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Abstract 

This thesis reports observations of modification to single crystal CVD grown diamond 

irradiated with ultrashort (",150 fs) , infrared (800 nm) laser pulses. The first set of 

experiments reports on modifications when the pulses were focused on the surface 

of single crystal diamond. A second set of experiments was done where pulses were 

fo cused in the bulk to study the formation of internal structures. Diamond is a 

dielectric material that is normally transparent to infrared radiation. However , the 

high intensity of femtosecond laser pulses allows for nonlinear absorpt ion of laser 

radiation. The surface features that formed on diamond were studied using optical 

microscopy, scanning electron microscopy, and atomic force microscopy. Thin cross 

sections of diamond were also made using a fo cused ion beam (FIB) machine. These 

thin membranes were analyzed in a t ransmission electron microscope (TEN1) to study 

modifications in the crystal structure directly below t he surface of areas irradiated 

with ultrashort laser pulses. A FIB was also used to prepare TEM samples from areas 

in the bulk that had been irradiated by femtosecond laser pulses . 

Surface craters were made with single femtosecond laser pulses. A ring around 

the edge of the single pulse craters was observed for craters made with higher pulse 

energies. Atomic force microscope measurements of t his ring revealed it was substan

tially deeper t han the area in t he center of t he crater and therefore more ablation 

occurred in the outer ring than in the center . This left a protrusion in t he center of 

the crater. The formation of t his ring feature was initially unexpected because the 

laser pulse has a Gaussian profile. :[\/1ore ablation might be expected to occur in the 

center of t he crater which received a higher intensity and fluence. TEM cross sections 

also revealed a modified layer of amorphous carbon or polycrystalline diamond on 

the surface of t he crater which had a very uniform thickness inside t he ring or central 

prot rusion. This modified layer was thicker underneath the deeper ring feature. 

Surface craters were also made with multiple laser pulses and surface lines were 

made by t ranslat ing the sample as it was irradiated . In these experiments ripples 

were observed. Two different types of ripples formed . The first type had a spacing of 

550-600 nm which was slight ly less t han t he wavelength of t he 800 nm laser pulses. 
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Another type of ripples, with a spacing of 200-250 nm, was also observed. These 

higher spatial frequency ripples formed in areas which received a lower fiuence/ pulse 

such as around the edge of craters made 'wit h mult iple pulses or lines made with low 

energy pulses. Both kinds of ripples formed perpendicular to the direction of the 

laser polarization. This sections of t he ripples viewed in a TEM revealed the high 

and low spatial frequency ripples had a similar structure. The center of each ripple 

was unmodified diamond that was part of the main single crystal lat tice. The surface 

of the ripples was covered with a thin , uniform layer of polycrystalline diamond , 

amorphous carbon or graphite. The ripples had a very smooth , sinusoidal profile 

instead of forming more angular grooves. 

Areas inside the diamond samples were irradiated by fo cusing the laser pulses in 

the bulk of the single crystal diamond samples. The sample was translated while be

ing irradiated to make lines within the bulle These lines appeared as darkened areas 

which could be seen in an optical microscope. TEt-lI sections revealed that cracks 

had formed in the bulk along the cleavage planes of diamond. These cracks con

tained polycrystalline material. However , no periodic structures were observed inside 

diamond. Other dielectrics irradiated with femtosecond laser pulses have revealed 

periodic structures formed in the bulk. 

The results of a TElVI analysis on a specimen of laser irradiated single crystal InP 

are shown in Appendix A. The TEM sample was made by taking a section of a crater 

formed with a single laser pulse. The laser pulse had a central wavelength of 800 nm 

and a duration of 10 fs. The irradiation was performed at the Max-Born- Institut fur 

Nichtlineare Optik und Kurzzeitspektroskopie in Berlin , Germany. T his research was 

in collaboration with Jorn Bonse (Bundesanstalt fur Materialforschung und-prufung, 

Berlin , Germany) et ai. The crater had a central protrusion feature similar to the 

feature seen in diamond craters made with single laser pulses. The crater was covered 

in a laser modified layer made up of polycrystalline and amorphous InP. This layer 

was much thicker in the area under t he central prot rusion. There was a very sharp 

boundary between the laser modified layer and the unmodified InP. 
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cHAPTERl __________________________ ~ 

L--___________________ Introduction 

In 1905 Einstein postulated the quantization of the electric field and in 1917 he pro

posed the process of stimulated emission [1] . These ideas formed the theory which 

Maiman used in 1960 to create t he first laser [2] . Since that t ime, lasers have been 

made which emit radiation over a range of wavelengths and have output intensities 

which can be constant in time (continuous wave lasers) or pulsate at a desired fre

quency. Before the invention of the laser pulses of radiation with a time duration of a 

few nanoseconds were produced through electrical discharges. With the development 

of the laser , pulses of radiation with much shorter t ime durations were obtained . By 

1965, picosecond pulses (10- 12 s) were possible by placing a saturable absorber inside 

a laser cavity. In the fo llowing twenty years , radiation pulses from lasers with t ime 

durations of less than 10 femtoseconds (1 fs = 10- 15 ) were achieved [1]. Ti:sapphire 

based laser systems that use active and passive mode-locking techniques have be

come one of the most common ways to generate infrared femt osecond laser pulses. 

The methods for generating t hese light pulses using Ti:sapphire based systems will 

be described in the experimental setup sections in Chapter 3. 

The invent ion of the laser opened many new areas of research. Lasers allo'w for t he 

creation of intense radiat ion which can have a high temporal and spatial coherence 
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and a short pulse duration . One application of this unique radiation is to study 

its interaction with matter. Ult rashort laser pulses (less than 10- 12 s or 1 ps) are 

particularly interesting for studying the interaction of radiation with matter. These 

pulses can carry a low energy and still achieve a very high intensity. A 1 j.d laser 

pulse, with a 150 fs duration , focused to a diameter of 10 J-lm , has a peak intensity 

on the order of 1012 Vv / cm2
. At room temperature, the relaxation t ime of electrons 

in most solids is on the order of 1 to 10 fs [3]. The mean free path of the electrons at 

room temperature is on the order of 10 to 100 nm. Therefore , the result of irradiating 

a sample with a femtosecond laser pulse is a highly excited and localized region of 

material. NIaterial from this highly excited region is either ejected from the surface or 

forms a resolidified region. In most instances, both ablation and resolidification occur. 

However , the amount of ablation and resolidification depends on t he pulse energy and 

the type of material. Very well defined patterning can be done as there is not enough 

time for heat to be transferred away from the area which is being irradiated to create 

a large melted region or heat affected zone [4]. 

Another phenomena observed on the surface of materials irradiated with laser ra

diation was laser induced periodic surface structures (LIPSS) . These periodic struc

t ures were first noticed shortly after the invention of the laser [5] . LIPSS are believed 

to form due to an interference effect between the incident laser radiation and the 

radiation being scattered from the surface of the material being irradiated. This in

terference effect is only possible because of the high temporal and spatial coherence 

of laser radiation . 

A lot of work has been done studying the ablation of metals and semi-conductors 

with laser radiation varying from cont inuous to ultrashort pulses. The formation of 

LIPSS on semiconductors and metals using ul trashort pulses has also been extensively 

studied. More recent work has also been done on dielectric materials. Dielectrics are 

transparent in the infrared region of the radiation spectrum. However , they will 

absorb intense, infrared femtosecond pulses through multi-photon processes. Recent 

work has also revealed that periodic structures can be created inside dielectrics when 

femtosecond laser pulses are focused inside these materials [6]. 

This thesis will report the results of experiments on both surface and bulk irradia-
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tion of single crystal diamond (a dielectric material) by infrared (800 nm) pulses with 

a duration of rv 150 fs. Changes in the surface topography of the diamond samples 

due to irradiation under a variety of condit ions were studied using different forms 

of microscopy. Modificat ions to the crystal structure directly under the surface have 

also been studied using a FIB to make samples for analysis in a T EM. Changes to the 

diamond crystal structure in the bulk of single crystal diamond were also analyzed 

using a FIB to make TEM samples from areas inside the diamond samples that were 

irradiated with femtosecond laser pulses . 
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CHAPTER2 __________________________ ~ 

~ _____________________________________ Background 

2.1 Material Excitation and Ablation by Femtosec

ond Laser Pulses 

2.1.1 Material Excitation and Melting 

Material excitation, melt ing, and removal (also called ablation) happen simultane

ously on materials irradiated with continuous wave laser beams or longer pulse lasers. 

\ iVhen ultrashort femtosecond pulses are used , excitat ion , melting, and ablation are 

temporally separated . The material is excited on the order of femtoseconds. Melting 

occurs on the order of picoseconds, and material removal happens on the order of 

nanoseconds [7] . 

Excitation of electrons in materials by infrared , femtosecond laser pulses depends 

on the init ial electronic structure of the material. Metals have many free carriers 

in the conduction band , and will absorb energy from infrared pulses t hrough single 

photon absorption . In semiconductors with band gaps less t han the photon energy 

(hv = 1.55 eV for 800 nm light), single photon absorption is the dominant process 

5 
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'where electrons are excited from the valence band to the conduction band . In wider 

band gap semiconductors and dielectrics , mult i-photon processes are required where 

the electron absorbs multiple photons to acquire enough energy to be excited above 

the band gap. This nonlinear process only occurs with high probabilit ies at higher 

intensities. Infrared , ult rashort laser pulses are ideal for this nonlinear process due 

to their inherent ly high intensity. 

The free electrons excited to the conduction band by ul t ra-short laser pulses gives a 

dielectric more metal-like properties. These electrons can now absorb single infrared 

photons and through electron-electron impact ionization excite other electrons to 

the conduction band in an avalanche process [8] . The dominant form of excitation 

with femtosecond laser pulses is multi-photon absorpt ion. Electron-electron impact 

ionization becomes more important for lower intensity, picosecond pulses [9]. If the 

energy from the laser pulse is high enough it can generate an electron-hole plasma 

and destabilize the crystal lattice in approximately 100 fs. This disordering is often 

referred to as non-t hermal melting because the breakdown occurs before t he lattice 

is heated and has reached any equilibrium temperature [7] . 

Thermal melting of the lat tice has also been considered as a mechanism for laser 

induced breakdown [10]. Thermal mechanisms are considered to be more likely to 

occur at lower pulse energies . Thermal melting also requires more time as electron

phonon collisions must first heat the latt ice. This process occurs on t he t imescale of 

picoseconds. Normally, melt ing would start on the surface of a material and t here 

would be a nucleation and growth process , or a melt front , which extends t hrough 

the material. The speed of this melt front has been measured up to 1000 mls in 

materials such as silicon [11]. Homogeneous melt ing has also been considered where 

the entire area excited by the laser pulse homogeneously t ransfo rms from a solid to a 

liquid [10]. 



2.1. MATERIAL EXCITATION AND ABLATION BY 
FEMTOSECOND LASER PULSES 

2.1.2 Ablation 

7 

At low intensities , the irradiation of matter by laser radiation can be modeled by a two 

temperature model where the electrons and lattice are both in a thermal equilibrium. 

Energy is absorbed by the electrons and t ransferred to the latt ice through electron

phonon interactions. The heat capacity of the electrons is much less than the lattice. 

Heat is t ransferred away from the irradiated area by mobile electrons and phonons 

[12]. Melt ing may occur and some evaporation depending on the intensity of t he 

pulse. 

Femtosecond pulses are more likely to cause a direct transition from solid to 

vapour where ablation has occurred [13]. The rapid heating does not allow for a t her

mal equilibrium to be reached , and thermodynamic models involving an equilibrium 

temperature do not apply. Materials have been shown to behave similarly when irra

diated with femtosecond laser pulses because the time for substant ial melting or heat 

diffusion is much longer than the time taken for the pulse to deposit energy. Also, 

most materials will absorb energy from infrared laser pulses due to non-linear pro

cesses. In any solid , t he same general mechanisms are t hen believed to be responsible 

for material ablation by femt osecond laser pulses [14] . 

~/Iany possible mechanisms have been considered for the ablation of solids by 

ult rashort pulses . Some of these mechanisms are out lined in Refs. [14] and [15]. These 

mechanisms include phase explosion , or homogenous nucleation , where a superheated 

fluid is created. Gas bubbles will form in this liquid and expand . These bubbles 

will event ually rupture and material will be ejected from t he solid [10]. Vaporization, 

where laser energy is higher t han t he cohesive energy of the solid and atoms are atoms 

are simply ejected from the surface has also been considered. 

Another mechanism which has been considered to cause ablation and nanostruc

turing on insulators and semi-conductors irmdiFl,tec1 with femtosecond laser pulses is 

Coulomb explosion [16]. Coulomb explosion is caused by t he laser pulse creating a 

charged surface due to the emission of free electrons. Electrons absorb photon energy 

which is turned into kinetic energy. As t he electrons move away, t hey leave behind 
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charged atoms. Electrostatic Coulomb repulsion between the charged atoms causes 

the lattice to destabilize and leads to what is known as a Coulomb explosion. This 

process only occurs at lower fiuences where a dense plasma is not generated [17]. 

At lower laser fiuences, nanoparticles were observed on 3C-SiC. The origins of these 

particles were thought t o be due to nano-craters created by Coulomb explosions on 

t he surface of 3C-SiC which could be seen as a nanopart icle patterning on t he surface 

of the material[18]. 

2.2 Laser Induced Periodic Surface Structures 

2.2.1 Theories on LIPSS Formation 

Shortly after the invention of the laser , Birnbaum , using a ruby laser , observed the 

formation of ripples on the surface of germanium [5]. Up until this point , it was 

assumed that ablation by continuous wave lasers and laser pulses would create craters 

with only random features. Any periodic structures were then attributed to properties 

of the irradiating laser. These ripples or laser induced periodic surface structures 

(LIPSS) were first assumed to form because of diffraction effects caused by the lens 

used to fo cus the laser. The effect of diffraction through a circular aperture which 

is smaller than the width of the laser beam is to create an intensity pattern which 

oscillates between zero and some decreasing maximum as the square of the first order 

Bessel function . The periodic structures were then thought to be created by the 

oscillatory nature of t he laser beam intensity along t he sample surface as it would no 

longer be Gaussian [5] . 

It was soon found t hat LIPSS were more of a universal phenomena related to t he 

interaction of laser radiation and the surface of materials. LIPSS were observed and 

reported on a Ge etalon used as an out put coupling mirror in a CO2 laser operating 

at a wavelength of 10.6 f.Lm [19] . The effects of diffraction in the laser beam would 

not be a plausible reason for t he creation of t hese ripples inside the laser cavity. A 

theory was presented which assumed LIPSS were caused by a surface scattering wave 
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Figure 2. 1: Schematic illustrating interference between the incident laser light and a 
surface scattering wave when the surface is normal to the propagation vector for the 
incident pulse ( a) and at an angle (b) . 

created by t he laser beam. The ripples occur due to variations in intensity along 

the sample surface caused by interference between this scattering wave and incident 

laser beam. The interference creates a standing wave as illustrated in Figure 2.1a. 

More ablation will occur at the anti-nodes and leads to the formation of ripples . The 

spacing of ant i-nodes (the period of LIPSS) is 

(2.1 ) 

for normal incidence. If the sample surface is at an angle, this t heory would predict 

a spacing of 
A 

d = -----:--,-
l ±sin(O) 

(2.2) 

where t he (+) sign applies to the area left of the scattering center and t he (-) sign 

applies to the area right of the scattering center for the configuration shown in Figure 

2.1 b . Experiments performed on Ge produced LIPSS wit h a spacing t hat followed 

this formula [19] . LIPSS were later observed on acrylic plastic and fused silica using 

10.6 J-Lm laser light with a 0. 5 J-Lsec equivalent square pulse widt h [20]. These LIPSS 

formed ellipt ical damage rings which were expected from the surface scattering wave 

theory presented by Emmony [19]. They also observed surface defects in the center 

of many of t hese ring patterns at lower fiuences where t here was little modification to 
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the original surface. These observations supported the theory of a surface scattering 

wave. 

