 

low fluence irradiation that each sample received. The fluence modulated sample received 12 

pulses at 2 kJ/m2 and 20 pulses at 1.6 kJ/m2, while an areal raster delivers ~384 pulses between 

0.1 - 2kJ/m2.   

 Low-fluence annealing also explains the anomalous trends in residual stress when 

comparing the rastered sample with the fixed- and modulated-fluence investigations. Throughout 

the stationary-spot investigations the amount of residual strain in both the Si-I and Si-XII peaks 

was correlated with the formation of Si-XII (Figure 5.6, Figure 5.8). The rastered sample, 

however, exhibits the most Si-XII of any sample characterized (Figure 5.1(a)) but smaller Si-XII 

and Si-I peak shifts than the stationary spot samples (Figure 5.8(b)).  It seems plausible that the 

residual stress in both Si-XII and Si-I is relieved with increasing very-low-fluence irradiation. 

These studies emphasize the subtle but relevant role that the Gaussian tail of the laser beam plays 

in influencing the resulting microstructure of the surface.  

5.4.4 Si-XII suppression at high fluences 

 The constant-fluence investigation (section 5.3.2) revealed that Si-XII doesn’t form after 

88 pulses at fluences greater than ~3.2 kJ/m2.  Si-XII formation was suppressed in the center of 

the 4.0 kJ/m2 and 3.6 kJ/m2 laser spots (Figure 5.5), but there were not similar trends in the 

residual strain of the Si-I lattice (Figure 5.6). There are several possible mechanisms that could 

explain this: First, the suppression of Si-XII formation could be a result of the temperature 

dependence of crystalline silicon polymorph nucleation. Si-XII won’t form at temperatures 

above 200 °C, and it is possible that 3.2 kJ/m2 is the approximate fluence at which the 

temperature stays sufficiently low to allow for the nucleation of Si-XII. Second, the absence of 

Si-XII at higher fluences could be due to increasing amounts of ablation affecting the processes 

at the surface, reducing the extent of resolidification-induced plastic deformation.  Third, our 
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inability to detect Si-XII could be related to the increasing surface roughness. Unless it is a 

surface-morphology effect, the suppression of Si-XII suggests that the mechanisms of plastic 

deformation during fs-laser irradiation are affected by increasing fluence. In order to optimize 

the irradiation conditions for surface texturing it will be necessary to further investigate the 

mechanisms of plastic deformation as a function of increasing fluence. 

5.5 Conclusions  

 In this chapter we sought to understand the mechanism driving pressure-induced phase 

transformations in silicon observed during surface texturing with fs-laser irradiation. A 

systematic investigation into the irradiation conditions that favor the formation of silicon 

polymorphs using Raman spectroscopy, SEM, and TEM, elucidating the relationships between 

fs-laser irradiation conditions, surface morphology, and lattice strain, showed that the 

resolidification of molten silicon on a textured surface plays a central role in driving pressure-

induced phase transformations and plastic deformation in general. The spatial distribution of a-

Si, dislocations, and stacking faults beneath the melt depth suggests that resolidification-induced 

pressures are the dominant cause of plastic deformation under these irradiation conditions. In 

addition, we showed that the rastering of the laser beam has strong effects on the resulting 

material due to the range and quantity of low-fluence pulses delivered. For example, the low-

fluence irradiation in the tail of the Gaussian laser spot drives the Si-XII → Si-III phase 

transformation and reduces the residual stress present in the substrate. This work represents 

progress in understanding plastic deformation in silicon during fs-laser irradiation, advancing the 

development of fs-laser irradiation as a processing technology for both surface texturing and 

hyperdoping. 
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SF6 gas resulted in significantly enhanced photocarrier production during excitation with a 1.31 

μm illumination, which is below the band gap of silicon [135]. Further investigations revealed 

that the increase in sub-band gap absorptance was related to the presence of sulfur in the 

atmosphere (Figure 6.2) and that fs-laser irradiation drove large amounts of impurities from the 

ambient gas into the textured silicon surface [28, 136].  

 

Figure 6.1. Comparison of Si(100) surfaces irradiated with 500 pulses at a peak fluence of 10 
kJ/m2 in the presence of (a) SF6 and (b) vacuum viewed at an angle of 45° from the surface 
normal. The laser spot size was 200 μm. Figure from [134]. 

 

Figure 6.2. (a) Near-unity sub-band gap absorptance exhibited by silicon irradiated in the 
presence of sulfur containing gases with a fs-laser beam irradiated with a peak fluence of 10 
kJ/m2 and 600 shots/area, compared to unirradiated crystalline silicon. Adapted from [136]. (b) 
Wavelength dependence of the optical absorptance of silicon irradiated in the presence of non-
sulfur-containing gasses, irradiated with a peak fluence of 11 kJ/m2 with varied translational 
speeds. Adapted from [28, 50]. Data in both (a) and (b) have been recalibrated by M.-J. Sher to 
account for errors in originally published data.  
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 Rutherford backscattering spectroscopy (RBS) revealed that silicon textured by fs-laser 

irradiation in SF6 forms a layer of silicon on the surface that contains sulfur concentrations on the 

order of 0.1-1% [29], 3-4 orders of magnitude higher than the chalcogen solubility limit (~1016 

cm-3) [33-35]. It was discovered through TEM investigations that the ultra-high concentrations of 

sulfur were present in a nanocrystalline surface layer that was a 100-300 nm thick and composed 

of grains estimated to be 50 nm or less (Figure 6.3(a)) [29, 137]. 

 Shortly afterwards, femtosecond laser irradiation of silicon in SF6 was used to produce 

silicon-based photodiodes with responsivities 2 orders of magnitude higher than commercial 

silicon photodiodes in the visible and 5 orders of magnitude higher in the infrared (Figure 6.3(b)) 

[32]. The irradiation of silicon in SF6, though first reported for its effects on surface texturing, 

had developed into a viable approach to fabricating silicon-based optoelectronics that operate in 

the infrared.   

 

 

Figure 6.3. (a) Cross-sectional TEM images of a silicon surface irradiated with a peak laser 
fluence of 8 kJ/m2, 500 shots/area, in 500 mTorr SF6. Upper right: High-magnification view of 
the disordered region at the tip of the spike, indicated on main image with dashed square. Lower 
right: Selected area electron diffraction pattern obtained from the disordered region showing 
polycrystalline nature. Figure adapted from [29]. (b) Responsivity of a photodiode textured with 
fs-laser irradiation in the presence of SF6 gas, under various low bias conditions, compared to a 
commercial silicon p-i-n diode. Inset: Device geometry showing both front and back gold 
electrodes deposited onto irradiated silicon wafer. Figure adapted from [32, 50]. 

 The anomalous sub-band gap absorptance originally reported in silicon hyperdoped using 

SF6 gas was shown to occur whenever any of the heavy chalcogens (sulfur, selenium, or 

tellurium) were present during fs-laser irradiation [12]. Neither selenium nor tellurium are 
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available as safe gaseous precursors, so in the original report sulfur and selenium were manually 

dispersed across the surface using toluene, and tellurium with mineral oil, prior to fs-laser 

irradiation [12]. The surfaces doped using a solid-phase precursor had conical structures on the 

surface that were roughly twice as large and half as dense as similar structure observed on 

surfaces irradiated in SF6 gas (Figure 6.4(a-d)). RBS confirmed that the solid precursor indeed 

resulted in hyperdoping; RBS estimated that all samples contained hundreds of nanometers of 

material on the surface containing ~1% chalcogens, similar to what was reported for doping from 

the gas phase. Sheehy et al. also investigated the thermal stability of the sub-band gap optical 

absorptance induced by the presence of each chalcogen (S, Se, Te), the results of which are 

shown in Figure 6.4(e). The heavier the element, the more thermally robust the sub-band gap 

absorptance was found to be, and this effect was postulated to be due to differences in their 

respective diffusivities.  

 

Figure 6.4. Scanning electron microscope images of silicon surfaces irradiated with a rastered 
beam with a peak fluence of 10 kJ/m2 such that each point received ~1400 shots/area, using (a) 
sulfur powder, (b) selenium powder, (c) tellurium powder, (d) sulfur hexafluoride gas as a 
dopant precursor. In each image the surface is at the 45 angle. Figure from [12]. (d) Absorptance 
of each of the powder-doped samples imaged in (a-c) before and after a 30 minute anneal at 
502°C (775 K ). Figure adapted from [12], and absorptance data has been recalibrated by M.-J. 
Sher to account for errors in originally published data. 

 Further kinetic investigations by Tull et al. into sub-band gap absorptance supported the 

idea that the deactivation mechanism is diffusion-limited [122]. In Tull’s investigation, 150 nm 

films of selenium and tellurium were thermally evaporated onto the silicon wafer prior to 

irradiation and SF6 gas was used at the sulfur source. Samples were annealed across a range of 

temperatures (302-702°C, or 575 – 975 K) and times (10 minutes – 24 hours), and the average 

sub-band gap absorptance (1250 nm to 2500 nm) is shown in Figure 6.5(a). Before moving 
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forward, there are a couple features that should be noted in the data presented in Figure 6.5(a). 

First, the absorptance data as plotted has artifacts from the uniform reflector used in the 

integrated sphere at the time.  The reflector has significant spectral features which introduced 

spurious features and created a general positive slope of the absorptance in the infrared. Second, 

the absorptance of the selenium-doped samples in Figure 6.5(a,b) do not decay past 0.3. This 

trend has not been observed in subsequent investigations, and may be a result of contamination 

during annealing and/or an effect of the non-uniform reflector in the integrating sphere. These 

artifacts affect the reported data, but do not take away from the powerful insights provided by 

plotting absorptance versus diffusion length.  

 For every annealing condition, the diffusion length, l, was estimated based on the relation 

݈ ൌ ܦ√	 ൈ  where t is the annealing time. The diffusivity, D, was calculated for each ,ݐ

temperature using reported values of the diffusion activation energy, EA, and the pre-exponential 

D0 based on the equation: 

ܦ  ൌ ଴ܦ exp൭
െܧ஺

݇ܶൗ ൱ (6-1) 

The diffusivity is expected to be concentration dependent and thus largely impacted by the 

beyond-solubility-limit concentrations of chalcogens, but concentration dependent diffusivities 

are not readily available for chalcogens in silicon at the concentrations induced through fs-laser 

hyperdoping. As a best approximation, the reported values for chalcogen diffusivity in silicon at 

equilibrium concentrations were used and still provided insightful conclusions.  

 When plotting the data presented in Figure 6.5(a) versus diffusion length, the sub-band 

gap absorptance in sulfur-, selenium-, and tellurium-hyperdoped silicon collapse onto a single 

curve (Figure 6.5(b)). This consistent trend across the chalcogens (S, Se, Te) is strong evidence 

that the deactivation mechanism is diffusion-limited. The authors developed a kinetic model to 

explain the observed trends based on the assumption that optical deactivation occurs through 

segregation to grain boundaries, and backed out that the size distribution of grains necessary to 

explain the observed decay in absorptance with annealing is around 5 nm. Microstructural 

investigations at the time were limited to sulfur-hyperdoped silicon produced by irradiation in 

the presence of SF6 gas, which consisted of 10-50 nm grains in a 300 nm thick polycrystalline 

layer on the surface (Figure 6.3(a)) [29]. Due to the similarities in deactivation kinetics, the 
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assumption was made that doping with a thin film produced a similar microstructure and thus the 

grain boundary segregation model appeared feasible.  

 

Figure 6.5. Results of kinetic investigation by Tull et al. [122] (a) Average absorptance from 
1250 to 2500 nm for sulfur-doped (circles), selenium-doped (squares), tellurium-doped 
(triangles) silicon and samples irradiated in N2 (diamonds) after various thermal anneals at T 
൑702°C. The larger marker indicates the longer anneal (from smallest to largest: 10 min, 30 min, 
100 min, 6 h, 24 h). (b) Normalized absorptance spectra for sulfur-doped (circles), selenim-
doped (squares) and tellurium doped (triangles) silicon after various thermal anneals versus 
diffusion length of the respective dopant. The average infrared absorptance from (a) has been re-
normalized, so that the maximum is the pre-annealed value and the minimum is the infrared 
absorptance of the unirradiated silicon wafer. Note also the artifacts in this data discussed on pg. 
107. 

 In order to better understand the distribution of chalcogen impurities in the silicon lattice, 

extended x-ray absorption fine structure (EXAFS) spectroscopy was used to monitor the 

evolution of the local chemical state of selenium with annealing [138]. Silicon was hyperdoped 

with selenium under the exact same conditions as used for studies in this chapter: a 75 nm thin 

film of selenium was deposited onto silicon prior to fs-laser irradiation at a peak fluence of 4 

kJ/m2 and rastered to deliver 88 s/A. Samples were then subjected to 30 minute anneals at 

325°C, 450°C, 575°C, 700°C, 825°C, and 950°C (The not-annealed sample and the samples 

annealed at 575°C and 950°C are the exact same as structurally investigated in section 6.3).  

Figure 6.6(a) shows the X-ray absorption spectra for all 7 samples investigated, including a 

metallic Se film, after normalization and background subtraction. The evolution in the fine 

structure with annealing reflects changes in the chemical states of the selenium atoms with 

annealing. Principle component analysis revealed that the evolution in fine structure can be 

described well (<7% residuals) as arising from only two eigenstates, referred to as A and B and 
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shown in the inset of Figure 6.6(b).  The average IR absorption from 1250 nm to 2500 nm for 

each anneal shows strong correlation with the fraction of state B (Figure 6.6(b)). It is remarkably 

insightful that the amount of state A vs. state B, determined by principle component analysis and 

reflecting the chemical state of selenium in silicon, directly correlates with the optical 

absorption.  These results reveal that the chemical state of selenium is coupled to the sub-band 

gap absorption, and the identification of only two eigenstates to explain the deactivation suggests 

that optical deactivation occurs explicitly through selenium redistribution to a single optically-

deactivated state (B).  The fine structure can also enable the identification of the optically active 

and optically-deactivated chemical states through theoretical modelling, and this work is 

currently under way.   