LIPSS had now been observed on metals, semiconductors, and dielectrics irradi

ated over a range of radiation conditions. The theory of LIPSS formation on dielectrics 

was further expanded by Temple and Soileau [21]. In dielectrics local electric field 

enhancements during laser irradiation had been considered by Bloembergen [8] . He 

showed the role played by submicroscopic surface structures such as cracks and pores 

smaller t han the laser wavelength accounted for the lowering of the breakdown in

tensity by a factor of 4 to 5 on the surface as compared to in the bulk of materials 

such as glass and sapphire. Temple and Soileau used t his theory to create a model 

for optical breakdown in dielectrics. They assumed polarization charges induced on 

t he surfaces of these defects from the electric field of t he laser created a perturbation 

field with a period of 
A 

d= -
n 

(2.3) 

where A is the wavelength of the incident radiation in air . Temple and Soileau ob

served this spacing on NaCl irradiated with 200 ns laser pulses. This equation for 

LIPSS spacing in dielectrics would also be predicted by the simple model from Figure 

2.1 if the surface scattering wave was assumed to move through the dielectric. How

ever , t his theory did not explain how multiple pulse craters and lines made wit h laser 

pulses were later seen to form parallel lines instead of concentric rings when linearly 

polarized light was used. The effects of polarization which change t he direction of the 

LIPSS also could not be adequately explained . 

Isenor et al . [22] observed the formation of ripples on Nio.sPo.2 irradiated with 

with ",50 ns pulses from a CO2 laser. They found by varying the incident angle 

the period of the ripples changed according to Equation 2.2. However , this was only 

for 7r polarized light. If the light was CJ polarized (E parallel to t he sample surface) 

then there was no such variation and the spacing remained at approximately the 

incident laser wavelength. Ripple patterns were also found to rotate with the plane of 

polarization on Si [23] and t he circular LIPSS pattern predicted by the simple surface 

scattering theory was only seen when using circularly polarized light . 
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It was found t hat LIPSS vvere a universal phenomena by Sipe et ai. who observed 

ripples on a variety of materials including Ge, Si , Al , and brass using 0.53 /.Lm and 

1.06 /-lm wavelength laser pulses with a 15 ns pulse duration [24]. The LIPSS which 

formed on t hese materials were all equal to the wavelength of the laser. One important 

observation they found was ripples could be formed with a single pulse. They also 

found that ripple patterns could be altered if a defect or scratch was present as 

observed by other groups such as Emmony et ai. [19]. However , for multiple pulses 

they found t hat a pattern emerged which did not change after about 20 pulses and 

did not depend on the initial surface conditions. 

Sipe et ai. presented what is current ly the most widely accepted t heory for LIPSS 

formation. Sipe theory is also based on a surface-scattered electromagnetic wave sim

ilar to the theories presented when LIPSS were initially discovered. However , Sipe 

took into account the interaction of the electromagnetic laser beam with a microscop

ically rough surface, and included the excitation of surface polaritons. Sipe t heory 

uses a response function , 'r/ , to describe the rate of inhomogeneous energy absorption 

on t he surface of a sample. It is also referred to as the efficacy factor for inhomoge

neous energy absorption. This response function depends on the angle of incidence, 

wavelength , and polarization of the incident laser as well as the periodicity of the 

initially rough surface. It was found that the location of peaks in t he response ftmc

t ion were mostly independent of the initial surface condit ions. Very sharp peaks were 

found to occur in the response function for particular surface roughness periods, 6. 

(the spatial period at which ripples or LIPSS will form). The period of LIPSS was 

predicted to be 
A 

6.± = ---~ 
1 ± sin (e) 

(2 .4) 

for LIPSS or ripples perpendicular to the laser polarization. This equation gives the 

same spacing as Equation 2.2. However , Sipe theory also predicts possible spacings 

of 
J\ _ /\ 

L...\ ± -
n ± sin (e) 

(2 .5) 

which are more dominant for t ransparent dielectrics. Another type of LIPSS, desig-



12 N. A. Mailman - MSc. Thesis 

nated c type ripples , with a spacing of 

>-
6.c =--

cos(e) (2 .6) 

were also predicted by this theory and had been previously observed [4]. These LIPSS 

are predicted to be parallel to the laser polarization and are not as common as LIPSS 

which are perpendicular to t he laser polarization. 

2.2.2 High Spatial Frequency LIPSS (HSFL) 

The LIPSS described in the previous section all had periods on t he order of the laser 

wavelength or ~ for normal incidence. They can be designated as low spatial fre

quency LIPSS (LSFL). However , in more recent studies of materials irradiated 'with 

picosecond and femtosecond pulses, LIPSS with spacings which can be much smaller 

than the wavelength of the laser or ~ have been reported [25] . These high spatial fre

quency LIPSS (HSFL) have been observed mainly on dielectrics and semiconductors 

with bandgaps larger t han the incident photon energy [26]. 

The formation of HSFL and LSFL has been observed to depend on the pulse 

energy - or more importantly t he fluence. Borowiec et al. [27] observed both HSFL 

and LSFL on InP using 2100 nm, 50-100 fs laser pulses. They observed LSFL on InP 

were most prevalent on areas irradiated with multiple pulses where each pulse had 

a fluence close to t he threshold fluence required for modification by a single pulse. 

HSFL were observed on t he edge of craters made with multiple femtosecond pulses 

where the fluence per pulse was far below threshold . HSFL could be seen using 1300 

and 21 00 nm laser pulses which have an energy less than the bandgap of InP (1.35 eV). 

At 2100 nm , the HSFL had a period of 430 nm (rv >- / 4.9). This value is also less 

than ~ (the index of refraction for InP is n,,-,3 for 2100 nm light). HSFL could not 

be seen using 800 nm laser pulses where the photon energy was above the band gap. 

One possible theory for HSFL formation is second harmonic generation (SHG) on t he 

surface due to initial defects and the surface boundary. 

HSFL have also been observed on a number of wide band gap dielectrics [28 , 29] . 
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The HSFL observed on these dielectrics had periods which were more than a factor of 

two below the laser wavelength and did not correspond with a ~ spacing. Using Sipe 

theory and taking into account SHG does not give an explanation for the formation of 

these structures. It was also found that the spacing of the HSFL was more dependent 

on t he laser pulse fluence than the laser pulse wavelength. A simple "self-assembly" 

model was suggested as the mechanism for HSFL fo rmation [29]. In t his model t he 

femtosecond laser pulse creates an instability in t he crystal lattice which relaxes after 

several hundred femtoseconds . The excitation results in surface ionization, Coulomb 

explosion and ablation which also occur on the order of several hundred femtoseconds. 

The remaining crystal is not in equilibrium and relaxation will not occur in a slow 

equilibrium thermalization. The surface has been roughened by Coulomb explosion 

will relax through reorganization and probably atomic diffusion 'which will result in 

self-organization in the form of periodic structures. However , this model does not 

take into account the effect of polarization on the direction of ripples or explain the 

correlation between the period of LIPSS and t he laser wavelength. 

It has also been observed that LSFL have a period which is always slight ly less 

than the laser wavelength on semiconductors such as InP, GaP, GaAs and dielectrics 

such as sapphire irradiated with femtosecond laser pulses . The theory presented by 

Sipe et al. cannot reconcile this difference. A theory for the formation of LSFL 

with periods slightly below the laser pulse wavelength and HSFL has been presented 

more recent ly by Dufft et al. after observing LSFL and HSFL on ZnO [26]. Their 

experiment used 800 nm, 200 fs laser pulses incident normal to the surface of a ZnO 

sample. LSFL with a period of 680 to 730 nm and HSFL with a period of 230 nm 

were observed. HSFL became more dominant for higher numbers of low energy pulses 

incident on the same area. If higher energy laser pulses were used only LSFL were 

observed except for around the outer rim of craters where HSFL were present because 

the fiuence "va.s lo\ver in this region. To account for the period of these LIPSS , a 

nonlinear version of Sipe theory on ripple formation was used. First , a Drude model 

was used to take into account changes in the refractive index, n = n + ik , due to 

free carriers in the conduction band . Changes in the refractive index due to the Kerr 

effect 'were found to be so small that they were ignored. Sipe theory that incorporated 

changes in the dielectric constant was t hen used . The efficacy factor , 'I} , was calculated 
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for different carrier excitations. Dufft et al. found peaks in 'r) for 800 nm radiation 

that ran perpendicular to the polarization with a spacing that varied only sight ly 

from ",800 nm over a range of carrier concent rations. These were concluded to be 

the cause of the LSFL. At higher carrier densities the amplitude of'r) decreased. This 

would explain the general disappearance of LIPSS at higher fluences. 

Dufft et al. argue SHG is closely related to the formation of HSFL. It was observed 

using a linear polarizer and spectrometer that ZnO produced 400 nm light due to 

SHG when excited with a 800 nm pulse. The polarization of the 400 nm light was 

also found to be mainly perpendicular to the original 800 nm pulses. The efficacy 

factor for 400 nm light taking into account the free carrier concentration was found 

to have peaks with a spacing of ",200 nm that ran parallel to t he SHG 400 nm 

light (perpendicular to the original 800 nm light). They attributed these peaks to 

the HSFL t hat had a period of 200-280 nm observed running perpendicular to the 

incident 800 nm laser pulses. 

The dependence of t he formation of HSFL or LSFL on the laser fluence was also 

explained by taking into account the number of free carriers. It was found that at 

carrier densities greater than ",5 x 1021 cm- 3 , the extinction coefficient , k, for ZnO 

became quite large as in metals for 800 nm light. Only LSFL were observed because 

the pulses were either absorbed or produced scattered surface electromagnetic waves 

which interfered with the incident pulse and were also highly absorbed. This also 

explains why HSFL are generally not observed on metals which already have high 

free carrier densities. If the carrier densities were around 3 x 1021 to 5 X 1021 cm-3 

and the laser intensity was still strong enough for SHG to occur , it was found that 

400 nm light could still advance through the free electron plasma. HSFL would be 

produced because light created by SHG on the surface and transmitted slightly into 

the bulk would interfere with light created by SHG and scattered along the surface. 

This also explains why HSFL are generally observed for shorter , subpicosecond pulses. 

The intensity is high enough for SHG to efficiently occur but the overall fluence is 

not too large to create a metallic like state [26] . HSFL have been observed on gallium 

phosphide using pulse durations up to 80 ps which would not be as efficient at SHG. 

However , many pulses were required to form HSFL at t his pulse duration and for 
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pulse durations of 130 ps and longer only LSFL were observed [30] . 

2.3 Laser Induced Periodic Bulk Structures 

Most work on the modification of materials by femtosecond laser pulses has been 

done by irradiating the sample surface and studying changes in the topography of 

the sample. However , recent work has revealed that laser induced periodic structures 

can also form in the bulk of dielectrics irradiated with femtosecond laser pulses. 

Shimotsuma et ai . observed periodic planes in synthetic silica glass (amorphous Si02 ) 

after irradiation by 800 nm, 150 fs laser pulses fo cused 100 p,m inside the sample [31]. 

The formation of these periodic structures was also attributed to an interference 

effect. However , it was argued that the electric field from the bulk electron plasma 

wave is what interferes with the incident laser light. The planes were perpendicular 

to the laser polarization and ",,20 nm wide. The planes were observed in an SEr--il 

using backscattered electron images. Auger spectra mapping revealed the planes were 

deficient in oxygen. The grating periods were observed to change with the number 

of pulses. For a pulse energy of 1 p,J , with an intensity of 2 x 1014 W /cm2
, it was 

observed for 5 x 104
, 20 X 104

, and 80 x 104 pulses irradiating the same area that 

the spacing of the planes decreased from 240, 180 to 140 nm respectively. Also, it 

was observed using a constant 20 x 104 pulses wit h pulse energies of 1, 2, and 2.8 p,J 

that the grating periods increased from 180, 240, to 320 nm respectively. Using an 

electron plasma wave model, the observed increase in spacing could be explained by 

higher electron concent rations and t emperatures [31]. 

Corkum et ai . also showed that periodic planes could be produced inside fused 

silica by focusing femtosecond laser pulses in the bulk of samples [6]. The samples 

were irradiated using a Ti:sapphire laser system, which produced 800 nm , 50 fs laser 

pulses at a repetit ion rate of 100 kHz. The samples were then etched in HF and 

nanoplanes that etched at a much faster rate could be seen using an AFM or SEM. 

The planes were::; 10 nm wide and formed perpendicular to the direction of the 

laser polarization . The spacing of the planes was ",,242 nm and did not change over 
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t he range of pulse energies used . These planes were not produced with circularly 

polarized light . 

The planes observed by Corkum et al . were believed to form because small areas of 

plasma were created inside fused silica by the laser pulses . Local field enhancements 

around the plasma created t he coherent structuring (nanoplanes) revealed by etching. 

These planes could not have formed out of a large area of plasma because energy from 

the laser pulses was not high enough to t urn the entire region the planes were observed 

int o a plasma. Instead , it was proposed t he formation of these planes after irradiation 

with multiple low energy pulses was due to t he inhomogeneous absorption of energy 

t hrough color centers formed by t he init ial pulses or defects t hat were already present 

in t he fused silica samples. The subsequent pulses were more strongly absorbed at 

t hese centers and , along with an avalanche effect , create small areas of plasma [6]. 

The displacement of an electron from its equilibrium posit ion , x when experiencing 

an external harmonic electric field , E, of frequency, w = 211 j , is given by 

d2~ X ~ 2~ 
m - = -eE = -mw x . 

dt2 
(2.7) 

This equation assumes t here is no collisions or other resistances to motion , and there

fore a temperature of absolute zero so t here is no t hermal aggregation. If t here are 

N electrons per unit volume the net dipole moment , P = - N ex is 

(2.8) 

T he electric displacement is t hen given by 

( 
N 2 ) ( 2) - - - e - Wp_ 

D = EoE + P = EO 1 - 2 E = EO 1 - 2" E. 
mw EO w 

(2. 9) 

\i\There plasma frequency, jp > is given by 

f - wp _ .!...JNe2 

p - 211 - 211 m Ea' (2 .10) 
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If t he frequency of the radiation is less than the plasma frequency (f < Jp ) the effective 

relative permittivity of the plasma will be negative. The index of refraction "vill be 

completely imaginary and the laser radiation is completely reflected. For J > Jp , 

electromagnetic waves can move freely through the plasma without attenuation. The 

carrier density required for the plasma frequency to be the same frequency as 800 nm 

radiation is 
4 22 

7f mEo e 21 -3 
N = 2 2' = 1.75 x 10 em . 

e >. 
(2. 11) 

At free carrier densities above this value, 800 nm light is completely reflected. For 

densities less than this value, 800 nm light is transparent to the plasma based on this 

simple model for the propagation of light through a plasma. 

Returning to the mechanism proposed by Corkum et al. , the nanoplasmas would 

init ially be underdense, N < 1.75 x 1021cm- 3 . The boundary conditions for a sphere 

of underdense plasma requires the electric field to be enhanced around the equator of 

t he pulse compared to the poles where it is suppressed (a line connecting the poles 

would be parallel to the direction of polarization) . This enhancement in the electric 

field will cause the spheres of plasma to form into planes perpendicular to t he laser 

polarization. vVith subsequent pulses the defects caused by plasma generation will 

cause stronger absorpt ion in areas where plasma has already formed leading to a 

posit ive feedback loop. Plasma with electron densities above the critical density can 

form. These reflective planes will act similar to planar metal waveguides. It is argued 

that the spacing of the planes which is ""(>'0/ 211800=276 nm) , (11800 = 1.45 for fused 

silica) is the same as the minimum spacing required in a planar metal waveguide with 

field maxima at the interface of the diamond-plasma surfaces. Only planes with this 

spacing that supports modes which reinforce their own growth will develop. 

2.4 Determining the Laser Spot Size 

The total energy output from a laser can be accurately determined using radiat ion 

power meters. However , the irradiance and overall fluence that is incident on the 

surface of sample is much harder to determine. lVIuch more must be known about the 
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spatial profile of t he incident laser beam. Often , the laser beam is manipulated by a 

series of lenses , such as microscope obj ectives , to focus t he beam. A simple, in situ 

method for measuring t he spot size , wo, was proposed by J. Liu [32]. This method 

assumes the laser pulse has a Gaussian profile. The incident intensity as a function 

of time and space is then given by 

(2 .12) 

In t his equation , 10 is the peak intensity, T is the distance from the center of the beam, 

and Wo is the distance from the center where the intensity drops to 1/ e2 t he peak 

intensity (the l / e2 spot size which will be used throughout this t hesis). T is related 

to the pulse duration. Methods for measuring the pulse duration will be out lined in 

Section 3.4. 1. 

The spatial distribut ion of t he fiuence can be found by integrating the intensity 

over t ime to give 

¢(1') = 100 

1(1' , t)dt = Io J7rTe - 2r2 /w5, 
- 00 "" "V" .;" 

(2. 13) 

4>0 

where ¢o is the maximum fiuence experience by the irradiated sample at the center 

of the laser pulse. Materials , such as Si, when irradiated with laser pulses form 

craters and amorphous ring patterns due to ablation and melting by laser pulses. 

The fo rmation of these patterns and craters occurs at a threshold fiuence, ¢tlt> for a 

part icular pulse duration. If the t hreshold fiuence for a feature , such as an amorphous 

ring, is a distance l' a from the center of the laser pulse t hen 

,./., ,./., - 21' 2 /w2 

'Pth = 'Poe a O . 

Equation 2.14 can be rearranged to give 

2 1 2 
l' a = 2 Wo (In ¢o - In ¢th) . 

(2 .14) 

(2.15) 

This equation gives a method for determining the laser spot size by plotting the radius 

squared of a circular feature versus the logarithm of the peak fiuence for different pulse 

energIes. The slope of the straight line fit can then be used to determine woo However, 
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it is not possible to directly measure cPo. Instead the total energy, Etot, from an entire 

pulse is measured. This quantity can be related to the peak fluence through t he 

equations 

(2. 16) 

,-I.. _ 2Etot 
<po - 2 . 

1fWo 
(2.17) 

Often the diameter , D = 2ra , is measured instead ofradius. The final equation where 

plotting D2 versus ln E tot gives a straight line equation with a slope of 2w6 is 

(2 .18) 

This method for determining Wo is called the D-squared method. The intercept can 

then be used to determine the threshold flu ence for the ablation feature. 

The above equations assume t he incident fluence has a cylindrically symmetric 

Gaussian distribut ion . However , ellipt ical pulses and craters are often produced by 

laser systems. A more t horough method would be to measure a spot size for t he 

major and minor axes of t he elliptical pulse [33]. However , averaging the diameter of 

the major and minor axes should minimize this error. If the ellipticity of t he crater is 

moderate to high then the geometric average of the crater diameters should be used 

instead of the arithmetic average. The geometric average is equal to the radius of a 

circle that has the same area as the ellipse. The arithmetic average is always greater 

than or equal to the geometric average. 

Errors in spot size measurements when high band gap materials were used to 

measure the spot size have also been reported by Bonse et al . [34] . It "vas observed 

that the use of high band gap materials to measure the spot size can lead to a measured 

spot size which is smaller than the actual spot size. Bonse argued that for the method 

presented by Liu to be accurate there must be linear absorption at the laser photon 

energy used. For 800 nm light (hv = l. 55 eV) , this would require materials with a 

band gap less than l.55 eV. Bonse measured the spot size of pulses produced on a 

laser system using fused silica (Eg = 7.2 eV) and then Ge2Sb2Te5 (Eg = 0.5 eV). The 
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spot size measured using Ge2Sb2Te5 was 16% larger than the spot size measured using 

fused silica. Moderate band-gap materials , such as borosilicate glass (Eg = 4 eV) , 

were also noted to provide correct values. 

Materials with high band gaps compared to the photons from the incident laser 

must absorb t hrough non-linear , multi-photon processes. If the threshold intensity 

for a feature is considered instead of the fluence, using equation 2. 12 the threshold 

intensity is 

(2.19) 

The intensity was taken at t = 0 because any other time the intensity would be below 

threshold at Tth. Rearranging this equation to a form similar to equation 2. 18 gives a 

linear fi t for determining the spot size using the peak intensity instead of t he fluence 

according to the equation: 

(2.20) 

The value of 10 can be determined from Etot as well from equations 2.13 and 2.17 

10 = ~ = 2 Etot 

foT Jr3 / 2W6T ' (2.21) 

As 10 and cPo are linearly related plotting D2 versus the logarithm of eit her 10 or cPo 

will give a linear fit with a slope of 2w6. For multi-photon processes , the threshold 

is related to some higher power of the intensity, ~. The threshold as a function of 

distance from the center of the Gaussian laser beam is then given by 

I t; = I t;e-2t;TZh /w6 
th a . (2.22) 

Rearranging this equation to form a straight line fit gives a function independent of 

~ and indicates the method introduced by Liu should still be valid. Other unknown 

factors beyond an intensity threshold must have to be taken into account. 

The main error in the arguments presented unt il this point is that the model as

sumes any changes to the irradiated sample are because of the fluence experienced 

by the sample in that localized area. This assumption becomes invalid when features 
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form due to the fluence experienced at a different location in the crater. Particularly, 

at higher energies, a lateral t ransport of material away from the center of the crater 

can form a rim on t he edge of the crater that is not due to t he local fluence. The 

crater would then grow at a higher rate with increasing energy because of this lateral 

t ransport. The spot size determined from D2 measurements of this rim would be 

larger than the actual spot size [35] . However , t his error is caused by using inappro

priat e pulse energies and does not explain discrepancies in spot size measurements 

because of the band gap of the material used to take the measurements. 
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CHAPTER3 __________________________ ~ 

L--__________________ Experimental 

3.1 Laser System 

The sample irradiation was carried out using the femtosecond laser machining setup in 

the Photonics Research Lab at McMaster University. A schematic of the femtosecond 

laser modification setup is shown in F igure 3.1. The lower half of the figure is a 

schematic for the laser system used to generate and amplify ultrashort pulses. The 

laser system will be outlined in the following sections. 

After the pulses are generated , dielectric mirrors are used to steer the pulses down 

the optical table through a 20/ 80 beam dump where only 20% of the pulse energy is 

retained and used for most experiments in the machining setup. A highly reflecting 

dielectric mirror can be used instead of the beam dump if a higher energy laser pulse 

is required. The beam has a diameter of approximately 10 mm at the beam dump. 

A telescope, consisting of a positive and negative lens , was used to reduce the beam 

diameter down to about 4 mm to prevent clipping on optical equipment farther along 

the beam line. A zero-order wave plate on a rotation mount and a thin film polarizer 

were then used to further attenuate the pulses. The laser pulses still have energies in 

the range of 40-60 Id even after going through the beam dump. Most experiments do 
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Figure 3.1 : Overview of the machining setup and laser system. This is only a repre
sentation of the setup and is not drawn to scale. The xyz t ranslation stage, shutter , 
and neutral density fi lter wheels are all controlled by software used to run the micro
machining setup. 
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not require pulses with this much energy. Two mirrors then steered the beam through 

two neut ral density fil ters. The filters were on two wheels. The first wheel had fil ters 

with optical densit ies (ODs) of 0, 0.5 , 1, 1.5, 2, and 2.5 (OD = -lOglO (10 )). The 

second filter wheel had ODs of 0, 0.1 , 0.2 , 0.3, and 0.4. Together, these two wheels 

allowed for setting ODs from a to 2.9 in increments of 0.1. The beam then went 

through a chopper t hat could be used to reduce the repetition rate of the pulses from 

1 kHz to 50 Hz. The reduced repetition rate allowed for the shutter to open, let a 

single pulse pass, and then close to control the exact number of pulses irradiating a 

sample. 

The pulses were t hen steered by a sen es of mirrors and focused on a sample 

inside a vacuum chamber mounted on a computer controlled translation stage. The 

focusing was done with a long focal length microscope objective. Different microscope 

obj ectives were available to focus the laser pulses . In this thesis , a 5x microscope 

objective was used for experiments that involved focusing pulses on the surface of 

samples and a 50x microscope objective was used to focus pulses in the bulk of 

samples. A CCD camera was used to observe modifications to the sample during 

irradiation and for adjusting the focus of the laser pulses to correspond with the 

sample surface. The chamber was evacuated with a roughing pump for all of t he 

experiments to a pressure of ",-,0.05 mbar. Shielding around the chamber was used 

to protect users from any X-ray radiation that may be generated when irradiating a 

sample. Although t his is more of a concern for metals, X-rays can also be produced 

by infrared femtosecond laser pulses irradiating low atomic number elements. A 

handheld radiation monitor was used to moni tor radiation levels. For all experiments 

performed no X-rays were observed . 

The sample chamber was mounted on a XY computer cont rolled t ranslation stage. 

The microscope ob.i ective was also on a computer cont rolled translat ion stage that 

adjusted the vertical focus position of the pulse inside t he chamber. The software that 

cont rolled t he t ranslation stage and microscope objective position 8,lso controlled the 

mechanical shutter and filter wheels. This cent ralized control allowed for automated 

experiments to be performed. The energy of the laser pulse and t he number of laser 

pulses used to make each crater could be automatically adjusted to make a matrix of 
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craters. Lines could be made by t ranslating the sample while it was being irradiated 

with the chopper turned off and shutter left open. A more detailed description of the 

laser machining setup can be found in [36J. 

3.2 Short Pulse Generation 

3.2.1 Tsunami Ti:Sapphire Oscillator 

The femtosecond pulses were created by a Spectra Physics Tsunami Ti:Sapphire oscil

lator . The Tsunami is pumped by a Spectra Physics NIillennia V neodymium yttrium 

vanadate (Nb:YV0 4 ) laser t hat is int ra-cavity frequency-doubled to generate a con

tinuous 532 nm beam of light ·with a power of ",4.3 VI . The Tsunami generates ",7 nJ 

pulses with a duration of approximately 90 fs at a repetition rate of 82 MHz. This 

gives an average power output of approximately 900 m W . The gain medium inside 

the Tsunami is a titanium doped sapphire crystal (Ti:sapphire or Ti:A1203). The 

energy levels of the Ti3+ are broadened by the crystal field when placed at A13+ sites 

in sapphire [37J. This leads to a wide absorption (400 to 600 nm) and emission band 

for Ti:Sapphire which makes it an excellent material for creating a broadly tunable 

laser [38J. The Tsunami can be t uned to wavelengths from 690 nm to 1080 nm if the 

right optical components are used [39J. This wide emission is important for the gen

erat ion of short pulses. From t he point of view of the Fourier Uncertainty Principle, 

t he duration of a pulse is limited by the inequality 

6.t6. 11 2:: 0.441 (3 .1) 

where 6.t and 6.11 are the FWHM values for a Gaussian pulse. A 100 fs laser pulse 

would require a F\iVHM spectrum greater than 9.4 nm. Including the tails of t he 

pulse , this requires a wide output spectrum. 

Unlike a conventional laser with a linear cavity, the Tsunami has a folded cavity. 

A series of mirrors fold t he beam back to create a long cavity but minimize the overall 

space required for the instrument. A longer cavity is required for pulsed lasers because 
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Figure 3.2: Schematic of the Tsunami Oscillator. The diagram has been simplified 
and excludes some components used for active mode-locking. 

the repetition rate for the pulses is determined by the round trip time for a light 

pulse propagating in the cavity. To decrease the repetition rate to a more convenient 

frequency, but minimize the overall space of the instrument , a folded cavity is used . 

The Millennia V must maintain a population inversion in t he volume of the 

Tsunami 's Ti:Sapphire crystal for the modes to experience a net gain. To achieve 

this condition , the Tsunami is pumped longitudinally as shown in Figure 3.2. Lon

gitudinal pumping requires the pump laser beam to be collinear to modes in t he 

Tsunami laser cavity as t hey pass through the gain medium. The advantage of t his 

setup is the pump laser can be focused on the area of the Ti:Sapphire crystal where 

the laser beam will be traveling through the crystal. It would be very difficult to 

maintain a population inversion in the entire Ti:Sapphire crystal. Mirrors M3 and 

M4 are transparent to the green , 532 nm light , so that radiation from t he pump 

laser does not pass beyond M3. The optical components such as the prisms and the 

Ti:Sapphire rod were also aligned at the Brewster 's angle to minimize losses due to 

reflections within the cavity [39]. 



28 N. A. Mailman - MSc. Thesis 

3.2.2 Mode-Locking 

Other conditions beyond simply requiring a population inversion in the gain medium 

and a gain medium with a wide output spectrum must be met to form ul trafast pulses 

inside a laser cavity. The modes t hat can be amplified in a laser cavity must satisfy 

the condition n IA = 2L to undergo constructive interference. Here n I is some integer , 

A is the wavelength in air , and L is the optical path length. This condit ion means 

t he output over the Ti:Sapphire emission range will be in discrete longitudinal modes 

given by 
nIC 

V = - . 
2L 

(3 .2) 

The output from the laser will be the summation of the electric field for all t hese 

modes. Figure 3.3 shows the square of the electric field output from a laser with 

three modes. 

In Figure 3.3a the phases are random. The output of the laser is more constant 

and t he average intensity will remain relatively constant. Figure 3.3b shows the result 

for all the modes with t he phases fixed so that the peaks of the sine waves add at the 

same point in t ime. The output is now more pulsed than continuous. This illustrates 

two operating regimes of a laser. Continuous wave lasers have one or more modes 

which output a constant intensity. Ult rashort pulse lasers have many modes wit h t he 

phases between the different modes fixed to create short pulses. As more modes are 

int roduced , the width of the peak in the fixed mode scenario becomes narrower and 

much more intense. The laser will output radiation only in the form of short , intense 

pulses. In a Ti:Sapphire laser the wide emission bandwidth allows for on the order of 

100 000 modes which can be used to generate short pulses. A laser operating wi th all 

of its modes locked is said to be "mode-locked." Normally, each mode is competing 

with other modes to be amplified by stimulated emission in a laser cavity [1]. Due to 

this competition, t he phase difference between two modes , ¢i(t) and ¢j(t ), and their 

amplitudes fluctuate randomly in time [40]. 

A variety of techniques have been developed to lock or couple these modes to 

produce ult ra-short pulses. One method is active mode locking. Active mode locking 

uses an external modulation , such as pumping the gain medium in t he cavity with 
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(a) 

(b) 

Figure 3.3: A plot of E2 = (fl cos (2mrt + ¢n(t)) ) 2 for (a) ¢n(t) random and vary

ing randomly in time and (b) ¢n(t) fixed so that the modes add constructively at 
particular points in time. 
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another mode-locked laser, or placing an acoustic-opt ical crystal in the laser cavity, 

to fix the relative phases of each mode. An acousto-opt ical crystal has a permitt ivi ty 

which changes due to a mechanical strain on the crystal. If a mechanical strain is 

applied to an acousto-opt ical crystal in a laser cavity it will modulate the frequency 

of modes in the cavity. The modulation can be made close to the spacing between 

longit udinal modes, and the sidebands will have frequencies equal to t he adj acent 

longitudinal modes in the frequency spectrum. These side bands and the adj acent 

longitudinal modes will then compete for maximum gain. This competition will lead 

t o the phases between the side bands and the adj acent longitudinal modes locking 

to achieve the maximum gain. As each mode is modulated , there will be an overall 

coupling between all t he modes. This technique is referred to as active mode-locking 

by amplit ude modulation [1]. 