 

Figure 6.6. (a) Normalized and offset X-ray absorption spectra of highly Se-doped samples 
annealed at various temperatures. (b) IR absorption versus the component of state A determined 
by principle component analysis. The inset table gives the fraction of state A and state B after 
each of the investigated anneals. Figures from [138]. 

 The demonstrated increase in sub-band gap absorptance using a thin-film dopant 

precursor [12, 122] proved that hyperdoping occurs following fs-laser irradiation of a thin-film 

on the surface of a silicon wafer. Though it has been proposed that the processes that occur 

during fs-laser doping from a thin film are comparable to doping from a gas phase, there have 

been no published reports of devices fabricated using thin-film fs-laser doping and no rigorous 

investigations into the differences between using a gaseous or thin film dopant precursor during 

fs-laser hyperdoping. In this chapter, we seek to elucidate the effect of using a thin film dopant 

precursor on the resulting microstructure and dopant distribution, and use this information to 

explain differences in the optical and electronic properties of silicon hyperdoped using a thin 
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film precursor (selenium) and gaseous precursor (SF6) (Section 6.2). Next, we investigate the 

optical deactivation of selenium-hyperdoped silicon through in-depth structural characterization, 

and propose that diffusion-controlled coarsening of selenium-rich precipitates is responsible for 

optical deactivation in the latter stages of annealing (Section 6.3).  In this context, we review 

previous investigations into the optical deactivation of chalcogens and find good agreement. This 

work represents progress towards understanding thin-film fs-laser doping for optoelectronic 

device fabrication, a potentially flexible and unique platform for novel materials synthesis. 

6.2 Bulk properties and microstructure 

6.2.1 Introduction 

 A better understanding of thin-film laser doping would expand fs-laser doping as a 

platform technology for novel materials synthesis.  We investigate thin-film fs-laser doping 

through the optical, electronic, and structural characterization of silicon fs-laser doped using a 

thin-film dopant precursor and show that the use of a thin film changes the microstructure and 

dopant distribution, which affects p-n diode behavior and suggests that the surface structuring 

and dopant incorporation processes are strongly influenced by the phase of the dopant precursor.  

6.2.2 Experimental 

 In order to isolate the role of the dopant precursor, we irradiated silicon under identical 

conditions and changed only the phase of the dopant precursor.  The details of the thin film and 

gas phase fs-laser doping procedures are described in section 3.1.2. In this investigation, the 

samples were dipped in 5% HF acid for 30 seconds to remove the native oxide prior to film 

deposition, and irradiation parameters in this investigation are reported in Table 5.1.  The 

predominant irradiation conditions used in this chapter (peak fluence of 4 kJ/m2 and 88 

shots/area) were selected because they result in significant sub-band gap absorptance when 

doping from a thin-film dopant precursor. For characterizing the potential p-n diode formation, 

select samples were annealed at 702°C (975 K) for 30 minutes and aluminum contacts were 

deposited on the sides using electron beam deposition.  

 The sample morphology was investigated using a FEI Helios 600 scanning electron 

microscope (SEM) operated at 5 kV accelerating voltage. Stereoscopic reconstructions of the 

surface morphology, enabling quantification of the surface roughness and extraction of height 
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profiles, were created using MeX surface metrology tools and SEM images taken at 0°, -10°, and 

+10° tilts. Cross-sectional transmission electron microscopy (TEM) samples of the rastered 

surfaces were prepared using a tripod polisher followed by a brief Ar+-ion mill at 5 kV.  Bright-

field (BF) TEM micrographs and selected area diffraction patterns were collected with a JEOL 

2011 TEM operated at 200 kV. Dark-field scanning TEM (DF-STEM) and energy dispersive x-

ray spectroscopy (EDX) were carried out on a JEOL 2010F TEM operated at 200 kV. 

 

Name Dopant Fluence Shots per area Atmosphere Substrate 
 precursor (kJ/m2) (s/A) (6.7 × 104  Pa) Si(100) 
Se:Si-1 Se thin film 4 88 N2   

 

SF6:Si-1 SF6 gas 8 50 SF6 
 

Se:Si-2 Se thin film   N2   
SF6:Si-2 SF6 gas 4  88 SF6 n-type (3-6 kΩ-cm) 
N2:Si-2 None   N2    

Table 6.1. Notation and corresponding doping parameters for samples used in section 6.2. 

6.2.3 Results and Discussion 

 Figure 6.7(a) shows the absorptance of the fs-laser doped samples prior to any thermal 

treatment. Silicon doped with a thin-film precursor (Se:Si-2) has a higher average IR-

absorptance (90%) than the sample irradiated under the same conditions but in the presence of 

SF6 (SF6:Si-2). Both samples have significantly greater IR absorptance than silicon irradiated in 

N2 without dopant present (N2:Si-2), which exhibits lower, monotonically decreasing 

absorptance in this spectral region, likely due to defect states induced by irradiation [122]. To 

determine the extent to which the optically-active and electrically-active defects are related, we 

fabricated SF6-doped (SF6:Si-1) and Se-doped (Se:Si-1) samples on a p-type substrate with 

similar optical properties. Se:Si-1 was prepared under identical conditions as Se:Si-2 and the 

resulting average IR-absorptance are the same (90%), as the type of substrate used does not 

influence absorptance or the dopant incorporation process.  The sulfur-doped sample required a 

laser fluence of 8 kJ/m2 and 50 s/A, resulting in an average IR-absorptance of 84%. Interestingly, 

the Se:Si-1 diode shows rectification but has a higher leakage current and larger forward bias 

current than the SF6:Si-1 diode (Figure 6.7(b)).  

 To better understand the different diode characteristics and laser parameters necessary to 

achieve high IR-absorptance for gas and thin film precursors, we investigated the morphology, 

p-type (1-20 Ω -cm)
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microstructure, and dopant distribution of each sample using electron microscopy. We studied 

the effect of the thin film on the surface microstructure by comparing samples irradiated under 

identical conditions in an N2 ambient, and with and without a Se thin film (samples Se:Si-2 and 

N2:Si-2). We also gain insight into the microstructure and dopant distribution resulting from the 

thin-film doping process by comparing thin-film doping (Se:Si-2) and gas phase doping (SF6:Si-

1 and SF6:Si-2) under similar conditions.  

 
Figure 6.7. (a) Absorptance spectra of all samples studied in section 6.2. (b) Current density vs. 
bias curves of Se:Si-1 and SF6:Si-1 at room temperature. 

 SEM images in Figure 6.8(a-d) show that all of the samples, regardless of the processing 

conditions, develop micrometer-scale periodic peaks through repeated melting and ablation of Si 

[79]. The surface morphology, however, is strongly influenced by the dopant precursor phase. 

The roughness of the surface was quantified by the root-mean-squared (RMS) of the height, 

calculated from stereoscopically reconstructed models of SEM images taken at 0°, -10°, and 

+10° tilts (Figure 6.8(e)).  The presence of the 75 nm film of Se causes the RMS to increase by 

over 200%, from 0.96 µm for N2:Si-2 to 2.36 µm for Se:Si-2, which is more than an order of 

magnitude larger than the initial Se film thickness, indicated in Figure 6.8(f). From the change in 

amplitude related to the thin-film dopant precursor, we confirm that the Se thin film significantly 

influences the morphological modifications of the surface initiated by the laser.  
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Figure 6.8. (a-d) SEM micrographs showing surface morphology of fs-laser irradiated Si. The 
laser scan direction and polarization was in the horizontal direction. (e) RMS of the surface 
height. Error bars reflect standard deviation for five independent measurements. (f) Height 
profiles of representative surfaces and the relative thickness of the 75 nm Se film (dashed). 

 The samples’ microstructures provide additional insight into the dopant incorporation 

processes. Figure 6.9 shows BF-TEM images of each sample and corresponding SAD patterns. 

N2:Si-2 (Figure 6.9(a)) has a 100 – 300 nm layer of defective material across the surface, and the 

SAD pattern shows that the surface peaks retain the same crystalline orientation as the substrate, 

though occasionally a misoriented grain is identified. A sulfur-rich layer forms on the surface in 

both SF6:Si samples, as shown in Figure 6.9(b-c), while the peaks retain a single-crystalline, 

undoped core, consistent with previous findings [29]. The observed contrast within the core of 

N2:Si-2 and SF6:Si peaks are pockets of amorphous silicon which arise due to resolidification-

induced pressures (Chapter 4).  

 The general structure of the control sample (N2:Si-2) and sulfur-doped samples (SF6:Si-

1,2) is consistent with the current understanding of fs-laser induced surface structuring and 

dopant incorporation from a gaseous dopant precursor [79, 139]. During fs-laser irradiation 

above the ablation threshold, a thin layer of material is ablated from the surface and a molten Si 

layer is left behind. When a gas is present during irradiation, it is atomized by the high intensity 

of the ultra-short laser pulse and mixes with the molten Si [140], which then resolidifies quickly 

due to its contact with the cold bulk substrate [51]. 
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Figure 6.9. Cross-sectional BF-TEM images taken along the Si [011] zone axis with 
corresponding selected area diffraction patterns (insets). Black arrows indicate selenium-free 
valleys in (c), and identify the sulfur-rich surface layer in (b,d).   

 In contrast to silicon irradiated in SF6 or in N2 without any dopant present, the sample 

doped using a thin film (Se:Si-2) exhibits a significantly different dopant distribution and 

microstructure.  As shown in Figure 6.9(c), Se:Si-2 contains micrometer-scale volumes of 

polycrystalline Si within each surface peak, as confirmed by the corresponding SAD patterns. 

Using DF-STEM and EDX (Figure 6.10), we show that the polycrystalline region is Se-rich. A 

series of EDX point scans and the corresponding Se-Kα EDX peaks, shown in Figure 6.10(c-d), 

support that the Se concentration is on the order of 1019 – 1020 cm-3 (0.1 – 1%). We note that here 

EDX can be used only qualitatively, as the measured concentrations are at the lower limit of the 

EDX chemical resolution. As shown in Figure 6.10(b), an EDX line scan from the Si substrate 

into the polycrystalline doped region confirms that Se is incorporated throughout the 

polycrystalline region, and variations in EDX signal intensity suggest that the Se is not 

homogeneously distributed.  
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Figure 6.10. (a) DF-STEM image of Se:Si-2, dashed boxes highlight the regions shown in (b) 
and (c).  (b) Selenium EDX line scan across the doped-undoped interface. (c) DF-STEM image 
showing the location of Se Kα EDX point spectra shown in (d). 

 The TEM investigations also reveal that the Se-rich Si is not distributed uniformly across 

the surface, but in discontinuous polycrystalline pockets within the peaks. The lack of dopant in 

the “valleys” of the Se:Si-2 surface suggests that there is no Se incorporation during later-stage 

irradiation, as material is ablated away from regions between the peaks (Figure 6.9(d), black 

arrows). Similar ablation processes occur during irradiation in SF6, but sulfur is still incorporated 

due to the continuous presence of a gaseous precursor.  We suggest that this discontinuous nature 

of the Se:Si surface can explain the difference in electrical properties because it creates shunts at 

the p-n junction, whereas SF6:Si has a continuous surface layer of doped material. Shunting 

would explain the increased leakage current observed in the Se:Si-1 p-n junction, and thus this 

structural difference between the two samples is likely a principal cause of the diode behavior 

seen in Figure 6.7(b).  
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 The micrometer-scale volumes of Se-doped material generated are an order of magnitude 

deeper than typical silicon melt depths during fs-laser irradiation. The morphology, 

microstructure, and dopant distribution in Se:Si-2 cannot be explained by the gas-phase doping 

model discussed above and together present strong evidence that a thin-film dopant precursor 

changes dramatically the surface structuring and dopant incorporation processes.  The synthesis 

of a continuous layer of hyper-doped material is necessary for the realization of optoelectronic 

devices based on these novel materials and will be investigated further in Chapter 7.  

6.2.4 Conclusions 

 The results presented in this section have shown that a thin-film dopant precursor 

changes both the surface structuring and dopant incorporation processes during fs-laser 

irradiation compared to a gas precursor. Thin film fs-laser doping generates much larger volumes 

of doped material than doping from a gas and achieves higher absorptance at lower fluences. The 

resulting polycrystalline surface and discontinuous dopant distribution, however, affect p-n diode 

rectification, which is not favorable for device fabrication. Further optimization of fs-laser 

doping will be addressed in Chapter 6.  The differences in microstructure and dopant distribution 

between fs-laser doping with a thin-film versus gaseous precursor are in contrast to the 

similarities in optical deactivation described in the introduction, suggesting that the mechanism 

of optical deactivation may not be strongly related to microstructure.  In the next section, we 

elucidate the dominant optical deactivation mechanisms in selenium-hyperdoped silicon through 

structural investigations of selenium segregation.   
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6.3 Optical Deactivation of Selenium Dopant 

6.3.1 Introduction 

 As was discussed in the introduction of this chapter, though the sub-band gap absorptance 

of chalcogen-hyperdoped silicon has been the subject of extensive investigation, the mechanisms 

by which the chalcogens become optically deactivated remains an open question. The ability to 

modify the optical properties with annealing is a useful tool for gaining insights into how ultra-

high concentrations of chalcogens enable such a drastic change in the optical properties [12, 122, 

138], and is an interesting question in its own right. In addition, silicon hyperdoped with 

selenium is a well-suited materials system for studying dopant behavior because selenium 

provides strong chemical contrast due to its higher atomic number. Based on Tull’s observation 

that optical deactivation is diffusion limited, in this section we investigate selenium diffusion 

with annealing using sophisticated TEM-based structural characterization. Our findings suggest 

that diffusion-limited precipitation and growth of a selenium-rich phase is the primary 

mechanism behind the latter stages of selenium deactivation with annealing and this hypothesis 

is shown to be consistent with previous investigations into the optical deactivation of chalcogens.  