A laser can also be mode-locked by passive mode-locking techniques that do not 

require an external signal. A saturable absorber is placed in the laser cavity. Only 

intense light pulses which saturate the absorber will experience a net gain in the laser 

cavity. Because t his method encourages the creation of an intense pulse which is only 

possible for fixed modes, the laser must be mode-locked. 

Mode-locking in a Ti :Sapphire laser can be achieved by "self-locking" where the 

gain medium , the Ti:Sapphire crystal, invokes mode-locking [1]. This technique is 

used in the Tsunami. Self-locking takes advantage of the non-linear optical Kerr 

effect and is often called Kerr lens mode-locking. An intense electromagnetic field 

can produce a variation in the index of refraction [41] according to the equation 

(3 .3) 

In this equation , the index of refraction depends on the intensity, I. A Ti: Sapphire 

crystal will have an index of refraction given by equation 3.3. If the pulse is considered 

to have a Gaussian profile given by Equation 2. 12 (the time dependence can be 

considered part of 10 as t he beam will always have a Gaussian spatial profile at any 

t ime) then for n2 > 0 this gives a change in n lateral to t he direction of the pulse 

as shown by the plot in Figure 3.4a. In terms of t he opt ical path length , t his is 

equivalent to a Gaussian shaped lens. T herefore, there will be a focusing of the laser 
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(a) (b) (c) Medium with n2>O r------... ~ .... ' ........... ' ...... " .... "' .. 
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Figure 3.4: (a) the variation in refractive index, n , inside t he an optical medium with 
n2 > 0 due to a Gaussian profile beam with the intensity profile shown in (b). The 
Kerr lens effect will fo cus the beam through the slit as shown in (c). Once the laser 
pulse leaves the medium it will expand because of diffraction. 

light towards the center of the cavity. The laser cavity is designed so that only focused 

light is allowed to propagate without attenuation; only intense pulses which are more 

strongly lensed will propagate and be amplified in t he cavity. This may be done wit h 

a slit , such as the one shown in Figure 3.4c, or by simply having t he cavity mirrors 

arranged so the cavity is only stable for these strongly fo cused pulses. The Tsunami 

operates without the requirement for a slit . Once again , t he result of mode-locking 

by the Kerr lens effect is equivalent to fixing the overall phases between the different 

modes because the net result is light in t he form of pulses . However , this scheme 

requires that there be an init ial pulse in the laser cavity to start the self-locking 

process. The Tsunami uses an active-mode locking scheme where an acousto-optical 

modulator is used to start the initial mode-locking. The components required for 

active mode locking except for t he acousto-optic modulator are missing from Figure 

3.2. 
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3.2.3 Self-Phase-Modulation and Group Velocity Dispersion 

Self-phase-modulation is caused by a time-varying index of refraction as a laser pulse 

passes t hrough a medium. The nonlinear index of refraction of a material depends 

on t he t ime varying intensity of a laser pulse, and therefore also varies in t ime. If t he 

time dependence for the intensity of a laser pulse is given by Equation 2.12, then for a 

plane wave propagating t hrough a nonlinear medium a distance , x , wit h a frequency, 

Wo , in air , t he electric field can be described by t he equation 

(3. 4) 

The frequency is then given by 

8<I>(t) Wo 8n(t) wOn2 _ 2r2 2t _ t 2 

w(t) = -- = Wo - - - -x = Wo + --x1oe----:;;;x---e~. (3 .5) 
8t c 8t C 7 2 

A plot of Equation 3.5 is shown in Figure 3.5b. A pulse with a Gaussian temporal 

profile (Figure 3.5a) can be t hought of as a sum of plane waves. Each of t hese 

waves generates new lower frequencies at the leading edge of t he pulse and new 

higher frequencies at t he t railing edge of the pulse when t raveling through a nonlinear 

medium wit h n2 > 0 [1]. The overall effect will be a positively chirped pulse where 

the temporally leading part of t he pulse is made up of longer wavelengths (lower 

frequencies) than the t railing part of t he pulse. The net effect can be seen in t he 

frequency spectrum shown in Figure 3.5c. The initially Gaussian frequency spectrum 

has developed minima and maximum due to interference between the new frequencies 

which were generated. As shown in Figure 3.5b , at times tl and t2 the same frequency 

is being generated. P airs of frequencies are generated at all other t ime delays as well. 

These pairs interfere constructively and destructively to create t he overall minima 

and maximum seen in Figure 3.5c. 

The pulse is also being spread by t he opt ical components in t he laser cavity. 

These components have a posit ive group velocity dispersion (GVD) where longer 

wavelengths travel faster t hrough the cavity. This effect also produces a posit ively 

chirped pulse [39] . To compensate for t his posit ive GVD from t he optical components 
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Figure 3. 5: (a) a Gaussian profile beam showing the intensity versus t ime. (b) the 
new frequencies created as a function of time due to self-phase-modulation of a plane 
wave of frequency Wo (plot of Equation 3.5) . (c) t he intensity profile of an init ially 
Gaussian pulse due to self-phase-modulation. 



34 N. A . Mailman - MSc. Thesis 

and self-pahse-modulation, pairs of prisms as shown in Figure 3.2 are used to produce 

a net negative GVD. The prisms force the longer wavelength light to go through a 

longer path in the cavity. 

3.2.4 Wavelength Selection 

The prism pairs shown in Figure 3.2 , besides compensating for a positive GVD , are 

also used to select the central wavelength of the pulses generated by the Tsunami. 

The prism pairs split the different wavelengths lateral to the cavity and using a slit 

the wavelengths allowed to travel t hrough the cavity can be selected. This slit can be 

moved to tune the laser to different wavelengths . Although a Ti:Sapphire crystal can 

be made to lase from 690 nm to 1080 nm , other factors, such as the reflectivity of the 

mirrors that varies with wavelength , makes it impossible to tune the Tsumami over 

t his entire range. Different mirrors can be used for different ranges. The standard 

mirrors used in the Tsunami allow for tuning from 720 - 850 nm. The Tsunami 

,"vas tuned to output pulses with a central wavelength of 800 nm and a bandwidth , 

measured as the full width half maximum (FWHM), of 10 nm for all the experiments 

performed in this t hesis. 

3.3 Pulse Amplification 

3.3.1 The Spitfire LCX Ti:Sapphire Chirped Pulse Amplifier 

The pulses from the Tsunami seed the Spectra Physics Spitfire LeX Ti:Sapphire 

chirped pulse amplifier. This is a regenerative chirped pulse amplifier where the pulse 

undergoes a group velocity dispersion to first stretch the pulse before it is amplified 

and compressed. Amplifying a short pulse would create too high of an intensity in 

t he laser cavity and damage the Ti:Sapphire crystal [42] . A high intensity pulse 

would also be subj ect to self-focusing by the Kerr lens effect which would fur ther 

intensify the pulse in a Ti:Sapphire crystal. Keeping the intensity below 10 GW /cm2 
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should minimize t his effect. The chirped pulse amplification (CPA) process overcomes 

this problem by first stretching the pulse to reduce t he intensity while it is being 

amplified and then compressing t he pulse after it leaves the laser cavity and can no 

longer damage the gain medium. This technique was developed in t he 1980s [43] and 

has become the standard method for amplifying femtosecond laser pulses. It is only 

possible because laser pulses are made up of a range of wavelengths . 

3.3.2 Pulse Stretching and Compression 

A pulse stretcher consists of one or more gratings which cause light to be deflected 

at different angles depending on the wavelength. Depending on the geometry, higher 

frequency light can be made to travel a longer path than lower frequency, redder , light 

using a series of mirrors and lenses. This kind of stretcher is said to have a positive 

GVD and the resulting pulse is positively chirped . The opposite configuration , where 

the higher frequency light t ravels a shorter path, has a negative GVD and produces 

a negatively chirped pulse. The Spit fire uses a stretcher with a positive GVD that 

produces a posit ively chirped pulse. A compressor with a negative GVD is then used 

to compress the amplified the pulse [44] . A schematic of the pulse as it goes t hrough 

the amplificat ion process is shown in Figure 3.6. A schematic of the actual pulse 

stretcher and compressor can be found in t he Spit fire user manual [44]. 
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Figure 3.6: Symbolic representation of a pulse undergoing amplification in the Spit fire 
regenerat ive amplifier. 

3.3.3 Regener a t ive Pulse Amplification 

The Spectra Physics Spit fire regenerative pulse amplifier uses a Ti:Sapphire rod as 

the gain medium that is pumped by a Spectra Physics Merlin LeX Nd:YLF (or 

Nd:LiYF4 ) . The Merlin is a Q-switched laser that is int ra-cavity frequency doubled 

to generate 527 nm pulses at a repetit ion rate of 1 kHz with an average out put power 

of 3-4 W . Figure 3.7 shows a schematic of the Spit fire cavity where pulse amplification 

occurs. A stretched seed pulse from the Tsunami is incident on the left face of the 

Ti:Sapphire crystal. If both Pockels cells are off, a pulse enters the cavity, is reflected 

off the left hand mirror , right hand mirror , and back off the left hand mirror. It has 

gone through the quarter-wave plate a total of four t imes at this point as it is incident 

on the left surface of the T i:Sapphire rod . It will have a vertical polarization and it 

will be reflected from the cavity at t he same place it entered. A pulse can be t rapped 

in the cavity if the following sequence of events occur. A pulse enters t he cavity, is 

reflected off ofthe left hand mirror , and goes back through the input Pockels cell which 

is still shut off. It is then horizontally polarized and goes through the Ti:Sapphire 
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Figure 3.7: Schematic of the Spitfire cavity where regenerative amplification occurs 
(vertical direction into the page). The Pockels cells can either be off, and not change 
the polarization of pulses which pass through the cells, or on and act as quarter wave 
plates. The Ti:Sapphire rod and polarizer are set at the Brewster's angle and will 
entirely transmit a pulse that is incident on the surface with a horizontal polarization 
and reflect most of a pulse that is incident on the surface with a vertical polarization. 

crystal and is reflected back off the left hand mirror. If the input Pockels cell is turned 

on before the pulse has returned to the input Pockels cell , it will trap the pulse. The 

input Pockels cell acts as a quarter-wave plate when turned on. This causes pulse 

incident from the left on t he Ti:Sapphire crystal to be horizontally polarized. Because 

the rod is set at Brewster 's angle, t he pulse will be entirely transmitted instead of 

mostly reflected back toward the input direction which occurred when both Pockels 

cells were off. As long as the input Pockels cell remains on and the output Pockels 

cell is off, the pulse will remained trapped in the cavity. New input pulses which enter 

the cavity while the input Pockels cell is on will go t hrough the input Pockels cell in 

the on position, through the quarter wave plate , reflect off of the left hand mirror , go 

back through the quarter wave plate and Pockels cell , and be incident on the left side 

of the Ti:Sapphire rod in the same vertically polarized state at which they entered. 

The pulse will then be mostly reflected back in the input direction. 

The pulse that is trapped within the regenerative amplifier cavity will pass back 

and forth t hrough the Ti:Sapphire crystal which has been pumped by the Merlin. 

Each pass provides a gain of ,,-,3 to the seed pulse [44]. For pulses to be amplified 

from approximately 10 nJ to 300 pJ, requires many passes t hrough the Ti:Sapphire 
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crystal. A pulse is eventually ejected from the cavity by turning on the output Pockels 

cell. The pulse then travels from the left through the output Pockels cell , reflects off 

the mirror , goes back through the Pockels cell , and is incident on t he polarizer. The 

pulse is novv vert ically polarized after going through the output Pockels cell twice. 

The pulse is mostly reflected by the polarizer because it is not at the right polarization 

to be t ransmitted. The amplified pulse is t hen compressed to approximately 150 fs. 

The regenerative amplifier produces pulses at a repetit ion rate of 1 kHz and dumps 

most of the pulses created by the Tsunami which produces pulses at a repetit ion rate 

of 82 ~IlHz. The repetit ion rate of the Spitfire is determined by t he Merlin pump laser. 

The Ilerlin pumps the Ti:Sapphire rod in the Spit fire with a single pulse. A seed 

pulse from the Tsunami enters the regenerative amplifier cavity and makes multiple 

passes through the Ti:Sapphire rod until the rod no longer has a population inversion 

and the pulse is ejected as it will no longer be amplified. The Ti:Sapphire rod is 

then pumped again by anot her pulse from the Merlin and t he process repeats. The 

Pockels cells must be switched on and off at very precise t imes for the sequence of 

events described above to occur . The Spitfire uses fast electronics and is synchronized 

with the Tsunami and Merlin pump laser to achieve the correct timing. 

3.4 Pulse Diagnostics 

3.4.1 Measuring the Pulse Duration 

The duration of femtosecond laser pulses cannot be directly measured using a pho

todiode because the response time of photodiodes is much longer than t he pulse. 

Therefore, t he pulse duration is measured by a more indirect method using an optical 

non-collinear second order autocorrelator. T he setup for this device is similar to a 

Michelson interferometer where the incident laser pulse goes through a beam spli tter 

and is separated into two pulses that t ravel along different paths. One travels collinear 

to the original pulse and t he other t ravels at a 90° angle to the original pulse. The 

pulses are then reflected back to the beam splitter by mirrors. The mirror for one path 
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is fixed while t he mirror for the other path is on a t ranslation stage used to create an 

optical delay. The pulses t hen go back through the beam splitter and travel collinear 

to each other at a ninety degree angle to the original pulse. These collinear pulses 

go through a lens and are focused to the same point in a frequency doubling crystal. 

The output from the crystal is a frequency doubled pulse [45]. The intensity of the 

frequency doubled pulse will be related to the overlap between the two original pulses 

because the rate of second harmonic generation inside a frequency doubling crystal 

is highly dependent on t he intensity. By varying the delay between pulses (moving 

the mirror) and measuring t he output intensity as a function of this delay, the second 

order autocorrelation function can be measured . The temporal width of t his function 

can be used to determine the temporal width of the actual pulse if the original pulse 

shape is known . The standard used in the scientific community is to assume t he pulse 

has an inverse hyperbolic secant profile when calculating the temporal width from the 

second order autocorrelation function [1] . 

GRating-Eliminated No-nonsense Observation of Ultrafast Incident Laser Light , 

or GRENOUILLE technique can also be used to make sure the pulses are not chirped 

and have a minimal pulse-front t ilt. This is done periodically to ensure the laser 

system produces pulses with a low pulse-front tilt and minmal chirp. 

3.4.2 Satellite Pulses 

The femtosecond laser system creates pre-pulses and post-pulses from the regenerative 

amplifier and neutral density filters. Post pulses with substantially less energy delayed 

relative to the main pulse on the picosecond scale C"" 10 ps) are produced by the 

neutral density fi lters because of reflections off the surface of the filters. Pre-pulses 

and post-pulses are also produced by the Spitfire in multiples of ,,-,7 ns before and 

after the main pulse. The transmission and reflection of pulses in the Spitfire relies 

on the polarization of the pulses and optical elements set at the Brewster's angle to 

discriminate between different pulses that are either ejected or trapped and amplified 

in the Spitfire cavity. However, at the Brewster 's angle, referring to the orientations in 

Figure 3.7, vertically polarized pulses inside the Spitfire cavity will not be completely 
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reflected by the Ti :Sapphire crystal interface and there will be some t ransmission. 

Pulses that are supposed to be completely ejected at the Ti:Sapphire interface when 

the input Pockels cell is on will be slightly transmitted and output at the polarizer 

interface. Post pulses are also produced because when the output Pockels cell is 

turned on not all of t he light from the pulse vvill be ejected by t he polarizer. Some will 

remain in the laser cavity and make another round t rip through the cavity before being 

ejected as a post-pulse. The post-pulse t raveling through the cavity will be vertically 

polarized , and will be highly attenuated with each round trip. The response time of 

the Pockels cells also causes pre- and post-pulses. Pockels cells have a characteristic 

response time to turn on and off. During this time the Pockels cells will alter the 

polarization of the pulses differently from a quarter wave plate. Therefore, t he satellite 

pulses adj acent to the main pulse will be the strongest because the output Pockels cells 

is turning on and off to eject the main pulse from the Spitfire cavity. Measurements 

of the pre-pulse adj acent to the main pulse using a fast photodiode showed the peak 

intensity of these pulses was rvO.1 % of the main pulse. 

One way to eliminate t hese pulses would be to use a frequency doubling crystal 

to modify materials with 400 nm light . As the generation of 400 nm light depends 

nonlinearly on the intensity, the low intensity, 800 nm satellite pulses would produce 

very little 400 nm satellite pulses. The post pulse from the neutral density filter could 

be removed by using a computer cont rolled wave plate to attenuate the signal instead 

of the fil ter wheel. Adding a Pockels cell with the right timing to the Spitfire could 

remove most of the energy in t he nanosecond pre-pulses and post-pulses. 

3.5 Microscopy 

3.5.1 Transmission Electron Microscopy 

One of the main challenges of using t ransmission electron microscopy to study mate

rials modified by femtosecond laser pulses has been the ability to make TEM samples. 

Conventional mechanical methods for TEIVI sample preparation generally require a 
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large sample area (at least 500 ,""m wide) to make a t hin TEM foil. The areas modi

fied by the laser are generally only a few microns in diameter . It would be impossible 

using conventional polishing techniques to select only the modified area of the sample 

to make a TEM specimen . Extra challenges arise in the case of diamond because 

of its extreme hardness. Conventional sample preparation equipment cannot polish 

such a hard material. Instead , samples were made using a Zeiss NVision 40 fo cused 

ion beam machine (FIB) and SENI. The FIB allows for precise selection of the area 

where a TEM slice will be made. First , an electron beam is used to deposit a pro

tective amorphous platinum layer over t he area used to make a TEM specimen by 

ion-beam assisted chemical vapour deposition. Ga ions were then used to deposit 

more platinum. Electrons were initially used to reduce the possibility of surface dam

age. However , the Ga ions are more efficient at ion-beam assisted chemical vapour 

depostion and were used after the electrons produced a small platinum surface layer. 

After depositing platinum , a thicker layer of carbon was also deposited . Material 

was milled away from around t he area of interest using a focused ion beam of Ga 

ions to create a thin membrane. The in situ lift-out technique was used to mount 

the specimen to a TEM grid. The membrane was then further thinned until it was 

electron transparent [46, 47] . An overview of t he sample preparation process is shown 

in Figure 3.8. 

A TEM was used to analyze changes in t he diamond crystal structure after irra

diation with femtosecond laser pulses. Bright field images which form an image from 

only t he non-diffracted electrons by placing a small aperture on the optical axis at t he 

the back focal plane of the objective lens were used to observe changes in the crystal 

structure on t he nanometer scale. The cont rast in these images is a result of changes 

in t he amount of electrons which are diffracted from a particular area. There will be a 

cont rast between different gra ins because t he number of diffracted electrons depends 

on the orientation of the different grains with respect to the inciueuL electroIl beam. 

These images can be used to determine areas which are single crystal , polycrystalline 

or amorphous. The size of larger grains can also be estimated depending on t he size 

of t he grains and the sample quality. Dark field images t hat use the diffracted elec

trons to form an image can also be taken . These images generally show more cont rast 

between the different grains. However , dark field images generally require very thin 
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Figure 3.8: Overview of the in situ lift out technique. (a) the area of interest was 
coated in a protective layer of platinum and carbon to protect the surface from dam
age. (b) a thin membrane was made by milling away material. (c) the membrane 
was glued to a manipulator and cut free of the main sample. (d) the membrane was 
attached to a TEM grid and the area close to the surface was thinned until it was 
electron t ransparent. 

samples to form an image which has enough brightness. 

Selected area electron diffraction patterns were also taken to determine the crystal 

structure. These patterns are formed at the back fo cal plane of t he objective aperture 

and projected onto the screen. An aperture is placed at the image plane of the 

objective lens. This is called a virtual aperture. It is equivalent to placing an aperture 

in the specimen plane which only allows electrons to pass through t he sample in this 

small area. Because this is not physically possible, the aperture is placed at the 

image plane. Therefore, the diffraction pattern is only formed from electrons that 

pass through the sample in t he area chosen by the aperture. 
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3.5.2 Optical Microscopy 

Images of the diamond surface were taken with an optical microscope using the dif

ferential interference contact (DIC) or Nomarski technique. This technique enhances 

the contrast in transparent samples . It works on the principle of interferometry where 

the light beam is split into two polarized rays which are given a slight lateral offset , 

fo cused on the sample surface at adj acent locations, and then recombined to form an 

image. The image will show contrast due to the interference between the two beams 

which have traveled slight ly different paths lengths depending on the topography of 

the sample. The interface between two materials with different optical densities will 

also create contrast in a DIC image. Materials with different optical densit ies ""ill have 

different reflectivity coefficients. One beam may therefore be more highly reflected 

than the other beam which was incident on the opposite side of the interface . 

3.5.3 Atomic Force Microscopy 

An atomic force mIcroscope (AFM) was used to measure t he absolute heights of 

the diamond surface post irradiation. The microscope was used in tapping mode 

where the cantilever operates with a constant oscillation amplitude and lightly taps 

the surface while scanning. It can maintain a constant height above the surface 

because the vibration frequency changes as more force is applied to the cantilever 

as it approached the surface. Contact mode, where the cantilever is dragged along 

the surface and a constant deflection is maintained , was not used because the silicon 

cantilever tips were easily destroyed by the hard diamond surface . Cantilevers that 

were also made of diamond may have made it possible to use contact mode. 

3.5.4 Scanning Electron Microscopy 

SEM images were taken using a J EOL 7000 SEM and the SEM in a Zeiss NVision 40. 

Diamond was a difficult material to image in t he SEM because it is prone to charging. 

The SElVI was operated at 2 kV with a low beam current to reduce charging. This 
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charging was also an issue when using a FIB to make T EM samples. The ions would 

be deflected from the area they were supposed to be focused because of charging. If 

the charging could not be cont rolled the sample was coated in a thin layer of plat inum 

('"'-' 1 nm) to reduce charging. 



CHAPTER 4 

Results and Discussion 

4.1 Overview 

This chapter presents the results of an analysis of the structures formed on the surface 

and in the bulk of laser-irradiated diamond. The laser setup described in Chapter 3 

was used to focus femtosecond laser pulses both on the surface and in the bulk of 

CVD grown diamond . 

Diamond is an excellent material for researching the modifications from irradiation 

with femtosecond laser pulses. As previously described , high spatial resolut ion ma

chining 'with a laser can only be obtained when the energy is deposited in a short t ime 

scale to avoid a large heat affected zone. The high thermal conductivity of diamond 

makes it very susceptible to this kind of damage [50]. Advances in growth techniques 

for synthetic diamond are also making diamond a more affordable material for use in 

a variety of applications such as in deep ultraviolet lasers and photo detectors , high 

power semiconductor devices , and field emitting displays. These technologies could 

all benefit from new techniques for high resolution micro-patterning and machining 

of diamond. 

45 
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4.2 Diamond Sample Specifications 

Diamonds are generally grouped into four different categories or types based mainly 

on variations in color caused by impurity levels and defects in t he crystal structure. 

Type Ia is the most common type of diamond found in nature and contains up of 

0.3 % ni t rogen. Type Ib is a much rarer form. It contains nit rogen at levels up to 

",500 ppm. Both types of diamond appear yellow or brown because they absorb blue 

light. Even rarer forms of diamond found in nature are type II diamonds. These 

types of diamond contain much less nitrogen. Type IIa can be colorless and are often 

referred to as optical grade diamond. They can also be red or brown because of 

defects in t he crystal structure which cause absorpt ion in the visible range [48]. Type 

lIb are generally blue and contain a large concentrat ion of boron. Some type lIb 

diamonds are p-type semiconductors because of high boron concent ration. 

The lack of impurities in type IIa diamond gives it superior optical and thermal 

properties compared to other forms of diamond. Type IIa diamond at room temper

ature has a thermal conductivity of ",2600 ' ''l/ m·K or about six t imes the thermal 

conductivity of copper. However , type Ia has a thermal conductivity that is only two 

times greater than copper [49]. Other physical propert ies of type IIa diamond include 

a heat capacity of ",2000 J / kg· K and a sublimation temperature of approximately 

4000 K [49]. 

The optical properties of diamond include a refractive index of 2.397 at 800 nm 

and an absorption edge of 235 nm [51]. Therefore, diamond , like other dielectrics, will 

only absorb infrared pulses t hrough multi-photon processes. Four photons at 800 nm 

(1.55 eV) are required to excite an electron across the band gap of diamond (5.5 eV). 

It is only because of the high intensity of femtosecond laser pulses that absorpt ion 

through mult i-photon and avalanche processes can occur . 

All ofthe diamond samples used for experiments in this t hesis were grown, cut , and 

polished by Element Six Inc. into 3x 3 mm squares with a thickness of 0.5 mm. These 

samples were single crystal, and all were grown and cut to have {001} type faces. The 

growth specifications given by Element Six included impurity concent rations that were 
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less than 1 ppm for nitrogen and less than 0.05 ppm for boron measured in terms of 

mass. These samples could be classified as type IIa diamond due to the low impurity 

levels. The samples were colorless and transparent. Some of t he samples had a top 

and bottom both polished to have an overall average surface roughness (Ra value) 

of less than 10 nm while some samples had only one side polished. Any surface 

experiments were performed on samples which had only one side polished because 

there was no benefit to having both sides polished. Bulk experiments were performed 

on samples which had both sides polished because any modifications in the bulk could 

be more easily seen with the optical microscope using t ransmitted light. The edges of 

the diamond squares were cut with a laser and then polished to have a Ra < 250 nm 

by Element Six Inc. 

The quality of the diamond samples was less than ideal. Figure 4.4 shows an 

overview of one of the samples post irradiation. The unmodified areas (such as the 

top right area of the sample) were covered in small pits. Using an atomic force 

microscope (AFM) it was found that the pits were on the order of 10 - 20 nm deep. 

The effects of these surface features could not be noticed at some of the higher pulse 

energies. However , it will be shown using lower pulse energies that these defects 

appear to help in the production of LIPSS. 

4.3 Determination of the Spot Size and Damage 

Threshold 

Accurately measuring the spot size of the laser pulses is important to obtain correct 

values for the fluence. The spot size was determined using the method described in 

Section 2.4 which is based on the approach of Liu [32]. The spot size was measured 

using both the CVD single crystal diamond plates and silicon to determine if the 

spot size measurements were affected by the band gap of material used to make the 

measurements as described by Bonse et al. [34]. The diameter of t he single pulse 

craters versus the natural logarithm of t he energy was plotted to give a straight 

line fit according to Equation 2.18 for silicon and diamond. The results for the 5x 
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microscope objective are shown in Figures 4. 1 and 4.2. 

Silicon SX 2 mW 

0 2 = 44.43In (Etot ) + 714.43 

20 

In(Pulse Energy (J)) 

Figure 4.1: D-squared measurements on silicon using the 5x microscope objective and 
a peak power of 40 mvV. The slope gives a 1/e2 spot size, Wo = 4.7 f-Lm . 

The plot for silicon in Figure 4. 1 gave a straight line fi t over all of the energy values 

used. The higher energy values used for diamond are marked in red in Figure 4.2, 

and were not included in the straight line fi t. At these high energy values, material 

from the crater was ejected out in the lateral direction and features on t he edge of t he 

rim were no longer due to the localized fluence. This lateral movement of material 

makes the diameter of the crater increase at a faster t han would otherwise occur if 

the features on the edge of the crater were only due to the local fluence. The spot size 

measured on silicon was 4.7 f-Lm and was higher than the 4.0 f-Lm spot size measured 

using diamond. These results are in agreement with Bonse et al ., who found the spot 

size measured on higher band gap materials (Eg = 5.5 eV for diamond) was less than 

the value measured using lower band gap materials (Eg = 1.1 eV for silicon) which 

undergo linear absorption of 800 nm light. Repeated measurements of the spot size 

using the 5x microscope objective on different experiment days also gave a spot size 

of 4.6 - 4.7 f-Lm when using silicon and lower values when using diamond. These 

measurements were done using images taken on t he optical microscope in Nomarski 

mode. Similar results were obtained when using images taken on the SEM. 
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Figure 4.2: D-squared measurements on diamond using the 5x microscope objective 
and a peak power of 2 mW. The slope gives a 1/e2 spot size, Wo = 4.0 /-Lm. The red 
data points were not included in the regression. 
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Figure 4.3: D-squared measurements on silicon using t he 50x microscope objective 
and a peak power of 10 m W. The slope gives a 1/ e2 spot size, Wo = 2.9 /-Lm. 
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Measurements of t he laser pulse spot size when using t he 50x microscope objective 

to irradiate silicon are shown in Figure 4.3 . The beam energy was initially set to 

10 m VV; however , only t he lower energy pulses were used for reasons described above. 

The measured spot size for the 50x microscope objective was 2.9 /-Lm. The fluence 

values reported for different experiments throughout this thesis used the spot sizes 

measured from silicon. One concern , especially with t he 50x microscope objective 

which has a much smaller Rayleigh range than the 5x microscope obj ective , is that 

t he spot size will change as the sample surface is moved away from the plane of focus. 

Alt hough fo cusing is done carefully, the pulses may not always be focused on the 

sample surface. This would also int roduce an error in spot size measurements and 

t he fluence values for samples irradiated wit h the sample surface not directly in the 

plane of focus would be be overestimated . 

The straight line fi t used in the D-squared method t o calculate the spot size 

can also be used to determine a t hreshold fluence for modification of a material. This 

value can be determined from the intercept of the straight line fi t (equation 2.18) . The 

damage threshold fluence or the ablation threshold fluence can be measured depending 

on which feature is t racked in the craters to make the diameter measurements [52]. 

It can be quite difficult to accurately measure and track either an abla tion feature 

or a modification feature for a series of craters. The intercept of t he graph in Figure 

4.2 gave a threshold for diamond of 1.9 J /cm2
. This value is close to the ablat ion 

threshold value of 1.6 J / cm2 measured by Dumit ru et al . using 800 nm, 150 fs pulses 

[52]. This measurement was made using the same intercept method . Dumit ru et al. 

also measured a damage threshold fluence of 0.4 J /cm2 by tracking an outer edge 

feature in single pulse diamond craters [52] . The diameter measurements in this thesis 

were taken using the rim of the crater . The measured threshold was then expected to 

give a value more closely related to the ablation threshold fluence. Ramanathan et al. 

[49] measured a damage threshold fluence for diamond of 4 J / cm2 using 775 nm, 200 fs 

laser pulses. This discrepancy could be caused by differences in t he pulse parameters. 

Any change in pulse duration and intensity could play an important role in dielectrics 

because t he laser intensity is strongly related to the rate of absorption. Also , the D

squared method of measuring threshold fluences may not be very accurate because as 

described above, it is difficult to t rack ablation features . There may also be changes 
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in the damage threshold due to the quality of the diamond surface. The role played 

by cracks and pores is believed to be important in the breakdown of materials by 

lasers. Bloembergen [8] believed submicroscopic surface structures accounted for the 

lowering of the breakdown intensity by a factor of 4 to 5 on the surface as compared 

to the bulk in materials such as glass and sapphire. He showed t he accumulation of 

surface charge in cracks and pores could enhance the electric field in those areas and 

cause an apparent decrease in the damage threshold of t ransparent dielectrics [53]. 