6.3.2 Experimental 

 In this investigation we focus on the structural characterization of silicon hyperdoped 

with selenium under conditions identical to those reported in the previous section. A 75-nm film 

of selenium is deposited onto a silicon wafer, followed by fs-laser irradiation at peak fluence of 4 

kJ/m2 and rastered such that 88 shots/area are delivered to any given point. In order to identify 

the dominant optical deactivation mechanisms, we investigated the evolution of the selenium 

distribution following annealing for 30 minutes in N2 at 575°C and 950°C. Trends in the sub-

band gap absorptance are monitored by averaging the absorptance from 1250 nm – 2500 nm, 

identical to the procedure used by Tull et al. in the previous kinetic investigation [122].   

 Cross-sectional TEM samples were prepared using a tripod polisher and diamond lapping 

films and initial structural characterization was carried out at Oak Ridge National Labs in 

collaboration with Dr. Juan Carlos Idrobo. Samples were simultaneously imaged in both BF-

STEM  and HAADF-STEM in a FEI Titan S 80-300 operated at 300 kV. Further investigations 

into changes in the selenium distribution with annealing were carried out via electron 

tomography, performed using HAADF-STEM on a FEI Titan microscope operated at 200kV. 
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Electron tomography was done at CEA-LETI and performed by Georg Haberfehlner. Cylindrical 

volumes of material were prepared from the center of the peaks on the surface using a FIB and 

the tomography series was acquired over a tilt range of -67° to +67° in 1° increments. The 

images were aligned using a cross-correlation algorithm and three-dimensional reconstruction 

was carried out using the Simultaneous Iterative Reconstruction Technique.  

6.3.3 Results and Discussion. 

6.3.3.1 Structural investigations of selenium segregation 

 The decay in sub-band gap absorptance of selenium-hyperdoped silicon following 30 min 

anneals at 575°C and 950°C is shown in Figure 6.11(a). For comparison to previous kinetic 

investigations, the averaged sub-band gap absorptance is normalized with respect to the 

absorptance prior to annealing, plotted versus diffusion length, and overlaid onto the data 

collected by Tull et al. in Figure 6.11(b). Values identical to those used by Tull for the activation 

energy of selenium diffusion (EA =  2.84 eV) and the pre-exponential (Do = 2.47 cm2/s) were 

used to calculate diffusion length. Though the samples studied in this section were prepared 

under different irradiation conditions than were used by Tull et al., the decay in absorptance falls 

onto the same curve when plotted in this manner. This agreement supports that the optical 

deactivation process is material-dependent and not strongly a function of irradiation conditions.  

 The Z-contrast image in Figure 6.12(a) provides insights into the selenium distribution in 

a Se-hyperdoped region without any post-irradiation annealing. The Z-contrast imaging shows 

that the selenium concentrations are highest at the base of the peak, where the image contrast is 

diffuse and noticeably inhomogeneous (Figure 6.12(b,d)). The contrast is also inhomogeneous 

throughout the body of the peak, though this may be exasperated by changes in sample thickness. 

Close investigation of a grain boundary prior to annealing suggests limited grain boundary 

segregation (Figure 6.12(c,e)).  
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Figure 6.11. (a) Absorptance of Se-hyperdoped silicon without any post-treatment annealing 
(green), after a 30 min anneal at 575°C (blue) and after a 30 min anneal at 950°C (red), with the 
absorptance of untreated silicon wafer for reference (black). (b) Normalized and averaged sub-
band gap absorptance of samples presented in (a) plotted versus diffusion length, overlaid onto 
the data collected for sulfur (circle), selenium (square) and tellurium (triangle) hyperdoped 
silicon in the previous kinetic study of deactivation by Tull et al. [122]. Note that the overlay is 
only a qualitative comparison due to the artifacts present in Tull’s data.  The new data does not 
contain artifacts from imperfect reflection in the integrating sphere and, relatedly, the optical 
decay doesn’t plateau at 0.3. 

 

Figure 6.12. (a) Z-contrast image of a peak on the non-annealed surface of selenium-hyperdoped 
silicon. Brighter contrast within the peak is due to increased concentrations of selenium. (b) 
Bright-field STEM image of the interface between the polycrystalline hyperdoped region and the 
undoped silicon substrate, from region indicated in (a). (c) BF-STEM image of a grain boundary 
within the polycrystalline region. (d) Z-contrast image of the interface in (b), showing diffuse 
contrast due to increased selenium concentrations, with some segregation already visible. (e) Z-
contrast image of the grain boundary in (c), showing no visible signs of segregation. The darks 
spot visible in the Z-contrast image are voids. 
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 After annealing at 575°C for 30 min the Se-rich regions begin to show signs of 

segregation (Figure 6.13). It is difficult to quantify the amount of selenium segregation from the 

Z-contrast image (Figure 6.13(a)) but, looking closely at the interface between the doped and 

undoped region (Figure 6.13(b)), clear signs of segregation to the edges of the voids and to the 

nearby grain boundaries can be observed. Annealing at even higher temperatures (950°C for 30 

min) produces significant selenium segregation to grain boundaries and the precipitation of 

selenium-rich material, shown in Figure 6.14(a). At the base of the peak, where there was diffuse 

contrast before annealing, there is now a high density of selenium-rich precipitates, some of 

which exhibit faceting (Figure 6.14(b,d)). Z-contrast imaging of a grain boundary, from the 

region indicated in Figure 6.14(a) shows selenium segregation into a region that is ~3 nm thick 

(Figure 6.14(c,e)).  

 

Figure 6.13. (a) Z-contrast image of a peak on the surface of selenium-hyperdoped silicon that 
was annealed for 30 minutes at 575°C. (b) Bright-field STEM image of the interface between the 
polycrystalline hyperdoped region from region indicated in (a), showing both a void and a grain 
boundary. (c) Z-contrast image of the interface in (b), showing evidence of selenium segregation 
to the boundaries of the void and the grain boundary.  

 These investigations into the changes in microstructure with annealing support Tull’s 

hypothesis that diffusion-limited segregation is responsible for the optical deactivation with 

annealing, and highlight the potential significance of nucleation and growth of Se-rich 

precipitates in the optical deactivation process.  The precipitates are concentrated at the base of 

the peaks, where there was the most selenium present prior to annealing. We next use Z-contrast 
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electron tomography to study the evolution of the selenium distribution in 3 dimensions to better 

understand the selenium segregation process and its relation to optical deactivation. 

 

Figure 6.14. (a) Z-contrast image of a peak on the surface of selenium-hyperdoped silicon that 
was annealed for 30 minutes at 950°C. The base of the peak contains precipitates of selenium-
rich material and segregation to grain boundaries in the body of the peak is also visible. (b) 
Bright-field STEM image of a faceted Se-rich precipitate, from region indicated in (a). (c) BF-
STEM image of a grain boundary within the polycrystalline region. Region indicated in (a) is a 
best estimate of the AOI imaged. (d) Z-contrast image of the precipitate in (b), confirming that it 
is selenium rich. Lighter contrast visible in (c) and (d) is ion beam damage due to sample 
preparation. (e) Z-contrast image showing selenium segregation to grain boundary in (c). 

 Figure 6.15 shows a 3-dimensional reconstruction of the selenium distribution as a 

function of annealing in a cylindrical volume extracted from the center of surface peaks. The 

non-annealed sample (Figure 6.15(a)) exhibits diffuse contrast that is the strongest at the bottom, 

consistent with previous observations that there is more selenium in the bottom of the peaks. 

Some selenium-rich precipitation is already visible and there is selenium segregation to the grain 

boundary towards the top of the reconstructed volume. Though this sample has not been 

annealed, we might expect some amount of segregation due to sample heating during laser 

irradiation. Comparing the selenium distribution in the non-annealed sample (Figure 6.15(a)), 

with the selenium distribution after a 30-minute 575°C anneal (Figure 6.15(b)) and 950°C anneal 

(Figure 6.15(b)) shows clear evidence of the precipitation of a selenium-rich phase and of 

segregation to grain boundaries.   
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Figure 6.15. HAADF-STEM Tomography reconstruction of selenium-hyperdoped silicon 
extracted from the center of the polycrystalline peaks, showing selenium distribution (a) before 
annealing (b) after a 30 minute anneal at 575°C, and (c) after a 30 minute anneal at 950°C.  

 Structural investigations show that selenium rich precipitates form with annealing, but it 

cannot be immediately concluded whether this plays an important role in the optical deactivation 

of selenium in silicon.  Segregation of selenium is a viable method of selenium deactivation, but 

dopants can also be activated or deactivated on the point-defect scale (for example through 

clustering with vacancies [141], in which case precipitation could be a secondary phenomenon 

after the deactivation). To determine whether precipitation is a viable mechanism for optical 

deactivation, we revisit the previous work by Tull [122] and Newman [138] to see if their results 
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support such a hypothesis in light of our improved understanding of the structural evolution with 

annealing. 

6.3.3.2 Precipitation-driven optical deactivation  

 In this section we revisit previously published work on the optical deactivation of 

selenium to test whether the precipitation of a selenium-rich phase, as observed by TEM and 

electron tomography, is consistent with the kinetics of deactivation [122] and the evolution of the 

chemical state of selenium monitored using EXAFS [138]. First, we revisit the data presented in 

Tull et al.’s kinetic study with the hypothesis that deactivation occurs through diffusion-

controlled precipitation. We employ the classical theory of particle coarsening from a 

supersaturated solution, also known at the Liftshitz-Wagner theory, that provides an analytical 

solution to the kinetics of particle growth and the time dependence of the solute concentration in 

the matrix [142, 143].  

  In this analysis we make an assumption that the sub-band gap absorptance is 

proportional to the degree of chalcogen-supersaturation and compare the rate of optical 

deactivation with the time dependence of the solute concentration in the matrix based on the 

Lifshitz-Wagner theory for coarsenening. The asymptotic variation of the solute content in the 

matrix, c, is predicted to have the following relationship with annealing time, t [143, 144]:  

 ܿ െ ܿ௘ ൌ ቀଽఊ
మ௖೐మ௏೘

஽ሺோ்ሻమ
ቁ
ଵ ଷ⁄

ሺݐሻିଵ ଷ⁄   (6-2) 

Here, ce is the concentration of the solute in the matrix that is in equilibrium with an infinitely 

large particle, D is the diffusion coefficient of selenium in silicon, R is the molar gas constant, T 

the annealing temperature, γ the specific free energy of the precipitate-matrix interface, and Vm is 

the molar volume of the Se-rich phase. It is important to recognize that the linear relationship 

between the amount of supersaturation, (c - ce), and t-1/3 applies only to segregation from a 

supersaturated alloy through coarsening. This is the case only after sufficient precipitate 

nucleation and growth, and therefore this behavior would only be expected during the latter-most 

stages of annealing.  

 The kinetics of segregation predicted by the Lifshitz-Wagner theory are grounded in the 

Gibbs-Thomson equation, which states that the equilibrium concentration at the particle-matrix 

interface is a function of precipitate size, and can be expressed for a spherical particle by: 
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Here the symbols have the same meaning as above, r is the particle radius, and k is Boltzmann’s 

constant. The Lifshitz-Wagner theory states that, at a given level of supersaturation, the average 

particle size will be that whose equilibrium concentration at the surface is equal to the 

concentration in the matrix. Coarsening results in a gradual increase in the average particle size 

and this occurs concurrently with a decreasing concentration in the matrix. As such, the predicted 

linear trend is expected to appear only after an incubation regime allows for sufficient nucleation 

and growth of new particles. 

 In order to identify regions of optical deactivation through diffusion-controlled 

coarsening, we first review the expected trends based on the equations given above. The linear 

relationship between concentration and t-1/3 is predicted only in the regime in which coarsening 

dominates segregation, and there is a window of time precluding the coarsening regime in which 

the nucleation of precipitates is the dominant mechanism of segregation. The slope is shallower 

when nucleation begins and the increasing role of diffusion-controlled coarsening with annealing 

is reflected in a gradual increase in the magnitude of the slope [144]. 

 Based on the equations presented above, we expect the linear regime to be steeper at 

lower temperatures due to multiple terms in the denominator of equation 6-2. The diffusivity (D) 

has an exponential dependence on temperature and it is multiplied by a temperature-squared term 

in the denominator. Though the equilibrium concentration, ce, would also increase with 

temperature, its effects are less pronounced.  The equations above show that the y-intercept of 

the linear regime (t = ∞) is the equilibrium concentration of the solute at the annealing 

temperature. Combining these two expected trends, the decreasing concentration of impurities in 

the solute should have a steeper slope at lower-temperature anneals and a lower y-intercept than 

when annealing at higher temperatures. With these trends in mind, we can revisit the data 

presented by Tull et al. for selenium hyper-doped silicon. 
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Figure 6.16. The normalized absorptance of (a) selenium- and (b) sulfur-hyperdoped silicon 
after annealing over a range of temperatures (302°C – 702°C, originally reported as 575 – 975 K) 
and times (10 m – 24 h) plotted versus t-1/3.  For clarity, the anneal series relevant to this study of 
diffusion-controlled coarsening are colored. Linear fits are shown for regions that satisfy the 
Lifshitz-Wagner theory. The data presented here was collected and published by Tull et al. [122]. 

 Figure 6.16(a) shows the normalized absorptance of selenium hyperdoped silicon plotted 

versus t-1/3. Here, we present the same data that was published by Tull et al. and used to make the 

initial conclusions about the role of chalcogen diffusion during deactivation (Figure 6.5). Close 

inspection of Figure 6.16 shows that the criteria discussed above are satisfied in the latter-stages 

of optical deactivation, though none of the anneal series covered sufficient time span to show the 

complete transition into coarsening-limited growth (either shorter times at 602°C or longer times 
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at 502°C could complete a single data set). The 602 °C (875 K) annealing series is linear with 

respect to t-1/3, and this trend continues into the 702°C (975 K) anneal series through the 100 min 

anneal. A linear fit to the 602°C anneal series and over 10-100 mins at 702°C show all the 

expected trends mentioned in the previous paragraph: The lower temperature anneal (602°C) has 

a steeper slope and a lower projected y-intercept. The 6 h and 24 h anneal at 702°C were omitted 

from the linear fit because the absorptance has leveled off at this point. As discussed previously, 

the plateau in the selenium absorptance at 0.3 is an artifact. In the context of this study, we treat 

it to be a constant offset that does not affect the trends in the slope of optical decay. Finally, the 

502°C (775 K) anneal series shows an increase in slope as we move towards longer anneals 

(lower t-1/3), and this behavior is indicative of the approaching onset of diffusion-limited 

coarsening [145].  

 Our structural investigations using Z-contrast TEM and electron tomography showed 

significant precipitation after a 30 minute anneal at 575°C, in the same regime that Tull’s kinetic 

investigations begin to exhibit behavior consistent with the Lifshitz-Wagner theory for diffusion-

limited coarsening.  This analysis therefore supports that precipitation and coarsening could be 

the dominant mechanism behind optical deactivation during the latter stages of annealing.  

 In order to test the generality of diffusion-controlled coarsening as the dominant optical 

deactivation mechanism in chalcogen-doped silicon we conducted a similar analysis on the sulfur 

data reported by Tull et al. (Figure 6.16(b)). There is a regime of linear absorptance decay in the 

anneal series at 502°C (R = 0.98) which extends down to zero sub-band gap absorptance. 

Interestingly, the 402°C anneal series shows the characteristic signs of coarsening-onset, similar 

to the 502°C anneal series in selenium: the magnitude of the slope is increasing with longer 

anneals at the temperature that just precludes the regime in which the entire anneal series is 

linear (502°C for S, 602°C for Se). This suggests that diffusion-controlled coarsening is also an 

important mechanism in the optical deactivation of sulfur, and possibly hyperdoped chalcogens 

in general. A more complete annealing study across a broader range of times and temperatures is 

necessary to confirm these trends, but these investigations are consistent with our hypothesis.  

 Before moving on, it is important to emphasize that the linear relationship between sub-

band gap absorptance and concentration in the solute is a critical assumption underlying this 

kinetic analysis. This assumption will be true if either (1) the sub-band gap absorptance is truly 

linearly related with chalcogen concentration or (2) the concentration of the optically active 
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chalcogen complex is proportional to the concentration in the solute. If the relationship between 

absorptance and concentration can be quantified, then this type of study could be used to extract 

the material constants included in equation 6-2, including the true diffusivity of the chalcogens in 

supersaturated silicon [144].  

 Next, we revisit the EXAFS investigations (Figure 6.6) of selenium deactivation in the 

context of our current discussion about diffusion-limited coarsening. The EXAFS investigations 

into the chemical state of selenium concluded that there is only one optically-deactivated state. 

The premise that diffusion-controlled coarsening of precipitates is the dominant mechanism of 

optical deactivation in latter stages of annealing is in agreement with this conclusion, so long as 

the precipitating phase is the optically-deactivated state. The absorptance vs. t-1/3 investigations 

suggest that diffusion controlled coarsening is the dominant mechanism in selenium-hyperdoped 

silicon after a 30 min anneal at 602°C, but a 30 min anneal at 502°C is not sufficient to enter this 

regime.  Referring back to EXAFS (table inset in Figure 6.6(b)), there is a jump in the amount of 

state B in the sample annealed for 30 minutes at 450°C compared to 30 minutes at 575°C. TEM 

investigations report substantial precipitation after a 30 min anneal at 575°C (Figure 6.15), and  

this is in the same regime that exhibited coarsening-driven deactivation in the previous kinetic 

analysis (602°C, 30 minutes).  These correlations are far from conclusive, but it is promising that 

all previous investigations support that precipitation and growth of a selenium-rich phase, as 

observed by TEM, may be the dominant mechanism for optical deactivation during the latter 

stages of annealing.   

 These investigations demonstrated the value of TEM-based investigations into dopant 

deactivation, so long as the dopant provides sufficient chemical contrast. There are, however, 

limitations to this approach to studying dopant deactivation. First, the techniques used in this 

investigation are not capable of detecting clustering or precipitation on length scales below the 

resolution of electron tomography (nm-scale). The resulting structural insights and kinetic 

discussion are therefore limited to optical deactivation only in the latter-stages of annealing, 

when sufficiently large-scale precipitation is relevant. There is substantial optical deactivation at 

earlier stages of annealing that are likely related to activity on the point-defect scale and which 

these investigations do not comment on. Second, the small volumes of material probed using 

atom probe tomography have made it difficult to extract meaningful statistics regarding 

precipitate size and distribution, which could be used to further elucidate the nucleation, growth, 
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and coarsening of selenium-rich precipitates. Finally, our TEM-based structural investigations 

were unable to conclusively identify the structure or the composition of the precipitating phase 

because the nanoscale precipitates are embedded in a silicon matrix. The equilibrium Se-Si phase 

diagram[146] shows that the only stable compound at moderate temperatures (<900°C) is SiSe2, 

but precipitation can also produce metastable phases [147]. Work is underway to identify the 

chemical state of the optically activated and deactivated states identified by EXAFS, which will 

be a valuable complement to the structural investigations presented in this chapter.  

6.3.4 Conclusions 

 In this section we used TEM-based investigations into the evolution of microstructure 

with annealing to gain insights into the dominant mechanism of optical deactivation in selenium-

hyperdoped silicon. Plan-view TEM investigations showed selenium segregation to grain 

boundaries, precipitates, and the internal surfaces of voids with annealing. Tomographic 

reconstructions of the selenium distribution with annealing showed clearly the precipitation of 

selenium-rich particles. The role of selenium precipitation in the optical deactivation of 

hyperdoped silicon was tested by revisiting the investigations of Tull et al. into the kinetics of 

optical deactivation, whose work originally showed that optical deactivation was diffusion-

limited. By assuming that the sub-band gap absorptance is proportional to the amount of 

supersaturation in the hyperdoped silicon, the rate of optical deactivation with annealing time 

showed good agreement with the Lifshitz-Wagner theory for diffusion-controlled coarsening in a 

supersaturated system. EXAFS investigations into the chemical state of selenium with annealing 

show that there is a single optically deactivated state (i.e. the precipitated Se-rich phase) which 

becomes drastically more prevalent after a 30 min anneal at 575°C (the temperature range in 

which kinetic studies suggest diffusion-limited coarsening, and at which we observe precipitation 

in TEM). The data presented in this analysis consistently supports that diffusion-limited 

coarsening is the principle mechanism responsible for optical deactivation during later-stage 

annealing. Additional investigations into the deactivation kinetics and their correlation with 

microstructure will allow a more precise identification of the regime in which diffusion-

controlled precipitation is the dominant deactivation mechanism.  
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6.4 Conclusions 

 This chapter set out to understand the consequences of using a thin-film dopant precursor 

during the fs-laser doping of silicon. Previous investigations had shown that the deposition of a 

chalcogen thin film prior to irradiation results in broad sub-band gap absorptance [12, 122], but 

little was understood about the effect of using a thin film on the doping process. In section 6.2 

we undertook a systematic investigation into the effect that the phase of the dopant precursor has 

on resulting absorptance, p-n diode rectification, surface morphology, microstructure and dopant 

distribution. The presence of a selenium thin film results in large peaks with a polycrystalline, 

selenium-rich core, and no significant selenium hyperdoping in the valleys between the peaks. 

This is in contrast to the microstructure of surfaces irradiated in the presence of sulfur 

hexafluoride, which is composed of a single crystalline core and a continuous sulfur-rich surface 

layer. The unique microstructure of the thin-film doped silicon is likely the cause of the poor 

rectification observed in p-n diodes.  

 In section 6.3 we used Z-contrast imaging to investigate optical deactivation with 

annealing, taking advantage of the strong chemical contrast provided by selenium in silicon. 

Plan-view TEM of samples annealed for 30 minutes at 575°C and 950°C shows evidence of 

grain boundary segregation, segregation to the edges of voids, and the formation of selenium-

rich precipitates. Tomographic reconstructions were carried out to better understand the selenium 

distribution and showed substantial precipitation at the base of the peak after a 30-minute anneal 

at 575°C. In order to clarify the role that selenium segregation and, specifically, precipitation 

plays in the optical deactivation process we compared the kinetics of optical deactivation, 

published by Tull et al., with the expected kinetics due to diffusion-controlled coarsening. In the 

latter stages of optical deactivation the Tull data shows good agreement with the Lifshitz-

Wagner theory for diffusion-controlled coarsening, suggesting that segregation through 

coarsening is the dominant deactivation mechanism in this annealing regime. EXAFS 

investigations studying the chemical state of selenium with annealing concluded the existence of 

a single “optically deactivated” state which, in the context of this study, could be attributed to the 

formation of selenium-rich precipitates. A kinetic study of optical deactivation over a broader 

range of annealing times and temperatures, and with complementary structural characterization, 

will provide a more detailed understanding of the role of precipitation with respect to optical 

deactivation.  
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 This chapter focused on understanding selenium-doped silicon fabricated under 

irradiation conditions chosen to maximize sub-band gap absorptance. Our structural 

investigations, however, showed that dopant incorporation is inhomogenous and discontinuous 

and that this is likely the cause for the poor rectification observed in diodes made using a thin-

film dopant precursor. The application of thin-film fs-laser hyperdoping in optoelectronic 

devices requires a more continuous and homogeneous dopant distribution. In the next chapter we 

investigate the dopant incorporation and surface texturing mechanisms responsible for the 

observed microstructure and use this understanding to improve the dopant distribution across the 

surface.  
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concentrations, very shallow profiles, and a minimal thermal footprint on the rest of the device 

[148]. Pulsed lasers in the nanosecond regime and shorter deposit energy at rates that exceed the 

rate of thermal energy dissipation within the material [45]. This energy accumulation in the 

absorbing region can heat the material above the melting temperature, resulting in a thin molten 

layer on the surface typically 50-500 nm thick [54, 149, 150]. Impurity diffusivity in molten 

silicon is on the order of 10-4 cm2/sec [151], allowing for facile dopant incorporation or 

redistribution within the molten layer during the brief duration of the melt. The thermal gradient 

between the molten surface layer and the near-room-temperature substrate results in large heat 

fluxes away from the molten layer and rapid resolidification. The resolidification front moves 

through the molten layer at speeds exceeding 10 m/s [82, 152], which is too fast for 

thermodynamic equilibrium to be reached at the liquid-solid interface [152]. Through a process 

called solute trapping, impurities in the melt are trapped into the resolidified silicon at 

concentrations beyond their equilibrium solubility limit [152-154]. The resolidification velocity, 

which is a result of the thermal gradient present at the solid-liquid interface, will strongly 

influence the resulting impurity concentration [152], whether the impurities remain in a solid 

solution or cause cellular breakdown [103], and whether the silicon solidifies as a single crystal 

in epitaxy with the substrate, forms a polycrystalline layer, or is quenched as an amorphous solid 

[66].  

 Pulsed laser melting of silicon was an active area of research in the 1970s and1980s, but 

this extensive body of this work was carried out using pulsed lasers in the nanosecond regime 

[155-158]. The absorption process during nanosecond laser irradiation is linear and all resulting 

processes are thermal in nature, resulting in longer melt durations and deeper melt depths 

compared fs-laser irradiation, which is complicated by nonlinear absorption and non-thermal 

energy dissipation (Chapter 2). Central to the controllable synthesis of hyperdoped materials 

using nanosecond laser irradiation was the development of predictive models that allowed for 

control of the melt depth, resolidification velocities, and resulting solidification processes 

through tuning the irradiation conditions [149, 158]. 

 A number of different techniques for impurity introduction have been successfully 

coupled with nanosecond pulsed laser melting.  Ion implantation followed by pulsed laser 

melting is an attractive method because it allows for careful control of the impurity 

concentration, which is central to predicting the resolidification dynamics and resulting 
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microstructure. This approach has been recently used to synthesize single-crystalline silicon 

supersaturated with chalcogens, which shows a metastable broad-band increase in sub-band gap 

absorption similar to silicon fs-laser doped with chalcogens (Figure 7.1) [11, 158, 159].  

  

Figure 7.1. (a) Cross-sectional TEM of a n-Si(111) wafer ion implanted with sulfur to a dose of 
1 ൈ 1016 ions/cm2 and irradiated with a single 18 kJ/m2 fluence laser pulse from an XeCl+ 
excimer laser pulse (λ = 308 nm, τp = 50 ns). (b) Lattice resolved TEM image of the same sample 
showing crystallinity. Figure from [159]. (c) Sub-band gap absorptance spectra of sulfur-
hyperdoped Si(111) prepared the same way but with a peak fluence of 14 kJ/m2. Annealing data 
is for sequential 30 minute anneals at each temperature, conducted on the same sample. Figure 
from [11]. 

 The deposition of a thin film of material onto the surface is an elegant and low cost 

approach to introducing dopants during pulsed laser melting [155, 160]. Interestingly, some of 

the earliest reports of laser doping were done using a “painted-on” thin film following by laser 

irradiation [161].  During pulsed laser irradiation of the thin film on the surface, the precursor 

layer evaporates and produces a dense vapor phase with a high concentration of dopant atoms at 

the interface to the molten silicon. These atoms in the vaporized precursor diffuse through the 

vapor/liquid interface into the liquid silicon. A portion of the unincorporated but evaporated 

precursor layer recondenses on the wafer surface and can serve as a dopant source for subsequent 

laser pulses [148]. Silicon hyperdoped with selenium has been synthesized by depositing a thin 
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layer of selenium onto the surface prior to nanosecond-duration irradiation [160]. It was shown 

that a sufficiently thin layer (<5 nm) was necessary to prevent cellular breakdown.  The resulting 

material was single crystalline and exhibited broad sub-band gap absorptance comparable to 

what was achieved using ion implantation. 