4.4 Surface Experiments on Diamond 

4.4.1 Overview 

Surface modification of single crystal diamond was one of the two main areas of study. 

The main goal of t his work was to characterize t he LIPSS and other structures made 

on the surface of diamond . Single and mult iple pulse craters were made as well as 

surface lines for a range of pulse energies. Although some work has been done on 

studying LIPSS formed on diamond , not much work has been done on LIPSS formed 

on single crystal diamond by femtosecond laser pulses. Also, most of this work has 

only involved studying the surface using scanning electron microscopes (SEMs) or 

optical microscopy. The facilities provided by the Canadian Centre for Electron 

Microscopy (CCEM) allow for studying changes to the subsurface using a FIB to 

make TEM samples. 

4.4.2 Experimental Setup 

Figure 4.4 shows an optical microscope image of a typical surface experiment on one 

of the diamond plates. All of the surface experiments were performed in vacuum at 

",0.05 mbar and used 800 nm laser pulses that had a duration of 150 - 200 fs. The 5x 

microscope objective was used in all the surface experiments to focus the laser light 

on the surface of the samples . The laser pulses were always incident perpendicular to 
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the sample surface. The spot size was measured on silicon once each day experiments 

were performed. 

Single and multiple pulse craters were made at variety of pulse energies. A matrix 

of craters was automatically made using the software which controls the femtosecond 

laser machining setup. Lines were also made at a variety of pulse energies. To make 

the lines the sample was translated at 500 Mm/s with the shutter fully open and 

chopper t urned off to allow for pulses to irradiate t he sample at a repetition rate of 

1 kHz. The laser polarization was kept perpendicular to t he scan direction because 

the ripples formed perpendicular to the direction of the polarization. The ripples then 

formed with lines along the crests of the ripples parallel to the direction of the line. 

TETvI cross-sections could then be made across the line and the sections showed the 

profile of the crests and valleys of the ripples. The craters and lines were each made 

in groups of five to keep track of their posi tions when viewed in the microscopes. 

4.4.3 Initial Observations 

One of the first observations made when ablating diamond was the formation of a 

black layer around areas t hat were modified with a higher fluence. This layer appears 

to be black graphite which formed during the irradiation and was ejected away from 

t he area the laser pulses were focused. For craters formed with 10 repeated pulses or 

less , the formation of a surrounding graphite layer is not noticeable with the optical 

microscope probably because t he layer is too thin. Much of the carbon which was 

ablated may also have formed CO2 or CO by reacting with the oxygen in the chamber. 
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Figure 4.4: Optical microscope image of a typical surface experiment performed using 
rv160 fs laser , 800 nm pulses with a peak power of 40.2 mJ/ pulse. The lines at the 
top of the image were made by moving the sample at 500 /-Lm/s with optical density 
filter wheel settings from 0 to 2.4. The pulses irradiated the sample at a repetition 
rate of 1 kHz. The craters below the sample range from single pulse to 1000 pulses 
per crater (N denotes the number of pulses) at energy levels denoted by OD values 
from 0 to 2.4. 
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4.4.4 Single Pulse Craters 

Figure 4.5 shows a series of images of single pulse craters made with different pulse 

energies. The images were taken with an optical microscope using the differential 

interference contact (DIC) or Nomarski technique. This technique enhances the con

trast in transparent samples. The images formed from DIC must be interpreted 

carefully. Cont rast in the image is caused by changes in the topography of the sur

face instead of absolute surface heights as outlined in Section 3.5.2. Craters and other 

features may appear as hills. The beams also come in at an angle which makes one 

side of the crater appear brighter. 

The higher energy craters shown in Figure 4.5 have a central feature t hat is sur

rounded by an outer ring. This cent ral feature has a threshold which is higher than 

the threshold for ablation as it appears in t he central region of t he craters where the 

fluence is higher. For pulse energies less than 16.7 I_d , this central feature with a sur

rounding outer ring disappears . At these low energies the peak fluence at the center 

of the pulse is not high enough to create this feature. The diameter of t his inner 

feature was measured on all t he craters formed with pulse energies above 16.7 /-d . 

The same method used to determine a threshold for ablation was used to determine 

a threshold flu ence for the formation of this central feature. This method gave a 

t hreshold fluence of 45 J / cm2
. 

Figure 4.6 shows SEM images taken on a JEOL 7000 of the craters imaged using 

an optical microscope in Figure 4.5. Imaging diamond in a SEM is difficult and 

required using low accelerating voltages (below 2 kV) to reduce charging. The higher 

energy pulses show a very rough outer ring compared to the inner region. These 

small rough features cannot be seen in the optical microscope images. The central 

area appears to be quite smooth compared to the outer region for pulse energies 

above 29.9 pJ. At pulse energies below 21.8 pJ this central feat ure with an outer 

ring disappears. A new feature can be seen in the center of the craters made with 

energies below 21.8 pJ. However , it is not surrounded by an outer ring and appears 

to be more from splattering of molten material from the center of the crater. This 

feature disappears when the peak fluence of the laser pulse used to make t he crater 



4.4. SURFACE EXPERIMENTS ON DIAMOND 

. ~ 4.0j.IJ 
11.5Jftm~ 

E 

10 ~m 

55 

Figure 4.5: Single pulse craters made with 800 nm, 160 fs pulses on diamond . The 
images were taken using differential interference contrast microscopy on the optical 
microscope. The energy for each pulse is given along with the peak fluence. The laser 
polarization was in the horizontal direction. Some of the craters may appear as hills 
for reasons outlined in Section 4.4.4. 

goes below 12.5 J / cm2 for t his particular experiment . This splattering could occur 

at lower pulse energies because the fluence of the laser pulse is not high enough for 
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Figure 4.6: SEM images of select single pulse craters from Figure 4.5. 

most of the excited material to be ablated and vapourized. 
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The opt ical microscope and SEM images appear to show t hat t he higher energy 

single pulse craters have undergone less ablation in the center compared to the outer 

rough ring. However , these images can be misleading and to further investigate the 

topography of the craters requires using an AFM to take absolute height measure

ments. The experiment was first repeated to determine if these cent ral features could 

be reproduced used the laser system. The same cent ral feature with an outer rough 

ring at the higher energies was still present. AFM measurements of the higher pulse 

energy craters are shown in Figure 4.7. The ellipt icity of the craters was due to the 

profile of the laser pulses which were slight ly ellipt ical when viewed wit h the beam 

profileI' for this particular experiment . 

The AFM results confirm t here is a cent ral region which has undergone less ab

lation compared to the surrounding ring. The AFM measurements of craters made 

with pulse energies greater t han 21.5 f-tJ appear very similar. Some ablation has oc

CUlTed in t he cent ral region, wit h approximately 50 to 100 nm of diamond removed 

in t he center. The outer ring is approximately 150 to 200 nm deep and is about 

1 - 2 f-tm wide. The outer ring disappears abruptly between the 21.5 f-tJ and 16.7 f-tJ 

pulse craters. The ring occurs in an outer region of the crater where t he pulse in-

115.7 J/cm2 104.5 J/cm2 

Figure 4.7: This figure is continued on the following page. 
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86.0 J/cm2 

Figure 4.7: Opt ical DIe and AFM images of single pulse craters. The figure starts 
on the previous page. Each AFM image also contains a line and the depth profile 
along t his line is given in the graph below each image. The red arrows correspond 
to the same points in the AFM image and the cross sectional profile. Note: t hese 
craters were from a separate experiment and are not t he same as the craters shown 
in Figures 4.5 and 4.6. 



4.4. SURFACE EXPERIMENTS ON DIAMON D 59 

tensity and the localized fiuence is less than in the center of the crater. It appears 

that above a certain intensity and fiuence the rate of ablation rapidly decreases. The 

central regions in the crater which receive a fiuence above ",45 J /cm2 then undergo 

less ablation creating the central protrusion and surrounding deep ring for the higher 

energy pulses. 

Central features inside craters made with single femtosecond laser pulses have 

been previously reported . Craters made on InP using 800 nm , ",150 fs laser pulses 

with a 1/ e2 spot size of 5 f-Lm were observed by by Borowiec et al. to have a central 

feature with a t hreshold which was higher than t he threshold for normal ablation. 

However , AFM measurements showed t his cent ral feature actually underwent more 

ablation [35]. 

Bonse et al. irradiated indium phosphide with single pulse, 130 fs, 800 nm pulses 

to form surface craters [54]. The pulses were incident on the surface at an angle of 

54° and were s-polarized . The effective spot size of t he elliptical pulses was 100 f-Lm 

by 60 f-Lm. T he threshold fiuence for ablation of InP at t his incident angle was 

<P abl(54°) = 0.30 J /cm2
. At higher energies , above a peak pulse fiuence of 1.76 J /cm2 

and at an incident angle of 54°, a permanent circular feature was observed in the 

center of InP craters. T his cent ral area prot rudes out and more material ablates from 

around the edge of the crater leaving a deeper outer ring as observed in the single 

pulse craters made on diamond at higher energies. 

Bonse was able to make time resolved measurements of the refiectivity of the 

irradiated area using a low powered probe laser. Four hundred femtoseconds after 

the initial irradiation, Bonse observed an increase in refiectivity over the ent ire ablated 

area. This was attributed to a sharp increase in t he carrier density and suggested 

nonthermal melt ing was also taking place where a high density electron-hole plasma 

(1021 - 1022 ) cm- 3 was destab ilizing the lattice before reaching a thermal equilibrium 

with the carriers [55 , 56] . At 100 ps the craters for all energies appeared uniformly 

dark (less refiectance) because of absorption and scattering by ablating material. 

However , at 8 ns , the craters formed using higher energy pulses exhibited a central 

area which refiects more light surrounded by an outer dark ring 'where material was 

still being ablated. 
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Bonse attributed t he formation of this cent ral protrusion observed in craters made 

with higher pulse energies to t he formation of a dense plasma on the surface of InP. 

It is believed a large amount of energy is deposited in a very thin layer on the InP 

surface due to non-linear absorpt ion and an electron avalanche process. This highly 

excited layer is then expelled from the surface, carrying away most of the laser energy, 

and depressing any further ablation in this region. This argument is supported by the 

idea that there is a threshold for the formation of this central protrusion. At energies 

below t his threshold the material is not as highly excited and energy is absorbed 

far ther down into the lattice. This allows for ablation to occur at deeper depths and 

explains the ring pattern which is observed for these single pulse craters where the 

outer region of the crater , which was irradiated with a lower fluence, experienced the 

most material removal [54]. Similar features have been seen in GaAs irradiated with 

extreme ult raviolet femtosecond laser pulses. These features were also attributed to 

the formation of a high density plasma on the surface which limits t he absorption 

depth [57]. 

One concern with the formation of this central feature in single pulse craters is 

the possible role played by satelli te pulses. It is possible a reflective state is produced 

before the main pulse irradiates the sample if the pre-pulses were to excite electrons 

to t he conduction band before the main pulse irradiates t he surface . The carrier 

lifetime for single crystal CVD diamond has been measured to be from 170-580 ps 

depending on the number of defects (mainly higher levels of nitrogen). Lifetimes 

for HPHT were measured to be as high as 2.8 ns [58]. Free carriers generated on 

the surface by pre-pulses incident ",7 ns before the main pulse should therefore be 

mostly recombined before the main pulse irradiates t he sample. Also, to excite these 

electrons and fo rm electron-hole pairs requires a nonlinear four photon process. T he 

weaker intensity of t he pre-pulses (",0.01 % of the main pulse) makes this process 

unlikely. The 10 ps post-pulse could be of more concern as it is the strongest satellite 

pulse and t he sample is in a highly excited state where free electrons can absorb single 

photons. However , for craters made without the neut ral density fil ters which cause 

the 10 ps post-pulse the same overall features were seen. 

Another feature present in the single pulse craters was ripples (LIPSS) perpen-
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dicular to the laser pulse polarization as seen in the optical microscope images from 

Figure 4.5. These LIPSS had a period of 600 -700 nm and can be classified as LSFL. 

For pulse energies from 16.7 f-LJ down to 5.8 f-LJ ripples were seen which form in the 

cent ral region and the outer edge perpendicular to the laser polarization. The LIPSS 

seen in an optical microscope are not as visible in a SENI. However, they can be seen 

in the SEM images of the 21.8 and 10.2 f-LJ single pulse craters in Figure 4.6 . 

LIPSS have been known to form from irradiation by single laser pulses with du

rations on the order of nanoseconds and greater [24]. However , for femtosecond laser 

pulses LIPSS are generally only observed when areas are irradiated with two or more 

pulses and become more not iceable when mult iple pulses irradiate t he same area [27]. 

Most of the work done on ripple formation outlined in Section 2.2 assumes there is 

an interaction between the laser light and a surface scattering or diffracted wave [24] . 

The LIPSS which form require initial seeding pulses to roughen the surface and create 

scattering centers. One reason for t he formation of LIPSS on the CVD diamond sam

ples with a single laser pulse was the initial quality of the diamond surface. In Figure 

4.5 , the 3.3 f-LJ and 1.5 f-LJ single pulse craters both exhibit ripple patterns which form 

from areas "vhere init ial surface defects were present. Similar energy pulses , such as 

the 2.4 f-LJ and 1.9 f-LJ pulses , both show no ripple formation because no surface defects 

were init ially present in these areas . Figure 4.8 shows how surface defects provide t he 

init ial scattering centers required to form LIPSS. The LIPSS form around the defects 

and are mostly linear and perpendicular to t he polarization although there is also 

a tendency for these LIPSS to have spherical wavefronts around t he defect. It will 

be shown in later sections that multiple pulses lead to more linear LIPSS patterns 

perpendicular to the laser polarization. 



62 

3.3 J.LJ 
9.3 J/cm2 

N. A. Mailman - MSc. Thesis 

10~m 
• 

Figure 4.8: Comparison of two crat ers bot h made using single 3.3 ,.d pulses wit h 
different init ial surface conditions. The images were t aken in Nomarski mode on the 
optical microscope. 

A TEM sample of the 36.2 f-LJ pulse from Figure 4. 6 was made using a FIB in the 

area indicated by the white rect angle to further analyze this crater and the subsurface 

modifications. The sample was made by taking a slice across t he entire diameter of 

the crater. An overview of the thinned slice is shown in Figure 4. 9. Arrows (a) and 

(c) point to where t he slice goes through the rough areas of the outer ring. The dark 

lines present in the TEM image are caused by bend contours where the bending of 

the crystal causes the diffraction condit ion to be locally met in these areas and t he 

electrons are more strongly diffracted out of the back focal plane aperture. These 

bend contours are unavoidable because the sample is quite thin (less than 100 nm). 

The tip of arrow (a) points to a line that is not a bend contour. This line goes across 

the ent ire crater and has a profile which would be expected fo r a convent ional crater 

where the deepest part is in t he center . However , there is no change in the crystal 

structure around t his line and it appears to be caused by a change in thickness of 

the sample from ion milling. It is possible that some modificat ion which cannot be 

detected has caused t he area around the crater to be milled faster by the Ga ions in 

a FIB. The dark protective platinum and amorphous carbon layers are also shown. 

These layers are deposited by electrons and Ga ions to protect t he surface during t he 

milling and thinning process. 
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Figure 4. 9: Bright field image showing a section of the 36.2 I.d single pulse crater 
from Figure 4.6 

Figure 4.10 shows two magnified images of the top surface. Figure 4.10a is a 

bright field TEM image of the area inside the rectangle pointed to by arrow (a) in 

Figure 4.9. Figure 4. 10b is t he area in the rectangle pointed to by arrow (b) in Figure 

4.9. The modified layer in Figure 4.10a is approximately 200 nm thiclc This layer is 

very rough on the surface interface and much smoother on the interface between the 

modified layer and the main diamond matrix. Figure 4. 10 shows how the modified 

layer looks in the center of the sample where less ablation has occurred. It is smooth 

both on the surface (which is now covered in platinum) and at the interface between 

the modified layer and diamond matrix. It is also much thinner ('"'-'50 nm) compared 

to the modified area in the rim region. 