 Nanosecond laser irradiation in the presence of a gaseous precursor, better known as Gas 

Immersion Laser Doping (GILD), is a well-established approach to optical hyperdoping. Dopant 

incorporation can occur either by photolysis or pyrolysis, depending on the transparency of the 

ambient gas to the incident laser light. If the gas molecules absorb the wavelength of the laser 

light, then molecules are photodissociated at the surface (photolysis) and dissociated dopant 

atoms diffuse into the molten surface layer. This is the case for many common dopant 

precursors, such as AsH3, BCl3, B2H6, PCl3, and PH3 under UV irradiation [162].  If the gas does 

not absorb the incident laser light then the gas molecules can still be thermally dissociated at the 

molten silicon-gas interface; such is the case for BF3 during ArF-laser irradiation [162]. In a 

hybrid of gas and solid phase doping, it has also been demonstrated that doping can be 

accomplished through the deposition of an adlayer on the surface by flooding the chamber with a 

gas and then evacuating the chamber prior to irradiation [156]. The adlayer serves as a finite 

source of dopants, enabling the formation of flat doping profiles over multiple laser pulses. 

Adlayer laser doping requires strong adsorption of the parent molecule to the substrate and has 

been demonstrated with BCl3, B2H6, BF3, and PCl3 [156].  

 In the context of the aforementioned development of optical hyperdoping using ns-laser 

pulses, several unique aspects of optical hyperdoping with fs-laser irradiation warrant a thorough 

investigation of this technique as a platform for novel materials synthesis. Femtosecond laser 

irradiation creates a unique environment arising from energy deposition at the surface that occurs 

on a time scale 5 orders of magnitude faster than experienced during nanosecond laser 

irradiation. The ultra-high irradiance can produce electric fields in the absorbing material that are 

orders of magnitude greater than the binding fields of an electron to an atom in the solid. In 

addition, the high energy density of the fs-laser pulse and the shallow absorption depths arising 

from nonlinear absorption can result in surface temperatures on the order of 104 – 105 K [51], on 

timescales such that the surface retains the density of the solid. These extreme conditions at the 

surface are sufficient to drive the material into highly non-equilibrium states and can result in the 

synthesis of new materials upon energy dissipation. Silicon hyperdoped with chalcogens using 
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ion implantation followed by nanosecond pulsed laser melting exhibits sub-band gap absorption 

similar to silicon hyperdoped with fs-laser irradiation (Figure 7.1) [11, 163], but optoelectronic 

devices fabricated using fs-laser hyperdoping exhibit a photoresponse at longer wavelengths into 

the infrared than those fabricated via ns-laser techniques [30, 32]. We also expect that 

differences in the nature of resolidification, a consequence of the irradiation conditions, will 

influence the incorporation of the impurities within the lattice and the resulting bulk properties 

[160].  Finally, the reduction in photon penetration depth arising from nonlinear absorption can 

enable the processing of thinner layers on the surface [64]. 

 Coupled with the exciting potential of optical hyperdoping using fs-laser irradiation is a 

unique set of challenges associated with its development. The non-equilibrium conditions 

described above, arising from non-linear energy absorption, results in more complex heat-flow 

dynamics following laser irradiation [10, 79]. The lack of a predictive model for fs-laser 

hyperdoping, as was developed for ns-laser hyperdoping in the 1980s [158], presents a major 

challenge in using this technique to design new materials [104]. Compared to ns-laser doping, 

the synthesis of materials using fs-laser doping is still relatively undeveloped; this work presents 

progress in understanding the interplay between irradiation conditions, laser-material 

interactions, and relevant doping mechanisms in fs-laser hyperdoping with a thin film dopant 

precursor.   

 In the previous chapter we reported that fs-laser doping over many laser pulses above the 

ablation threshold resulted in a dopant distribution and microstructure that can not be explained 

by the accepted models for dopant incorporation from a gaseous dopant precursor.  In this 

chapter we explain how dopant incorporation and surface texturing occurs when using a thin-

film dopant precursor and demonstrate the ability to influence thin film incorporation 

mechanisms by varying laser pulse number and laser fluence.  
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7.2 Effect of thin film on surface texturing and dopant incorporation 

7.2.1 Introduction 

 The previous chapter showed that the thin film dopant precursor affects the surface 

structuring and dopant incorporation mechanisms. The successful synthesis of hyperdoped 

materials using fs-laser doping from a thin film dopant precursor therefore requires an in-depth 

understanding of surface structuring and dopant incorporation processes, which will enable more 

rational control of the resulting microstructure and dopant distribution. The first step towards 

enabling rational control over the doping process is to understand the mechanisms behind the 

formation of the large polycrystalline peaks identified in section 6.2. In this section, we seek to 

understand the surface structuring and dopant incorporation processes by investigating the 

evolution of the surface with an increasing number of laser shots. This systematic investigation 

reveals that the surface texturing process is directly coupled to the localized crystallization of 

selenium-rich amorphous material on the surface, and this understanding enables more informed 

identification of optimal irradiation conditions for thin-film laser doping (section 7.3).  

7.2.2 Experimental  

 Samples were irradiated under conditions similar to those presented in section 7.2.2. To 

improve our understanding of the effect of laser irradiation conditions on the resulting 

microstructure, stationary spots were used rather than rastered surfaces. A Ti:sapphire laser (λ = 

800 nm, τ = 80 fs, f = 100 Hz) was used to irradiate silicon under 500 Torr N2 with 1, 2, 5, 10, 

15, 20, 30, 50, and 100 stationary pulses, each with a peak fluence of 4 kJ/m2. Characterization 

of the surface morphology was done with a Zeiss Field Ultra55 Field Emission Scanning 

Electron Microscope (FESEM), operating at 5 kV, with the InLens detector. TEM samples were 

prepared from specific regions within each stationary laser pulse using the lift-out method on a 

FEI Helios 600 dual-beam FIB. BF-TEM, DF-STEM, and EDX were carried out on a JEOL 

2010F TEM operated at 200 kV.  

  To understand the evolution of the surface morphology, profilometry was performed on 

each of the 9 stationary laser spots using a Veeco Dektak 6M Profilometer. The profilometry line 

scans were performed across the entire laser-irradiated spot, such that height changes in the 

center of the laser spot could be quantified with respect to the initial plane of the unirradiated 

silicon wafer. The width of the profilometer tip (5 μm) prevents detecting the valleys between 



  135 
 

the peaks, but allows for extraction of the average peak height (Figure 7.2(a)).  To obtain the 

height of the spikes at the center of the laser spot, we average the height measurement across the 

center 30 μm of the laser modified spot (Figure 7.2(b)).    

 

 

Figure 7.2. (a) Schematic showing relative size of laser-structured surface and profilometer 
stylus with 5 μm radius of curvature. (b) Example profilometry line scan across a stationary laser 
spot irradiated with 30 pulses. The average height in the center 30 μm (shaded) is measured with 
respect to the height of the unirradiated silicon wafer and used to quantify trends in the height of 
the surface (ΔH) with shot number.  

7.2.3 Results and Discussion 

7.2.3.1 Surface morphology 

 SEM images of the center of the laser-irradiated spot document the evolution of surface 

morphology with increasing laser irradiation, shown in Figure 7.3(a). In the initial pulses (1-2), 

the continuity of the selenium thin film is disrupted, likely through a combination of evaporation 

and coalescence.  With continued irradiation (2-5 pulses) the silicon surface roughens via 

melting and resolidification at the surface. Finally, by 10 pulses peaks form from the roughened 

surface, and continue to grow in size with increasing irradiation (20-100 pulses).  

 Whether peaks grow through material addition to the peaks or by material removal from 

between the peaks depends on the irradiation conditions (see section 2.2.2).  Profilometry across 

the laser spots (Figure 7.3(b)) show that there is upward growth at a rate of 75 nm/pulse between 

5-30 laser pulses; this finding is in contrast to what is understood about fs-laser doping with SF6, 
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in which peak growth is predominantly driven by material removal [79]. From 30-100 pulses, the 

absolute peak height begins to decrease with increasing laser irradiation at an average rate of 4 

nm/pulse.  The peak amplitude of the surface structure continues to grow, as seen in SEM 

micrographs (Figure 7.3(a)) indicating a transition into peak growth through material ablation.   

 In the following sections, we will address the dopant incorporation process and the role 

of the thin film dopant precursor on surface structuring in each of the stages discussed above: 

thin film removal and coalescence (1-2 pulses), surface roughing (5 pulses), peak formation and 

growth (10-20 pulses), and ablation-driven peak growth (30-100 pulses).  

 

Figure 7.3. (a) SEM images of the evolving surface morphology taken at a 45° angle. The 
numbers in the upper left indicate the number of stationary laser shots.  (b) Average height of the 
features with respect to the native silicon substrate (ΔH), measured using a profilometer line scan 
across the entire laser spot.  
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7.2.3.2 Thin Film Removal and Coalescence (1-2 pulses) 

 It is important to understand the dopant incorporation during the initial laser pulses, as 

this will influence the processes that occur during all subsequent irradiation. SEM images 

(Figure 7.3(a)) show that a single laser pulse at 4 kJ/m2 results in the removal of much of the film 

and does not produce noticeable surface roughness. A second laser pulse removes more of the 

selenium thin film and craters are visible in the silicon wafer, suggesting silicon melting and 

localized ablation.  In order to understand the extent to which the silicon is hyperdoped following 

a single pulse, we investigate the microstructure of the resulting samples using TEM (Figure 

7.4). After a single laser pulse at 4 kJ/m2 the native oxide layer (3 nm) stays intact. Beneath the 

SiO2 layer there is 10 nm of amorphous silicon, resulting from the melting and ultra-fast 

resolidification of silicon. The melting temperature of the native oxide (1713°C) is higher than 

the silicon substrate (1410°C) and thus the oxide remains on the surface during the melting 

process, preventing selenium incorporation.  A 1 nm layer of increased contrast on the surface 

appears to be selenium, though the layer is too thin to conclusively resolve by EDX. Dewetting 

of the film resulted in a selenium droplet that is ~100 nm high, slightly thicker than the original 

thin film (~75 nm) (Figure 7.4(a)).  

 

 

Figure 7.4. (a) Bright-field TEM image of silicon surface after a single laser pulse, including a 
selenium droplet on the surface. (b) High-magnification TEM of the modified silicon surface, 
from the region indicated in (a).   



  138 
 

 Though fs-laser irradiation of selenium has not been rigorously investigated, we can 

contextualize the behavior of the selenium thin film by considering the difference in material 

properties between selenium, silicon and silicon dioxide. Selenium melts at a much lower 

temperature (217°C) than silicon (1410°C) or silicon dioxide (1713°C), which implies that the 

melting and ablation thresholds during fs-laser irradiation will also be much lower, as confirmed 

by these investigations. In addition to the ablation of selenium from the surface, the evaporation 

temperature of selenium is only 685°C and thus evaporation will also contribute to selenium 

removal following initial fs-laser irradiation.   

7.2.3.3 Surface roughening (5 pulses) 

 With additional irradiation, there is considerable modification to the silicon surface, as 

shown in the SEM in Figure 7.3(a). TEM investigations into the microstructure of the surface 

after 5 shots reveal both amorphous and crystalline features contributing to the surface roughness 

(Figure 7.5). A 40-50 nm layer of amorphous silicon covers the entire surface and there are also 

larger mounds (200-400 nm) of amorphous silicon, which likely form through the coalescence of 

molten silicon. EDX of the amorphous silicon shows that there is 1-2% selenium and 1-2% 

oxygen in the amorphous silicon, suggesting that both selenium and oxygen mix with molten 

silicon before resolidification. The amount of selenium remaining on the surface is significantly 

less than originally deposited, as might be expected based on our understanding of selenium 

ablation/evaporation during the first several laser pulses  (the 30 nm film of ~1% selenium we 

observe is ~0.4% of the originally deposited 75 nm pure Se). The levels of oxygen detected are 

likely introduced by the native silicon oxide observed in the previous section.  It should be noted 

that selenium could not be detected in the crystalline-silicon substrate at levels above the 

resolution limit of EDX (>0.1%), suggesting that there was no melting and resolidification 

beyond the amorphous surface layer. In addition, there are no grain boundaries or dislocations in 

the substrate, which would also indicate melting and crystalline resolidification. 
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Figure 7.5. BF-TEM micrograph of the roughened surface following 5 fs-laser pulses at 4 kJ/m2. 
Platinum (Pt*) and carbon (C*) layers were deposited during FIB sample preparation. 

 We also observe in the TEM micrographs the formation of polycrystalline mounds, 

visible in Figure 7.5 and presented with quantified selenium concentration in Figure 7.6. These 

formations are 200-300 nm high, on the order of the height increase detected using profilometry 

(272 ± 38 nm). EDX shows that the recrystallized regions are hyperdoped and contain 1-2% 

selenium. Selenium is also incorporated into the single-crystalline region of the mounds, 

indicating that in some regions there was melting following by epitaxial recrystallization.  

 We can gain insights into the processes driving recrystallization by looking at the grain 

structure in the polycrystalline regions. In Figure 7.6(a) it can be seen that the grain size within 

the polycrystalline region increases from the interface with the crystalline substrate toward the 

surface. Such microstructure is indicative of explosive recrystallization [157]. Explosive 

recrystallization occurs following the melting of amorphous silicon, because the melting point of 

amorphous silicon is 300-450°C lower than crystalline silicon and the latent heat of melting 

amorphous silicon is 20% lower than crystalline silicon [132]. Therefore a highly undercooled 

liquid forms when the laser energy is sufficient to heat the amorphous silicon above its melting 

temperature. If kinetically allowed, small grains (<10 nm) form in the liquid and the grain size 

increases as the crystallization front sweeps to the surface. It has also been reported that 

explosive recrystallization can occur in parallel with random nucleation and growth, producing 

equiaxed nanoscale grains [157], which appears to have occurred on the left portion of the 

mound in Figure 7.6(b).   
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Figure 7.6. BF-TEM images of representative crystallized regions following 5 laser pulses at 4 
kJ/m2. The selenium composition (at. %) was determined using EDX (red spots).  

 Femtosecond laser irradiation produces steeper temperature gradients than nanosecond 

laser irradiation and often results in resolidification velocities that exceed the threshold for the 

crystallization of silicon (15 m/s) [66]. Silicon has been reported to recrystallize on planar 

surfaces following fs-laser irradiation at sufficiently high fluences (5.8 kJ/m2 single shot 

threshold), because the excess energy from the laser heats the silicon substrate and reduces the 

thermal gradient at the surface [59]. We are irradiating silicon at fluences just around the ablation 

threshold (3-4 kJ/m2), however, and observe fs-laser induced recrystallization only in regions 

protruding from the surface (Figure 7.5). In order to understand the effect of surface morphology 
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on crystallization, it is important to consider its influence on both the local fluence deposition 

and on subsequent heat dissipation.  

 In these investigations the surface is irradiated with fs-laser irradiation normal to the 

surface of the silicon wafer with a fluence of 4 kJ/m2. Surfaces that are not normal to the 

direction of irradiation receive a lower effective fluence due to the increasing surface area. The 

local effective fluence in a region that is at the angle θ° from the surface normal scales with 

cos(θ), approaching 0 kJ/m2 as θ approaches 90°. As such, surfaces on a protruding feature 

receive a range of fluences lower than the peak fluence achieved at normal incidence. The 

physical response of the material is strongly dependent on incident fluence: at θ = 40° the fluence 

is reduced to 3 kJ/m2, roughly the single shot ablation threshold, and at θ = 60° fluence is 

reduced to below the single shot melting threshold (~2 kJ/m2). In the lowest fluence range, there 

is no melting and the sample is heated via carrier relaxation.  From this simple model, it is clear 

that the overall ablation of protruding material can be reduced and lower-fluence reactions may 

be favored despite the normal fluence being above the ablation threshold. Note that these laser 

modification thresholds are also a function of pulse number (see section 2.2.1) and that we have 

ignored contributions from reflection off adjacent roughened surfaces. Reflection from adjacent 

peaks becomes particularly relevant in the discussion of ablation-driven peak growth (section 

7.2.3.5).  

 The previous fundamental work done on heat dissipation has been on planar surfaces in 

which the bulk silicon substrate acts as an infinite heat sink for the energy deposited on the 

surface [158]. The situation is subtly different, however, within a surface protrusion. The core of 

the peak is not necessarily an infinite heat sink for the surrounding surfaces and, following this, 

the thermal gradients experienced by molten silicon protruding from the surface will be less 

extreme than what is experienced in a film on a planar surface. Supporting the relationship 

between morphology and crystallization, Boroweicz et al. investigated the microstructure of a 

silicon surface following a single laser pulse and observed crystallization only in the protruding 

ring around the laser spot [94].  

 Though selenium is present only in small concentrations, its presence will influence the 

surface texturing process through both thermodynamic and kinetic effects. With respect to 

thermodynamics, the presence of impurities in silicon will affect the melting temperature. The 

selenium-silicon phase diagram is shown in Figure 7.7 and can be used to estimate the extent to 
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which mixing silicon and selenium will decrease the melting temperature of the selenium-silicon 

alloy. The presence of 1% selenium decreases the melting temperature of silicon by several 

degrees, though extremely high concentrations of selenium (>50%) could drastically reduce the 

melting temperature of silicon. The decrease in melting temperature resulting from the presence 

of selenium would slightly increase both the melt depth and the melt duration during fs-laser 

irradiation [164], enhancing the roughening on the surface.  

 The presence of selenium and oxygen will also influence the kinetics of recrystallization. 

The presence of 1% oxygen in amorphous silicon, which we observe in the amorphous silicon 

layer, increases the nucleation rate by a factor of 10 [127].  Group III and group V impurities, 

however, decrease the rate of nucleation when present at atomic concentrations of 0.1-1% [127]. 

Much less is understood about the effect of the chalcogens (group VI) on crystallization, but we 

expect chalcogen concentrations around ~1% (combined with oxygen concentrations around 1%) 

will significantly affect the crystallization kinetics.  

 

Figure 7.7. Binary phase diagram of selenium-silicon [146].  
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 In this section it was reported that after 5 laser pulses at 4 kJ/m2 the crystallization of 

selenium-hyperdoped silicon occurs only in features protruding from the surface. Based on the 

above discussion, it is clear that the crystallization of hyperdoped material is a result of the 

complex relationship between surface morphology, laser-material interactions, heat dissipation, 

and the thermodynamic and kinetic effects of the thin film. A quantitative theoretical assessment 

of the relationship between surface morphology and crystallization would provide a valuable 

framework for further understanding morphology-driven crystallization.  

7.2.3.4 Peak Formation and Growth (10-30 pulses) 

 Profilometry (Figure 7.3(b)) showed that between 5 and 30 pulses the peak height is 

growing at approximately 75 nm per pulse.  After 10 pulses the surface peaks have grown visibly 

above the surrounding roughened surface (Figure 7.3(a)), reaching 517 ± 218 nm above the 

native silicon surface, and the peaks grow to an average height of 1472 ± 367 nm over the 10 

subsequent laser pulses. TEM micrographs of the surfaces (Figure 7.8) show that the growing 

peaks are polycrystalline and that the surrounding surface is covered in an amorphous layer, 

consistent with the previous observations that the surface morphology is related to the 

crystallization process (section 7.2.3.3). Interestingly, the selenium concentration is highest (1-

2%) at the base of the peaks (Figure 7.8(a,c)).  

 In the previous section we discussed the formation of crystalline protrusions by 

identifying a grain structure representative of explosive crystallization. Similarly, we can gain 

insight into the growth of peaks with continued irradiation by understanding the grain structure 

and impurity distribution.  Both the 10 shot and 20 shot peaks exhibit larger grains towards the 

center and top of the peaks, with ~100 nm columnar grains at the bottom edges of the peaks 

where the pc-Si and a-Si meet. For clarity, a schematic of a peak after 20 pulses is shown in 

Figure 7.9. The columnar grain structure at the base of the peaks is characteristic of solid phase 

epitaxy [127], a solid-phase transition of amorphous silicon into crystalline silicon. Voids, which 

are often observed in the body of the polycrystalline peaks, seem to arise through 

inhomogeneous crystallization and growth at the amorphous/crystalline interface, as depicted 

clearly at the base of the left 20 shot peak in Figure 7.9. 
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Figure 7.8. BF-TEM images of polycrystalline peaks on the surface 10 pulses (a,b) and 20 
pulses (c) at 4 kJ/m2. EDX point scans in (a) and (c) show the selenium composition in different 
regions of the surface. Inset in (c) is an EDX map of the selenium signal at the base of the peak 
(red dashed box).   

 Consistent with the observed grain structure, the temperatures required to drive solid-

phase crystallization of a-Si are within the temperature range that we expect to be achieved 

beneath the surface during fs-laser irradiation. Solid phase epitaxy can be induced by heating of 

amorphous silicon to temperatures as low as 500°C [127], whereas crystallization mechanisms 

that involve melting of amorphous silicon (random nucleation and growth, explosive 

crystallization, etc.) require temperatures greater than 1200°C. Fs-laser irradiation of a silicon 

thin film at 9 kJ/m2 was shown to achieve temperatures over 500°C at distances 3 μm away from 

the laser spot; therefore seems feasible that temperatures ~500°C will be reached in some regions 

beneath the surface [165]. 
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Figure 7.9. Schematic of the microstructure of the 20-shot peak shown in Fig. 6.7(c). The 
columnar grain structure at the base of the peaks is indicative of solid phase epitaxy. The darker 
blue color for polycrystalline silicon indicates regions in which there was too much contrast to 
easily resolve the grain structure. The formation of pressure-induced amorphous silicon is 
discussed in Chapters 4 and 5.  

 As was discussed for liquid-phase crystallization in the previous section, selenium and 

oxygen impurities in the amorphous silicon will influence the kinetics of solid phase epitaxy. 

Non-doping impurities such as oxygen, nitrogen, and carbon significantly reduce the solid phase 

epitaxy rate [127]. Concentrations of electrically active group III and V dopants up to 1% can 

increase the rate of solid phase epitaxy by an order of magnitude [127]. The effect of selenium, a 

group VI dopant, might be expected to increase the kinetics similar to the group V dopants, but 

as selenium is an unorthodox dopant for silicon, this effect has not been investigated.  

 The increasing grain size in the center of the peaks suggests that coarsening occurs within 

the crystalline region during continued fs-laser irradiation. In the 20 shot sample, the majority of 

the peak is composed of only 2 grains despite the population of smaller grains at the base (Figure 

7.9). In studies of silicon crystal growth with annealing, substantial grain growth occurs at 

temperatures around 800-900°C [166]. Though fs-laser irradiation is known for its minimal 
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thermal imprint, investigations into the heat affected zone following fs-laser irradiation have 

shown that it can drive grain growth in metals microns away from the laser-irradiated region 

[133, 165, 167]. The observed crystallization and evolution of the silicon microstructure suggests 

that temperatures from 500-1000°C can be achieved within the peak during fs-laser irradiation. 

 The concentrations of selenium are highest towards the bottom of the peak, as shown by 

EDX in Figure 7.8, indicating that substantial dopant segregation occurs during crystallization 

and coarsening. It should be noted that solid phase epitaxy does not preclude hyperdoping; it is 

well understood that impurities at concentrations well in excess of solid solubility limits can be 

incorporated into the crystalline phase during solid phase epitaxy, despite the lack of an 

intermediate liquid phase [127].   

 Investigations into the microstructure and dopant distribution have shown that the 

formation of selenium-hyperdoped crystalline silicon is coupled with protruding surface features 

from the earliest stages of laser irradiation, resulting in the discontinuous dopant distribution 

initially reported in section 6.2. The large size of the surface peaks that form during thin-film fs-

laser irradiation arises through a unique regime of crystallization-driven peak growth.  

7.2.3.5 Ablation driven growth (30-100 pulses)  

 With continued irradiation (30-100 pulses) the surface peaks continue to grow in 

amplitude (Figure 7.3(a)) while the absolute peak height begins to gradually decrease (Figure 

7.3(b)). This is evidence that peak “growth” is now occurring predominantly through material 

removal. This process is well understood and is the dominant form of surface structuring during 

fs-laser doping from SF6 gas [79]: laser light is preferentially reflected into the valleys between 

the peaks, creating localized regions of increased fluence and heightened rates of material 

ablation. The focusing effect increases as the peaks grow larger, increasing the rate of material 

removal from between the peaks and the overall peak amplitude.   

 Investigations into the microstructure support this transition into ablation driven growth 

(Figure 7.10). The valleys between the peaks are significantly recessed from the polycrystalline-

crystalline interface. The microstructure reveals that the crystallization of amorphous silicon 

continues at the base of the peaks (Figure 7.10, white circles); regions of columnar grains extend 

laterally and partially into the valleys. Though upwards growth of the peaks has ceased, it 

appears to be a consequence of the removal of crystalline silicon between the peaks allowing 
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lateral solid-phase epitaxy. The layer of amorphous silicon in the valleys between the peaks 

varies in thickness from 25-150 nm due to the local increase in fluence.  

 

 

Figure 7.10. BF-TEM of the surface structure following 50 pulses at a fluence of 4 kJ/m2. White 
circles highlight the columnar grain structure that is evidence of continued crystallization-driven 
growth during fs-laser irradiation.   

7.2.4 Conclusions 

 In this study, we set out to understand the formation of the large, hyperdoped, 

polycrystalline surface peaks reported in section 6.2. By investigating the evolution of the 

surface with an increasing number of laser pulses, we identified the dominant mechanisms 

behind dopant incorporation and surface structuring during each stage of laser irradiation. During 

the first laser pulse much of the selenium thin film is evaporated/ablated and the presence of the 

native oxide layer prevents dopant incorporation from the thin film. With continued irradiation (5 

pulses) the surface roughens and is covered predominantly in a selenium and oxygen-rich 

amorphous silicon layer. Explosive recrystallization occurs only within protruding bumps on the 

surface, indicating that the relationship between crystallization and surface morphology begins 

very early in the irradiation process. The reduced effective fluence and delayed heat dissipation 

within surface protrusions are identified as potential factors enabling recrystallization only 

within protruding surfaces.  Rapid peak growth is shown to be driven by the solid-phase 

crystallization of amorphous silicon with continued irradiation. Grain coarsening is observed 

within the peak, suggesting that the core of the peaks are reaching temperatures 500-1000°C 

following fs-laser irradiation. As the peaks grow by crystallization, the self-focusing effect also 

increases, eventually resulting in substantial material removal from between the peaks. 
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Investigations into the microstructure reveal that the crystallization of amorphous silicon 

continues at the base of the peaks, suggesting that the material removal allows for lateral 

crystallization and thus the crystallization of amorphous silicon ceases to drive the peak height 

upwards. Most importantly, this investigation revealed that during irradiation under these 

conditions there is a strong relationship between surface morphology and crystallization from the 

earliest stages of irradiation. Investigating the peak formation process elucidates the significant 

role that the evolving surface morphology has on laser-material interactions and the resulting 

formation of crystalline hyperdoped material. With this understanding of the dopant 

incorporation and recrystallization-driven surface structuring processes during thin-film fs-laser 

doping, in the next section we aim to identify irradiation conditions that are more favorable the 

uniform synthesis of hyperdoped silicon.  
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7.3 Optimizing parameter space for thin-film laser doping 

7.3.1 Introduction  

 Investigations into peak formation and growth during selenium thin-film fs-laser doping 

have shown that the dopant incorporation, surface structuring, and crystallization of hyperdoped 

material are closely related during irradiation with 4 kJ/m2 fluence. In this section, we investigate 

the surface structuring and dopant incorporation as a function of laser fluence with the ultimate 

goal of identifying irradiation conditions conducive to the synthesis of a continuous, crystalline 

hyperdoped surface layer.  