This modified layer is not large enough to obtain a selected area or convergent 

beam electron diffraction pattern of only this region. Selected area diffraction patterns 

which also included parts of the platinum layer had very faint diffuse rings. These 

rings are evidence that this modified layer could be polycrystalline diamond with 

very small grain sizes. Some amorphous carbon could also be present. The modified 

layer could have formed by nonthermal melting and a destabilization of the lattice. 

However , it is more likely this area was not in such a highly excited state and only 

normal melting took place because there was not enough energy to ablate the material 

in this region. The thickness of t he modified layer at the rim compared to the center 

also supports the proposed mechanism that less ablation occurs in the center of the 

crater because the energy is absorbed on a very t hin surface layer of highly excited 

plasma. In t he outer area around t he rim the energy should then be absorbed at 

greater depths where the effective absorption coefficient is smaller. The modified 
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area where t he crystal structure was damaged should t hen be thicker in this region 

as is confirmed by the TEM image. 

T he rough topography of t he rim region compared to the inner crater region at 

t he diamond-air interface supports the possibility that a different mechanism was 

responsible for ablation in each region. Evidence of different ablation mechanisms 

responsible for ablation in different areas of the same single pulse crater has been 

presented elsewhere [59]. Phase explosion has been proposed to occur in the center 

of craters which receive a higher fluence and Coulomb explosion has been proposed 

in outer regions which receive a lower fluence [29]. The rough outer ring observed in 

diamond could be caused by Coulomb explosion t he created t he observed micropat

terning. Ablation in the central protrusion could then be dominated by a different 

mechanism. 

The sharp optical interfaces between the air-modified and modified-diamond in

terfaces has been previously suggested by von der Linde et al. [60] in other materials. 

Single pulse craters ""ere made on a number of semiconductors and metals using ul

trashort laser pulses. Reflect ivity measurements using a probe laser pulse produced 

Newton-ring interference fringes. By varying the wavelength of t he probe pulse and 

observing changes in t he ring pattern , t hey could infer t he newton-rings were caused 

by interference between two optical interfaces. The formation of t his interface was 

associated with a rarefaction wave which formed during the isentropic expansion of 

the surface layer into vacuum. Hydrodynamic models predict bot h the air-modified 

and modified-matrix interfaces from this wave should be very abrupt [60]. 

The profile of the craters from the AFNI sections shown in Figure 4.7 could also 

be related to this rarefaction wave. The 21. 5 f-LJ pulse in Figure 4.7 which does not 

show any impact of the Gaussian profile fluence has been seen in single pulse craters 

made on metals and semiconductors where a flat surface forms inside the crater [57] . 

This uniformity is believed to occur at lower energies where energy is absorbed into 

t he solid at some characteristic optical penetrat ion depth. A rarefaction wave then 

propagates into the solid and is reflected. The energy is absorbed in a uniform layer 

which is relatively independent of the fluence over a range of values [60]. 
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200nm 

Figure 4. 10: (a) Bright field TEM image of t he area in t he rectangle pointed to by 
arrow (a) in Figure 4.9 . (b) Bright field TEM image of the area in the rectangle 
pointed to by arrow (b) in Figure 4.9 . 

4.4.5 Multiple Pulse Craters and Lines 

LIPSS formation was first investigated in craters made with multiple laser pulses. 

Figure 4.11 is an optical microscope image of a series of craters made at different 

energies using a different number of pulses. As the number of pulses per crater 

increased , more pronounced LIPSS can be seen with all four pulse energies. The 

cent ral protrusion observed for the single pulse craters became less pronounced as the 

number of pulses t hat irradiated t he same crater increased. At the higher energies , 

ripple patterns were more noticeable after two pulses as opposed to some of t he lower 

pulse energies which require many more pulses to produce LIPSS. It can take ten 

or more pulses to clearly see the ripples using pulse energies below the single pulse 

threshold for ablation. The effects of initial surface condit ions are also quite not iceable 

at the lower energies and for lo"v numbers of pulses. At higher energies and for large 

numbers of pulses t he LIPSS pattern which forms no longer depends on the initial 

surface conditions. The LIPSS formed at all energies appeared to have a period of 

600-650 nm. Lower period LIPSS (possibly HSFL) may be present. However , these 

LIPSS are hard to view in a light microscope. 

Figure 4. 12 shows select SEM images of craters made wit h a high number of 

pulses at lower energies. The N= 10 pulse crater has only LSFL with a wavelength 

of ",600 nm as previously measured in optical microscope images . As the number of 
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Figure 4. 11: A comparison of single and multiple pulse craters made on diamond. 
The energy and peak fluence per pulse are given and remain constant down each 
column. The number of pulses, N, is the same across each row. The images were 
taken on t he optical microscope in Nomarski mode. The polarization of the pulses 
was in the horizontal direction. 
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Figure 4. 12: SEM images of craters formed with a high number of pulses at a low 
energy. The polarization of the pulses was in t he horizontal direction. 

pulses increases from N = 10 to N =50, LIPSS can be seen on the edge of t he crater 

which have a much higher spatial frequency (-·,,210 nm) . These HSFL only appear 

in areas where there is a low fiuence per pulse. Fifty-pulse craters made with lower 

pulse energies have HSFL covering more of the crater area as shown in t he lower right 

hand image of Figure 4.12. There was still a tendency for LSFL to form in t he center 

of the craters even at these lower energies where the fiuence is the greatest. All of 

these LIPSS formed perpendicular to the direction of the laser polarization whic.h is 

in the horizontal direction (across the page) unless otherwise stated. 

To further investigate these HSFL , a TEM cross section was made in an area 

of a crater where HSFL were present. Figure 4.13a is an SEM image of the crater 

used to make the cross section. The white rectangle denotes the area used to make 

the slice. Figure 4. 13b is an overview of t he section . The top dark layer is the 



68 N . A. Mailman - MSc . Thesis 
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Figure 4.13: (a) SEM image of the crater used to make the cross section. (b) A bright 
field TEM image of the section. (c) a magnified view of the area inside the white 
rect angle from (b) . 

protective platinum layer. Next to t he diamond this layer appeared lighter because 

the platinum was first deposited wi th electrons to minimize damage to t he surface 

by ions as described in the previous chapter . Figure 4.1 3c is a magnified area of one 

of the ripples . Inside the ripple t he BF image and selected area electron diffraction 

patterns indicate that this region is still single crystal and part of the main diamond 

matrix. T here is a thin modified surface layer that is about 25 nm thick. T his layer 

has a relatively uniform thickness over the entire ripple. 

LIPSS formation on materials is often done by making lines wit h laser pulses. If 

the sample is being t ranslated slow enough so that each pulse almost overlaps, the 
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LIPSS formed from each pulse will reinforce or seed t he production of LIPSS by t he 

next pulse. Figure 4.14 shows an overview of some of t he lines made at a variety of 

pulse energies on diamond. At higher fluences LIPSS with a spacing of approximately 

550-600 nm were the dominant feature. These LSFL were t he main feature present 

in lines made wit h pulse energies greater t han l. 9 f-LJ . At lower pulse energies, LIPSS 

with a spacing of 230-240 nm became more dominant. These LIPSS were also present 

on t he edge of lines made with higher pulse energies where the fluence would be much 

less than in t he center. Lines made with lower pulse energies of 1.9 and 1.4 f-LJ had 

both high and low spatial frequency LIPSS present . Because the lines were made by 

moving t he sample as it was irradiated, even the center of a line experienced a low 

fluence from an individual pulse as the sample was t ranslated to form the line. In 

the low energy pulses t he LSFL could form as the center of t he pulse moved over an 

area. The HSFL would then form as the pulses moved away and the edges of pulses, 

which have a lower fluence, irradiated t he same area. These results for lines on the 

surface were consistent with t he results for mult iple pulse crat ers where LSFL formed 

at higher fluences per pulse and HSFL were more dominant in areas irradiated with 

many pulses that had a low fluence per pulse. 

A TEM cross section was taken of the line made with 13.8 f-LJ pulses in the area 

marked by t he white rectangle in Figure 4. 14 to investigate the structure inside t he 

lower spatial frequency ripples. Figure 4. 15a is a bright field TEM image showing an 

overview of the T EM slice. F igures 4. 15b and 4. 15c show magnified images of the 

ripples. They are very similar to t he fine ripples from Figure 4. 13 only wit h a longer 

period . The modified layer is much t hicker (",50 nm) compared to t he layer observed 

in t he fine ripples . The bright field images show t he center of the ripple is still part of 

the main diamond matrix. There is also a very sharp boundary between the modified 

layer and t he main diamond matrix. 
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Figure 4.14: Lines made on diamond. The pulse energy and fiuence given are t he 
energy per pulse. The pulses were incident at a rate of 1 kHz while the sample was 
t ranslated at 500 p,m/ s. 
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Diamond Matrix 

(c) 200nm 

Figure 4. 15: (a) bright field TEM image showing an overview of the cross section taken 
from the line made using 13.8 !_d pulses in the area marked by the white rectangle in 
Figure 4.14. (b) and (c) show magnified areas of t he ripples from (a) . 



72 N. A. Mailman - MSc. Thesis 

4.4.6 Discussion 

There has been research done by other groups on the modification of diamond surfaces 

by laser pulses. Very early work on the interaction of laser light with diamond films 

was performed by Ageev et al. [61] . They grew diamond films with a thickness of 15-

35 J-I,m. The band gap of this diamond was E = 5.4 eV. The films were modified with a 

CO2 laser (A = 10.6 J-I,m , T = 3 J-I,s , hv = 0.12 eV) which produced ripples perpendicular 

to the direction of polarization. The LIPSS had a period of approximately 10 J-I,m or 

about the wavelength of the laser. 

Ozkan et al. [62] observed LIPSS on diamond using ultraviolet femtosecond laser 

pulses (A = 248 nm , T = 380 fs , hv = 5 eV) . Irradiating the surface of polycrystalline 

cVD diamond with 100 pulses that had a peak fluence of l.5 J / cm2 per pulse produced 

these surface ripples. The ripples were perpendicular to the laser polarization and 

had a period on the order of the laser wavelength. They attributed the formation of 

these features to the same mechanism proposed by Sipe et al. where the incident laser 

creates a reflective plasma and a surface scattering wave interferes with the incident 

laser radiation. However , it was also observed t hat ripples formed in some regions 

wi th a period substantially less than the wavelength of t he laser (on the order of 

50 - 100 nm or a quarter of the laser wavelength). These ripples patterns appear 

similar to the lines in Figure 4.14 where both 550-600 nm and 230-240 nm ripples 

(vvhich are also about one quarter of the laser wavelength) are present [62] . 

LIPSS parallel to the direction of laser polarization have also been observed on 

diamond fi lms. Wu et al. [63] observed c-type LIPSS with a period close to one 

quarter the wavelength of the laser using 100 fs , 800 and 400 run laser pulses with 

a 1 kHz repetition rate. LIPSS perpendicular to t he direction of polarization with 

a periodicities of 750 nm and 210 nm were also observed. These LIPSS were made 

using 800 nm pulses [63] . In these cases the incidence angle was near normal (5°). To 

account for the spacing of these LIPSS which do not conform to the theory presented 

by Sipe, Wu also t ried to take into account nonlinear effects. Free carrier generation 

by the laser pulses was measured by Jeschke et al . [64] to give an index of refraction 

for diamond as high as n = 4 directly after laser pulse irradiation. This value was 
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measured using time resolved reflectivity measurements . The periodicity of the HSFL 

observed by Wu et al . would be in better agreement with Sipe theory on LIPSS 

formation if this index of refraction was used instead. 

LIPSS were observed on bulk diamond samples using 800 nm , 100 fs pulses by 

Dumitru et al. [52]. The ripples on the diamond surface had a wavelength of "",610 nm 

and were perpendicular to t he direction of the laser polarization. These ripples were 

seen for fluence ran ges from 1.5-4.7 J/ cm2 on craters made with 1000 pulses. LIPSS 

with a much smaller period have also been made on single crystal diamond by Shindoa 

et al . [65]. Using 120 fs, 800 nm , pulses lines were made by moving the sample at 

500 /-Lm / s with a pulse repetit ion rate of 250 kHz. These lines produced grooves that 

had a spacing of rv 146 nm. The grooves had a width of 40 nm and were very uniform 

compared to ripples observed in this thesis. The depth of these grooves was found to 

be "",500 nm by milling below the surface with a FIB. The depth was also found to 

depend on the repetition rate of the pulses and the scanning speed. Shindoa et al . 

attributed the formation of t hese deep grooves to the same mechanism proposed by 

Bhardwaj et al. [6] for the formation of nanoplanes inside fused silica. If the grooves 

formed by this mechanism the spacing should be close to 2: = 167 nm. The spacing 

of 146 nm was believed to be close enough to be in agreement with this value. 

LIPSS on bulk diamond have also been observed by Huang et al . [66]. Natural, 

single crystal, opt ical grade diamond was irradiated with 800 nm, "",125 fs laser pulses 

at a repetit ion rate of 1 kHz. The samples were irradiated in air. LIPSS with a spacing 

of 170-190 nm were observed in areas irradiated with 3000-8000 pulses. The peak 

fluence of each pulse was 1.9-2.8 J Icm2 (slightly above the ablation threshold for a 

single pulse). These HSFL were also very uniform grooves which looked similar to the 

grooves observed by Shindoa et al. However , no ion milling was done to determine 

if t hese grooves also had a high dept h to width ratio. LIPSS were also made on 

graphite by Huang et al. [66]. The spacing and structure of these LIPSS ,vas very 

similar to the spacing and structure of LIPSS observed on diamond . A summary of 

LIPSS observed on diamond in this thesis and by other research groups is given in 

Table 4.1. 

The LIPSS on diamond observed in this thesis had a spacing that is not close to 
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Table 4.1: LIPSS spacing observed on diamond. (..l) and (II) denote LPPS perpen
dicular and parallel to the laser pulse polarization respectively. 

Research Material Laser Pulse LIPSS Aj6. 
Group Vlavelength (A) Duration Spacing (6.) 
LIPSS Single Crystal 

SOO nm ",190 fs 
550-600 nm (J.-) 1.3-1.4 

in t his t hesis CVD Diamond 200-250 nm (J.- ) 3.2-4 
Ageev Polycrystalline 

1060 nm ",3 J.Ls 1060 nm (J.-) 1 
et al. [61 ] Diamond Film 

Ozkan Polycrystalline 
24S nm ",3S0 fs 

24S nm (J.- ) 1 
et al. [62 ] CVD Diamond 50-100 nm (J.- ) 2.5-5 

750 nm (J.- ) 1.1 
,i\Tu Polycrystalline SOO nm ",100 fs 210 nm (J.- ) 3.S 

et al. [63] CVD Diamond 210 nm (II) 3.S 

400 nm ",,100 fs 
3S0 nm (J.-) 0.95 
90 nm (J.-) 4.4 

Dumitru Polycrystalline 
SOO nm ""100 fs 610 nm (J.- ) 1.3 

et al. [52 ] CVD Diamond 
Shinoda Single Crystal 

SOO nm "" 120 fs 146 nm (J.- ) 5.5 
et al . [65 ] CVD Diamond 

Huang Single Crystal 
SOO nm ",125 fs 170-190 nm(J.- ) 4.2-4.7 

et al. [66] Natural Diamond 

A = 800 nm or A/nsoo = 333 nm which would correspond to Sipe theory. The spacing 

is not close to A/ 2nSOO = 167 nm which 'would correspond to the theory presented 

by Bhardwaj et al . [6]. It is also not close to A/ 2 = 400 nm or A/ 2n400 = 163 nm 

which would correspond to Sipe theory with SHG. It is unclear what mechanism is 

responsible for LIPSS formation in diamond. A summary of t he spacings predicted 

by each theory is shown in Table 4.2. The refractive index of diamond is ",2.40 for 

800 nm light. Some t heories for HSFL formation consider SHG. The refractive index 

of diamond at 400 nm is ",-,2.45 [51]. There is very litt le wavelength dependence on 

the refractive index over this range of wavelengths. In general, if no wavelength was 

specified a refractive index of n = 2.4 was used for calculations. 