7.3.2 Experimental 

 We use the same stationary-shot laser spots described in section 6.2.2, and access a range 

of fluences by characterizing regions away from the center of the spot irradiated with a Gaussian 

laser beam. The laser beam profile was determined using a CCD camera and has a full-width 

half-max of 343 μm in the direction of beam polarization and 436 μm in the direction 

perpendicular to it. Through measuring the distance from the center of each point, we can 

determine the effective fluence at that point and understand the effect of fluence on the surface 

morphology and dopant incorporation. TEM samples were prepared from specific regions within 

each stationary laser pulse using the lift-out method on a FEI Helios 600 dual-beam FIB. BF-

TEM, DF-STEM, and EDX were carried out on a JEOL 2010F TEM operated at 200 kV. 

7.3.3 Results and Discussion 

7.3.3.1 Surface morphology 

 Figure 7.11 shows SEM images of the surface morphology across a range of shot 

numbers and fluences. The stages of surface structuring and dopant incorporation identified in 

section 7.2 (thin film removal, surface roughening, peak formation and growth) occur down to 

fluences of roughly 2 kJ/m2. Because peak formation during thin-film fs-laser doping is driven 

by melting and recrystallization, it is interesting that peak growth requires fluences roughly 

above the single-shot melting threshold of silicon (2 kJ/m2).  
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Figure 7.11. SEM images of the evolving surface morphology as a function of fs-laser pulse 
number (1-100) and laser fluence (0.7 – 4 kJ/m2). 
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 At lower fluences (<2 kJ/m2) the peak formation does not occur and instead ripples form 

after many laser pulses. These ripples, known as laser-induced periodic surface structures 

(LIPSS), are perpendicular to the polarization of the electric field and have a periodicity of 

around 500-600 nm, slightly less than the wavelength of the laser (see section 2.2.2). Such low-

frequency LIPSS [83] arise through a well-known mechanism of scattering/diffraction and 

subsequent local-field enhancement via interference at the surface [168, 169]. Though there is a 

rich history of studying the formation of these surface structures on a variety of materials, dopant 

incorporation from a thin film during LIPSS formation has not been previously investigated and 

may offer a route to achieving a more continue dopant distribution. In order to understand the 

thin-film dopant incorporation process at fluences below the single-shot melting threshold of 

silicon, we investigate the microstructure and dopant distribution following low-fluence 

irradiation (~1.2-1.6 kJ/m2).    

7.3.3.2 Surface structure after 10 laser pulses   

 A low magnification SEM image of the fs-laser spot after 10 shots is shown in Fig. 

Figure 7.12(a) and the low-fluence region being investigated is highlighted in Figure 7.12(b). 

This region was selected because it corresponds to the fluence range in which LIPSS will 

eventually form with increasing irradiation.  As indicated in Figure 7.12(b), the region 

characterized is estimated to span from 1.27 – 1.68 kJ/m2, though uncertainty in both the fluence 

and the beam profile limits the resolution with which we can discuss the fluence that each region 

received. For the sake of discussion we will still refer to values out to 0.01 kJ/m2 resolution, but 

acknowledge that these are best treated as relative estimates.   

 Figure 7.12(c) shows the microstructure of the surface after irradiation with 10 pulses of 

1.66 kJ/m2 fluence, and most of the selenium thin film has been removed. There is an amorphous 

layer ~10 nm thick across the surface. Quantifying EDX in this region is difficult because the 

length scale of the features being probed is less than the spatial resolution of EDX. Nevertheless, 

EDX signal shows that the surface layer is predominantly silicon but also contains selenium and 

oxygen. Quantification suggests selenium concentrations similar to what was observed in the 

amorphous surface layer after 5 pulses at 4 kJ/m2 (Figure 7.5).  
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Figure 7.12. (a) SEM image of laser spot after 10 pulses at a peak fluence of 4 kJ/m2. The white 
box indicates the low-fluence region investigated, shown in (b). (c) Cross-sectional BF-TEM 
image of a region irradiated with ~1.66 kJ/m2 fluence. EDX line scans show oxygen and 
selenium distribution, and point scans quantify the amount of selenium present. (d) BF-TEM 
image of a region irradiated with ~1.27 kJ/m2 fluence with EDX line scans and point scans 
quantifying the amount of selenium present. (e) High-magnification image of the region 
presented in (d). 
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 Beneath the amorphous surface layer there are regions of pristine silicon (Figure 7.12(c), 

right) and areas with defects associated with plastic deformation (Figure 7.12(c), left). We were 

unable to detect selenium in the silicon wafer in either region within the chemical limit of EDX 

(~0.1 at. %).  The complete removal of the selenium film after 10 pulses at 1.66 kJ/m2 suggests 

that continued pulsed-laser irradiation at this fluence will not lead to the successful hyperdoping 

of silicon, though lower fluences could favor incorporation of selenium film rather than removal.  

 Figure 7.12(d-e) shows cross-sectional BF-TEM of the surface after irradiation with 10 

fs-laser pulses in the low-fluence regime (1.27  kJ/m2) and selenium film roughly 10 nm thick 

remains on the surface. Though EDX quantification suggests that the thin film is only ~12% 

(Figure 7.12(d)), the relatively low amount of selenium in the quantification is likely a 

consequence of the surrounding material and the limited spatial resolution of EDX. Similar to 

what was observed after a single laser pulse at 4 kJ/m2 (Figure 7.4), there is a 1-2 nm thick layer 

of SiO2 beneath the selenium film. There appears to be 2-3 nm layer of amorphous silicon 

beneath the native oxide layer Figure 7.12(e), much shallower than the 10 nm of amorphous 

silicon observed after 1 laser pulse at 4 kJ/m2. The presence of the SiO2 layer suggests that no 

selenium has been incorporated into the silicon after 10 pulses at 1.27 kJ/m2. The presence of 

selenium at the surface, however, means the possibility of selenium hyperdoping may be 

possible with continued irradiation.   

7.3.3.3 100 shots  
 Irradiation at low fluences (1.27 – 1.66 kJ/m2) did not lead to significant hyperdoping 

after 10 pulses, but ~10 nm of selenium film was still present on the surface at fluences around 

1.3-1.4 kJ/m2 (Figure 7.12). It is in this same fluence range that we observe LIPSS formation 

with continued irradiation. To investigate dopant incorporation during LIPSS formation, a TEM 

sample was prepared from the outer rim of the 100 pulse laser spot, as shown in Figure 7.13.  

This sample covers fluences from approximately1.21 kJ/m2 to 1.45 kJ/m2.   
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Figure 7.13. (a) SEM image of laser spot after 100 pulses at a peak fluence of 4 kJ/m2. The low-
fluence region investigated is shown in (b). 

 

Figure 7.14. (a) Cross-sectional BF-TEM of surface irradiated with 100 pulses at a fluence of 
roughly 1.45 kJ/m2 reveals polycrystalline spikes. EDX line scan shows selenium is concentrated 
at the base of the spike. (b) BF-TEM image of surface irradiated with 100 pulses at 1.4 kJ/m2 
shows LIPPS have a continuous crystalline surface layer with a discontinuous distribution of a-Si 
on the surface. EDX point scans indicate selenium composition in surface layer of around 1%. 
For clarity, the crystalline substrate (c-Si), hyperdoped silicon (hd-Si), amorphous silicon (a-Si), 
and protective coatings (C, Pt) are indicated. Similar features are visible after irradiation at 1.30 
kJ/m2 (c) and 1.25 kJ/m2 (d).  
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 Figure 7.14(a) shows the microstructure of the LIPSS that form after irradiation with 100 

pulses at ~1.45 kJ/m2. The microstructure in this regime has similar characteristics to the micron-

scale peaks observed after irradiation at higher fluences. The ripples have a polycrystalline core 

with valleys that extend below the polycrystalline region. EDX shows a similar dopant 

distribution as well, with selenium predominantly present at the base of the polycrystalline 

regions.  

 Moving to lower fluences (൑1.4 kJ/m2) the microstructure changes and polycrystalline 

peaks are no longer present within the LIPSS, as shown in Figure 7.14(b-d). In this regime, we 

observe a continuous hyperdoped layer across the surface of the ripples, as confirmed by EDX 

(Figure 7.14(b)). This surface layer has oxygen concentrations that are comparable to what is 

resolved in the single-crystalline substrate, indicating that there is no significant oxygen 

incorporation. High-resolution imaging of the surface was used to confirm that the surface layer 

is crystalline (not shown), and there is a discontinuous layer of a-Si on the surface. Monitoring 

the thickness of the crystalline layer across the 1.4 – 1.25 kJ/m2 range reveals that the average 

thickness of the hyperdoped layer increases with increasing fluence (Figure 7.15) from 11.2 ± 

3.6  nm at 1.25 kJ/m2 to 24.8 ± 12.3 nm at 1.40 kJ/m2. Based on this trend, it appears that there is 

an optimal fluence for thin-film hyperdoping that maximizes the thickness of the surface layer 

while avoiding the formation of polycrystalline peaks.  

 

Figure 7.15. Thickness of the hyperdoped surface layer plotted as a function of fluence show 
slight trend of increasing surface layer thickness with increasing fluence. The thickness 
measurements were made across the entire 100-pulse TEM sample (Figure 7.14) and then binned 
into 4 groups.  
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 In order to elucidate the dopant incorporation mechanisms between 10 and 100 shots and 

at fluences between 1.25 and 1.4 kJ/m2, it is helpful to review what is understood about fs-laser 

irradiation of silicon in this low-fluence regime. The single shot melting threshold of silicon 

irradiated under these conditions (λ = 800 nm, τ = 100 fs) has been experimentally observed to 

be around 1.5 – 2 kJ/m2 [47]. Melting during fs-laser irradiation, however, can occur through 

both thermal and non-thermal pathways and each has different thresholds. Non-thermal melting 

occurs when a large number (>10%) of the valence electrons are excited, resulting in a 

disordering of the lattice. This process is unique to fs- laser irradiation and occurs over 100’s of 

femtoseconds [45, 49], whereas thermal melting takes tens of picoseconds to develop [49] and 

also occurs during slower (nanosecond-picosecond) pulsed laser irradiation. During fs-laser 

irradiation both non-thermal and thermal processes contribute to the melting process, but it is 

generally observed that the non-thermal melting threshold is ~1.5 times the fluence required for 

thermal melting [54].  

 The formation of selenium-hyperdoped silicon after 100 laser pulses necessitates 

sufficient melting at the surface to allow for the mixing of selenium with molten silicon. Laser 

irradiation at 1.25 – 1.4 kJ/m2 is lower than the commonly-reported single-shot melting threshold 

for silicon (1.5 – 2 kJ/m2), but it is empirically understood that laser modification thresholds 

decrease with increasing pulse number (section 2.2.1) [58]. For silicon, the modification 

thresholds follow the relationship:  

∅௠௢ௗሺܰሻ ൌ ∅௠௢ௗሺ1ሻ ൈ ܰஞିଵ 

Here N is the number of laser pulses, and ξ is a material-dependent coefficient reported to be 

around 0.7 [80]  to 0.84 [58] for silicon. If we take the single-shot thermal melting threshold of 

silicon to be 2 kJ/m2, then the non-thermal melting threshold is around 3 kJ/m2 and these values 

will decrease to <1 kJ/m2 and <1.5 kJ/m2, respectively, after 100 laser pulses. In agreement with 

these estimations, Izawa et al. reported non-thermal melting  in silicon after 100 pulses (λ = 800 

nm, τ = 100) at 1.5 kJ/m2, and thermal melting after 100 pulses at 1.0 kJ/m2 [170]. TEM 

investigations in the same study showed that non-thermal melting at 1.5 kJ/m2 produced 30-40 

nm of amorphous silicon on the surface, whereas thermal melting conditions at 1.0 kJ/m2 

resulting in a melt depth of 13 nm and was followed by regrowth of crystalline silicon.  

 Between 1.25-1.4 kJ/m2 we observe a regrown layer of crystalline silicon that is 10-20 

nm thick and hyperdoped with selenium. Comparing our results with those of Izawa et al., there 
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is strong evidence that the hyperdoped surface layer forms through thermal melting and 

recrystallization, which dominates only at sufficiently low fluences. Irradiation at higher fluences 

results in large volumes of amorphous silicon [104, 170], which we have observed leads to 

surface roughening and morphology-driven crystallization during thin-film femtosecond laser 

doping. 

7.3.4 Conclusions  

 With the understanding that peak formation during thin-film fs-laser doping is coupled 

with local crystallization of dopant-rich amorphous material on the surface, we investigated 

dopant incorporation at fluences below which peak formation occurs (1.2-1.6 kJ/m2).  Irradiation 

with 10 pulses is insufficient to drive selenium incorporation in this fluence range, but after 100 

pulses we observe selenium incorporation occurring in parallel with the formation of LIPSS.  A 

10-20 nm thick hyperdoped surface layer forms at fluences less than ~1.4 kJ/m2.   The fluence 

range over which this process occurs, the depth of dopant incorporation, and the epitaxial 

recrystallization support that hyperdoping is occurring through thermal melting. In addition to 

producing a continuous hyperdoped surface layer, irradiation under these conditions results in a 

flatter surface that is more conducive to conventional device processing.  

7.4 Summary and Conclusions 

 In summary, by systematically investigating the relationship between irradiation 

conditions, surface morphology, dopant distribution, and microstructure, we have elucidated the 

fundamental mechanisms driving dopant incorporation during femtosecond laser doping from a 

selenium thin film.  

 Following the first laser pulse at 4 kJ/m2, much of the selenium thin film is 

ablated/evaporated before any dopant incorporation occurs. This behavior is related to the 

different laser-modification thresholds of selenium, silicon, and the native silicon oxide, and 

presents a major challenge for using fs-laser irradiation to drive dopant incorporation from a thin 

film with drastically different material properties. With additional irradiation the surface 

roughens through to the formation and coalescence of amorphous silicon that contains ~1-2% of 

both oxygen and selenium. The crystallization of hyperdoped silicon occurs only in features 

protruding sufficiently from the surface, and we discussed the role that surface morphology has 
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in creating favorable conditions for the localized crystallization of hyperdoped silicon. TEM 

investigations into the microstructure show that the peaks grow through the incorporation and 

crystallization of amorphous silicon at the base of the peaks, likely through solid phase epitaxy. 

The crystallization of amorphous silicon continues with increasing laser irradiation, though 

material ablation drives the increase in peak amplitude during latter stages of irradiation.  This 

mechanism of crystallization-driven peak growth at the surface explains both the increased size 

of the peaks on the surface as well as their polycrystalline structure. It also makes clear the point 

that, under these irradiation conditions, the crystallization of selenium-hyperdoped silicon is 

closely tied to the formation of spikes on the surface.  

 In order to synthesize a continuous layer of crystalline hyper-doped silicon using a 

selenium thin film dopant precursor, it was therefore necessary to explore the crystallization and 

dopant incorporation processes under different irradiation conditions. It was shown that peak 

formation is suppressed at sufficiently low fluences, instead forming LIPSS on the surface. After 

10 laser pulses with fluences around 1.2-1.4 kJ/m2 there is still a 10 nm selenium thin film on the 

surface, though it is still separated from the silicon substrate by the native silicon oxide layer. 

After 100 laser pulses in this fluence regime LIPSS form, with a 10-20 nm thick layer of 

crystalline, hyperdoped silicon on the surface. Irradiation in this lower fluence regime enables 

the formation of a hyperdoped surface layer because it does not ablate the selenium dopant 

precursor during early stage irradiation and, based on the resulting microstructure, favors thermal 

melting and recrystallization. The 10-20 nm thick hyperdoped layer is much thinner than what is 

achieved by gas phase doping under conventional irradiation conditions, but we anticipate the 

thickness can be increased through further refinement of the laser irradiation conditions.   

 This investigation exposes critical differences in the mechanisms behind doping from a 

selenium thin film and doping from a sulfur gaseous precursor, which have strong consequences 

on the irradiation conditions necessary to fabricate a continuous layer of hyperdoped material. 

Irradiation of silicon with many laser pulses at 4 kJ/m2 creates micron-scale peaks on the surface 

during both the gas-phase and thin-film fs-laser doping. Peak formation during gas-phase fs-laser 

doping occurs through the removal of material from between the peaks due to self-focusing 

effects increasing the rate of material ablation from the regions between the peaks. When using a 

thin-film precursor, however, there exists a unique regime between 5-30 laser pulses during 

which the peaks grow rapidly upwards from the surface through the incorporation of amorphous 
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silicon at the base of the peaks. During gas-phase doping, increasing the fluence increases the 

thickness of the resulting hyperdoped surface layer [29], and thus irradiation above the ablation 

threshold is traditionally used to drive sufficient dopant incorporation.  A gaseous dopant 

precursor acts as an effectively infinite source of dopants regardless of the irradiation conditions. 

In contrast, we have shown that high fluences ablate/evaporate the selenium thin film before 

substantial dopant incorporation can take place and proceeds to drive localized crystallization of 

hyperdoped material only within protruding surface features. Moving to fluences low enough to 

prevent complete ablation/evaporation (<1.4 kJ/m2) of the selenium thin film enables uniform 

dopant incorporation through thermal melting and recrystallization. Irradiation at lower fluences 

results in less surface texturing, which is more conducive to incorporation into planar devices.  

 This progress in developing thin-film femtosecond laser doping as a platform for novel 

materials synthesis points to several outstanding questions for future investigation. First, we 

found that the differences in melting/ablation/evaporation thresholds between the selenium thin 

film and silicon substrate play an important role in the fs-laser doping process. It would be 

interesting to understand how the use of a more robust thin-film dopant precursor influences the 

dopant incorporation process. Second, we have fabricated of a selenium hyperdoped film that is 

only 10 – 20 nm thick. It will be important to establish how the thickness of the hyperdoped 

layer can be increased through further optimization of the irradiation conditions. Finally, 

hyperdoping across large length scales and characterization of the resulting bulk properties will 

require adapting the conclusions of this work to hyperdoping with a rastered laser beam.   
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investigation into the relationship between laser irradiation conditions, surface texturing, silicon 

polymorph formation, and microstructure, Chapter 5 showed that resolidification-induced 

stresses are responsible for driving plastic deformation.  This conclusion was supported by 

Raman investigations showing the dependence of silicon polymorph formation on irradiation 

conditions (laser fluence and fluence modulation), the residual strain in the silicon lattice, and 

TEM investigations confirming the amount of resolidification on the surface and the spatial 

distribution of amorphous silicon within the textured surface.  

 In the investigation into pressure-generation mechanisms, we also identified side-effects 

of laser rastering that are relevant to both surface texturing and hyperdoping. The rastering of a 

pulsed laser beam with a Gaussian profile delivers a wide range of fluences to each point on the 

surface, and the low-fluence irradiation has non-negligible consequences on the resulting 

material.  The fluence modulation that occurs with rastering generates high concentrations of 

crystalline silicon polymorphs compared to irradiation with a stationary laser spot and, relatedly, 

increases the cumulative melt depth at the surface.  The sub-surface annealing that occurs during 

low-fluence irradiation both drives the Si-XII → Si-III transformation and relaxes some of the 

residual stress in the material generated by resolidification of the molten surface layer.  

 Chapter 6 presented the first structural characterization of silicon fs-laser doped using a 

thin-film dopant precursor.  The development of thin-film fs-laser irradiation for optical 

hyperdoping requires a thorough understanding of the dopant incorporation mechanisms, and 

little was understood about the effect of the phase of the dopant precursor on the doping process. 

We showed that thin film fs-laser doping generates much larger volumes of doped material than 

doping from a gas, and achieves higher absorptance at lower fluences. The resulting 

polycrystalline surface and discontinuous dopant distribution, however, affect p-n diode 

rectification and is not favorable for device fabrication. Structural investigations into the dopant 

distribution showed that the selenium is concentrated at the base of the surface peak and forms 

selenium-rich precipitates in this region with annealing. With this insight into the behavior of 

selenium dopants during moderate-to-high temperature anneals (575 - 900°C), we revisited 

previous investigations into the optical deactivation of selenium and found that they are 

consistent with a model for optical deactivation by diffusion-limited coarsening during the latter 

stages of absorptance decay. Though additional investigations are necessary to conclusively 
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demonstrate this, it appears likely that segregation plays a key role in the optical deactivation of 

selenium in silicon.  

 The application of thin-film fs-laser hyperdoping in optoelectronic devices requires a 

more continuous and homogeneous dopant distribution than what was studied in Chapter 6. The 

objective of Chapter 7 was to understand how dopant incorporation and surface structuring 

occurs when using a thin film dopant precursor, and to apply this knowledge to improving the 

overall dopant distribution. We showed that the crystallization of hyperdoped material on the 

surface is closely coupled with the evolution of surface roughness, likely as a result of the 

relationship between surface morphology, laser-material interactions, and the subsequent heat 

dissipation. Explosive recrystallization leads to polycrystalline protrusions on the surface, which 

grow into large polycrystalline peaks with continued irradiation. Investigations into 

microstructure and dopant distribution suggest that peak growth upwards is driven by the 

crystallization of material at the base of the peaks.  

 With this understanding of the relationship between surface texturing and localized 

crystallization, we investigated the dopant distribution at the surface following fs-laser 

irradiation under conditions that do not significantly texture the surface. Irradiation with many 

pulses (100) at sufficiently low fluences (൑1.4 kJ/m2) results in a 10-20 nm thick hyperdoped 

surface layer. Comparing the microstructure under these laser irradiation conditions with those of 

published pump-probe investigations suggest that hyperdoping occurs under these conditions 

through thermal melting. This investigation into the effect of the thin film exposed critical 

differences in the thin-film doping mechanisms. The unique dopant incorporation mechanisms 

have a strong consequence on the irradiation conditions necessary to fabricate a continuous layer 

of hyperdoped material, but our investigations suggest it is possible with optimal selection of 

irradiation conditions.  

 Investigations in this thesis have elucidated multiple fundamental mechanisms that are 

critical to the application of fs-laser irradiation to silicon-based photovoltaics. These studies 

illustrate how systematic investigations into the relationship between irradiation conditions, the 

microstructure and dopant distribution, and the resulting bulk properties are an effective and 

necessary approach to developing fs-laser irradiation as a platform for surface texturing and 

optical hyperdoping.  
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8.2 Suggested future work 

8.2.1 Pulsed-laser surface texturing and laser-induced damage 
 Our investigations into pressure-induced phase transformations during fs-laser irradiation 

revealed that pulsed-laser irradiation of silicon is a unique system due to the temperature 

dependence of the plastic deformation mechanisms in silicon, and there are many open questions 

to be addressed. For example, this thesis focused primarily on the formation of silicon 

polymorphs, but we reported in section 5.3.2 that there is an upper limit on fluences that will 

generate Si-XII (over 88 pulses). This suggests that the plastic deformation mechanisms in 

silicon are dependent on fluence, though the effect of surface morphology on the resulting 

Raman spectra could also influence the observed trend. Based on this understanding, it will be 

valuable to investigate further the relationship between irradiation conditions, the resulting 

temperature, and plastic deformation. In addition to laser fluence, additional laser irradiation 

parameters that could have an effect on temperature at the surface include: pulsed laser 

frequency, temperature of the substrate, and pressure of the surrounding environment (ambient, 

vacuum, ultra-high vacuum).  Once a complete understanding of the fluence dependence is 

developed, it will be possible to minimize plastic deformation by optimizing the beam profile 

and rastering speeds.  

 These investigations brought to light the role of resolidification-induced stresses on 

plastic deformation in silicon.  Moving forward, it may be possible to reduce plastic deformation 

during surface texturing by mitigating resolidification induced stresses. For example, heating the 

sample during irradiation could slightly slow resolidification at the surface, resulting in less 

frustration and possibly reducing the magnitude of the resulting pressures. This might, however, 

be offset by the reduced hardness of silicon at elevated temperatures. Variation in the pulse 

duration should also be investigated as a route to reducing resolidification-induced stresses. It 

has been shown that fs-laser irradiation can result in drastically different stress distributions than 

ns-laser irradiation, even when used to create surface structures of similar geometry [94]. Finally, 

removing silicon polymorphs and healing plastic deformation in silicon with post-treatment 

annealing presents a straightforward route to reducing laser-induced damage. A better 

understanding of the microstructure as related to annealing conditions could motivate the 

introduction of an additional annealing step in the solar cell fabrication process, after surface 

texturing but before formation of the emitter.   
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 The results of this thesis, which were based on investigations into the structure-property-

processing relationships behind fs-laser irradiation of silicon, also suggest potential areas for 

complementary theoretical work. First, we observed that resolidification-induced stresses are 

strongly a function of surface morphology and this thesis drew on the previous work of 

Boroweic in order to interpret our findings (Figure 2.6). A more refined understanding of how 

surface morphology influences the distribution of residual stresses in silicon could inform 

optimal design of surface textures for minimized plastic deformation. A second area for 

complementary theoretical work is understanding the evolution in temperature beneath the 

surface and its relationship to surface morphology. Theoretical work on fs-laser irradiation often 

focuses on the melting/ablation processes occurring in a very shallow surface layer, and 

discussions about temperature evolution focus on temperature above or around the melting 

temperature [171-173].  Our investigations have shown that it would be valuable to study 

temperature evolution as related to surface texturing and at temperature ranges below the melting 

threshold of silicon (1414°C). Plastic deformation mechanisms are strongly affected by 

temperatures in the range of 200 – 500°C, and the thin-film investigations demonstrated that 

crystallization and coarsening can occur in the bulk of the peaks, which require only 

temperatures between 500°C - 1000°C.  

8.2.2 Thin-film fs-laser doping 

 The understanding of thin-film fs-laser doping developed in this thesis addressed 

fundamental open questions about the use of a thin-film dopant precursor, and naturally raises 

another round of important questions surrounding the development of thin-film fs-laser doping as 

a platform for materials synthesis. Chapter 7 concluded by demonstrating the synthesis of a 

continuous layer of hyperdoped material on the surface, but there are still open questions about 

the realization of a large hyperdoped area suitable for device incorporation. The proof-of-concept 

hyperdoped layer synthesized in this thesis is only 10-20 nm thick, which is an order of 

magnitude thinner than what can be synthesized using gas-phase doping. It may be possible to 

increase the thickness of the doped layer by continuing to optimize the irradiation conditions, for 

example by moving to higher pulse numbers and lower fluences. Relatedly, the investigations in 

Chapter 7 were conducted on stationary laser spots, and in order to prepare large areas our 

findings in this thesis need to be adapted to laser-rastering. This conversion may assist in the 
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generation of thicker hyperdoped layers; we observed a much thicker resolidified layer in the 

rastered surface (Figure 7.14(c)) due to the large amount of low fluence irradiation produced by 

rastering the laser beam across the surface. For similar reasons, Shieh et al. observed improved 

recrystallization of an a-Si layer when the laser beam was rastered across the surface [174]. 

Shieh also heated the substrate to 400°C during irradiation, and a similar approach could aid in 

increasing the thickness of the laser-doped layers.   

 Beyond laser irradiation conditions, these investigations revealed that the properties of 

the thin film compared with the substrate will drastically influence the laser doping process.  We 

found that the differences in melting/ablation/evaporation thresholds between the selenium thin 

film and silicon substrate required irradiation at very low fluences to avoid extensive removal of 

the thin film prior to dopant incorporation. This thesis demonstrated the drastic impact that using 

a thin-film precursor has on the dopant distribution and microstructure that form during fs-laser 

doping process, but there is still a wide range of parameter space for which the processing-

structure relationship has not been elucidated.  An attractive alternative to exploring all of 

processing parameter space experimentally would be to develop a theoretical framework that 

enables more rational material design. Such a framework is currently under development for gas-

phase doping [104], and these investigations will aid the development of a framework for thin-

film doping in the future.  
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