The current theories presented in Table 4.2 do not give A/ 6. values which match 

the measured values for either the LSFL or t he HSFL observed in this thesis. A 

nonlinear Sipe theory presented by Bonse et al. [26] may provide the best explanation 

for t he period of the LIPSS observed on diamond . This theory takes into account 
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Table 4.2: LIPSS periods (.6.) predicted by different mechanisms for the formation of 
LIPSS . nsoo = 2.40 and n400 = 2.45. 
I LIPSS Formation Theory I Formula (.6. =) I .6. for SOO nm Light Pulses I A/ .6. I 

Sipe Theory A 800 nm 1 
Sipe Theory A/ nsoo 333 nm 2.4 

Sipe Theory with SHG A/ 2 400 nm 2 
Sipe Theory with SHG Aj2n4oo 163 nm 4.9 

Bhardwaj et al. [6] A/ 2nSOO 167 nm 4.S 

changes in the the refractive index because of free carrier generation. If SHG of light 

is also considered it may be possible to calculate peaks in the efficacy factor that 

correspond to the spacing of LIPSS observed on diamond in this thesis. 

The LIPSS that formed on single crystal diamond did not have the uniformity 

that is observed on some materials irradiated with femtosecond laser pulses. The 

lines made on the surface with lower pulse energies produced both HSFL and LSFL. 

Figure 4.14 shows an example of these lines. In this figure the lines made with pulse 

energies :::;1.9 J.d generated both HSFL and LSFL in the center of the lines. There 

appeared to be an instability between t he LSFL and HSFL. It is possible that the 

initial surface conditions played more of a role at this lower pulse energy. The grooves 

observed by Shindoa, Huang, et al . used a much higher number of pulses at energies 

near threshold. The surface lines presented in this thesis were made with one pulse 

incident every 0.5 J-Lm the sample was translated. Using a higher number of pulses 

may produce more uniform lines and mitigate the effects caused by the initial surface 

conditions. The LIPSS formed in craters made with 50 laser pulses shown in Figure 

4.12 also show a high sensitivity to the local fiuence. LSFL in the form of ripples 

break into smaller ripples and form HSFL at the outer regions of the crater. These 

outer regions received less fiuence. Other dielectric materials have also been shown to 

produce LSFL which break into HSFL in a similar pattern to the one seen in diamond 

[26 , 29 , 67]. 

Other important observations about these ripple structures came from cross sec

tions taken made with a FIB and viewed in a TEM. Both the HSFL and LSFL had 
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a similar structure. The inside of the ripples was part of t he main diamond matrix 

and appeared to be unmodified by the laser. Both the HSFL and LSFL were covered 

in a thin modified layer . The LIPSS must form on the surface and only localized 

areas in the valleys of ripples undergo more ablation than the ripple peaks. This has 

been suggested by other groups who used Raman spectroscopy to determine only a 

t hin modified layer was present on LIPSS made on diamond [66]. This rules out any 

mechanisms for the formations of LIPSS where a highly excited molten layer relaxes 

to form a periodic surface. 

The depth to widt h aspect ratio of LIPSS made on single crystal diamond in 

this thesis is quite different from the depth to width aspect ratio of LIPSS made on 

single crystal by some ot her groups. The ripples observed in this thesis had more of a 

sinusoidal profile with a depth to widt h ratio of f"V 1. These types of LIPSS on diamond 

have been observed elsewhere (e.g. Wu et al .) . However , the LIPSS made by Shinoda, 

Huan g et al . [65 , 66] could be better described as grooves instead of ripples. These 

grooves were only 40 nm wide (compared to an overall LIPSS period of 146 nm) and 

had a profile similar to a comb function instead of a more smooth sinusoidal function 

as seen in Figures 4.13 and 4.15. The formation of these grooves could be explained 

by t he theory for the formation of nanoplanes in the bulk of dielectrics presented by 

Bhardwaj et al . [6] because the grooves appear very similar to bulk planes only on 

the surface. The spacing of the grooves was also close to t he spacing that would be 

expected for the theory presented by Bhardwaj et al. The LIPSS in this thesis do 

not have t he high aspect ratio or spatial period required for this mechanism to seem 

appropriate . 

4.5 Bulk Experiments In Diamond 

4.5.1 Overview 

Femtosecond laser pulses with a cent ral wavelength of 800 nm were focused in t he 

bulk of CVD diamond plates using a 50x microscope obj ective for all of the bulk 
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experiments. The pulses had a duration of rv 170 fs. The diamond plates were 500 Mm 

thick and t he pulses were fo cused 250 Mm below the surface. The pulses were initially 

focused on the surface. The 50x microscope objective was then translated 100 Mm 

closer to the diamond surface. The depth below the diamond surface t he pulses 

fo cused to is approximately equal to the depth below the surface the pulses would 

fo cus to in air multiplied by the index of refraction for diamond (assumed to be rv2.5). 

Therefore, the pulses should be focused rv250 Mm below the diamond surface. The 

sample was t hen translated while being irradiated to make lines in the bulle The 

lines started in t he bulk and the sample was t ranslated to have the line come out 

perpendicular to one of the sides of t he diamond plate. All of the bulk experiments 

were also performed with the diamond samples in a vacuum of rvO.05 mbar. 

One challenge with studying diamond modifications in the bulk is standard grind

ing and polishing techniques to remove material for accessing t he interior of samples 

is not possible because diamond is too hard . A FIB can only remove a couple microns 

of material in a reasonable amount of time and accessing the lines from the t op of the 

sample would not be possible as the modified area is supposed to be 250 Mm below 

the surface. The side of the sample where the lines exit t he plate had to be used to 

make TEM specimens. 

The fluence values specified in Figure 4.17 and throughout the work done on bulk 

diamond are t he values which apply to surface irradiation using a 50x microscope 

objective. However , non-linear effects which cause self-focusing will change the spot 

size of the laser pulse inside the sample. Another concern with fo cusing in the bulk is 

spherical aberrat ion effects. Spherical aberrat ion in t he microscope objectives cause 

pulses to focus over a certain range along the optical axis. vVhen focused inside a 

material , this range will be increased approximately by a factor of n. Refraction at 

the dielectric surface (diamond in this case) will also cause rays incident at higher 

angles to t he surface normal to be focused farther along the optical axis than rays 

incident at an almost normal angle to t he surface. T herefore, even if there was no 

spherical aberrations in the lens, refraction at the dielectric surface would cause a 

spreading of the focal point into a focal volume along the optical axis in a way similar 

to spherical aberration in the lens [68]. Pulses were also focused through t he sample 
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chamber window which would act as as two dielectric surfaces because the pulses must 

propagate t hrough the window. The length along the opt ical axis which t he focus 

is spread out over is called t he longit udinal spherical aberration length. This length 

will be larger if the numerical aperture (NA) of the lens is high and the maximum 

incidence angle on the dielectric interface for light rays fo cused by the microscope 

is far from normal incidence. The 50x microscope objective has a NA=0.42 and 

therefore these considerations should to taken into account [69]. 

The fiuence values quoted t hroughout this section are therefore only estimates. A 

more appropriate estimation would be an energy per volume instead of area which 

takes into account the fo cal volume due to spherical aberration and gives an accurate 

Rayleigh range. However , this value would be difficult to measure and calculate at 

the high intensities being used where nonlinear effects in diamond must be included. 

4.5.2 Initial Observations 

Figure 4.1 6 is an optical microscope image of a single crystal diamond plate after 

irradiation to form lines in the bulk. The microscope has been adj usted to focus into 

the bulk of the sample so that the subsurface changes can be seen . The laser beam 

was moved from left to right out over the edge of the sample at 500 Mm/s. The top 

dark line which has a uniform thickness was a surface line made to t rack the position 

of the subsurface modification. At the higher pulse energies, darker regions can be 

seen along the line. T hese areas appear very wide at the higher energies; however , 

they are not uniform and the dark areas appear discont inuously along the line as seen 

in Figure 4. 16. Ot her samples were also irradiated to form lines in the bulk using 

lower scanning speeds. These lines also exhibited the same dark appearance when 

viewed in the optical microscope. 
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o ~J, 59.3 J/cm2 

~J, 36.0 J/cm2 

4.1 ~J, 30.4 J/cm2 

3.8 ~J, 27.9 J/cm2 

3.1 ~J, 23.1 J/cm2 

Figure 4.16: Opt ical microscope image focused into the bulk of transparent diamond. 
The polarization is in the vertical direction, perpendicular to the horizontal scan 
direction. The lines were made by t ranslating t he sample at 500 /-Lm / s while t he 
pulses were incident at a rate of 1 kHz. 
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Figure 4.17: Optical microscope dark field image looking at the right edge of t he 
diamond plate shown in Figure 4.16. The image shows where the lines created by the 
laser exited t hrough the edge of the diamond plate. 

4.5 .3 Bulk Studies Using a TEM 

An attempt was made at polishing the side of the diamond sample where the lines 

made in t he bulk exited the sample. However , only a small amount of material could 

be removed. The results are shown in Figure 4.17. The polishing revealed that 

although the pulses were supposed to be focused ",250 /-lm below the surface, which 

corresponds to the bottom edge of the scale bar in Figure 4.17, the modified area 

appeared well above the focus especially at the higher pulse energies . It is possible 

that self-focusing, which would be more dominant at higher intensit ies , caused this 

shift in the vertical fo cus of the pulse [70]. 

A SEM image of the sample area presented in Figure 4. 17 is shovvn in Figure 

4.18. The most interesting feature is the cracks which have formed in very specific 
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Figure 4.18: SE f image corresponding to the area shown in the optical microscope 
image from Figure 4.17. The energy labels are placed to the right of the modified 
area. 

directions. The cleavage planes for diamond are the {111} planes [71]. The diamond 

was cut to have {100} type edges. Therefore, the angle of t hese cracks corresponds 

to the cleavage direction on the surface . No LIPSS could be seen on the exit surface. 

A TE~II sample was made using a FIB in the area marked by the white rectangle 

in Figure 4.18. The slice \-vas taken parallel to the top surface shown in Figure 4.16 

or perpendicular to the side in Figure 4.18. A bright field TEM image of the slice is 

shown in Figure 4.19 . The only feature on the sample is the crack which goes back 

into the sample from the surface at an angle consistent with it being along a {111} 

type plane. The bend contours end at the crack indicating it is different from the main 

diamond matrix. A magnified image of this area is shown in Figure 4.20. The crack 

is approxir~ately 200 nm thick. A selected area electron diffraction pattern (SAEDP) 
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Figure 4.19: Bright field TEM image of a slice taken from an area irradiated to form 
a line in the bulk with 9.5 p,J pulses. Arrows point to the modified region or crack. 
The SAEDP shows the area around the crack appears crystalline. 
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l00nm 

Figure 4.20: BF TEM image of the magnified crack region shown in Figure 4.19. The 
SAEDP was taken from the area pointed to by the arrow. 

of the crack (Figure 4.20) displays spots which were present from the main matrix 

because the selected area aperture was too large to only sample the crack region. The 

very diffuse ring which is present and not seen in SAEDPs from outside the crack 

region indicates that t he area inside the crack contains polycrystalline material with 

a very small grain size. 

The experiment was repeated using higher energy pulses (up to 40 /-LJ instead of 

10.2 /-LJ ) and a much slower scan rate (1 /-Lm/s as opposed to 500 /-Lm/s) to explore more 

irradiation parameters. Changing both these parameters greatly increased t he overall 

fluence and could help in t he production of periodic bulk structures. The same 50x 

microscope objective was also used to t ight ly focus the laser beam 250 /-Lm below the 

surface of the single crystal CVD diamond plate. The init ial observations are shown 

in Figure 4.21. At the higher pulse energies, the laser modified t he surface of t he 

diamond plate and created deep t renches (",,200 /-Lm ) into t he sample. The modified 

area was not as deep below t he surface as expected . Most of the modification occurred 

150-200 /-Lm below the surface even though the pulses were supposed to be focused 
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Figure 4.21: Opt ical microscope image of the side view where the laser exited the 
diamond plate from in the bulk. The scan rate was 1 f..lm/s with a pulse repetition 
rate of 1 kHz. 

250 f..lm below the surface. Figure 4.22 shows an SEM image of the ten lines made 

with the highest pulse energies from Figure 4.21. At pulse energies below 6 f..lJ , no 

modification to t he diamond by the laser pulses exiting through the surface could be 

observed in the optical microscope or SEM. 

A TEM slice was made of the area irradiated with 7.7 f..lJ pulses. The thin slice was 

removed from t he area marked in Figure 4.23. A magnified image of the region from 

which the TEM slice was taken is also shown in Figure 4.24. The most interesting 

feature is the needle-like structures present on the surface where the laser exited the 

sample. These structures exist over the entire modified region on the surface and 

are present for all the pulse energies labelled in Figure 4.22. The formation of these 

structures could be from laser pulses irradiating the sample as the focus area passed 

outside the diamond plate. These pulses would not have travelled through the bulk 

diamond and it would be more like a surface irradiation experiment with a glancing 

incidence angle (e = 90°). 

Figure 4.25 shows the TEM section taken from t he area marked in Figure 4.23. As 

with all of the TEM samples prepared in t he FIB, the top light layer is a protective 

layer of carbon followed by a much darker layer of platinum. The spikes correspond 
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Figure 4.22: SEM image of same area shown in the optical microscope image from 
Figure 4.21. 
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Figure 4.23 : SEl\/! image of where the line made using 7.7 j..lJ pulses exited through 
the side of t he diamond plate. A TEM slice was taken in the area marked by the 
white rectangle. 
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Figure 4.24: lVlagnified SEM image of the area around t he white rectangle from Figure 
4.23 . 
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to the actual surface and the structures which appeared as needles in a SEr-k The 

period of these structures as seen in the cross section is rv 140 nm. The area underneath 

these spikes is single crystal and no modification caused by laser pulses is present. 

The only features present are bend contours and dark spherical structures believed 

to be artifacts from Ga ions during the milling process. To further confirm this, an 

EDS map was made of these spherical structures and the results are shown in Figure 

4.27. The mapping was for t he K al line of Ga, which has an energy peak of 9.2 keY. 

Lighter areas in Figure 4.27b correspond to higher Ga concent rations. The lines of 

spherical structures appear lighter and therefore have higher Ga concent rations. Also , 

t he scanning transmission electron microscope (STEt·,;!) image (Figure 4.27a) shows 

t hese structures as appearing darker where there is more deflection of the electron 

beam by heavier Ga atoms. 
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Protective Carbon Layers 

Figure 4.25 : Bright field TEM image of the section taken from the area marked by 
the white rectangle in F igure 4.23. 
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Figure 4.26: Magnified TEM image of the surface "spikes" seen in Figure 4.25. The 
spikes appear to be covered in a very thin « 10 nm) laser modified surface layer. 
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Figure 4.27: (a) STEM image of t he region where the spherical structures are present. 
(b) the corresponding EDS map for Ga using t he K CXl line of Ga. 

To further study the possible formation of periodic structures in the bulk, anot her 

experiment was performed using the configuration shown in Figure 4.28 to irradiate 

down though the edge of the sample and come out through one of the polished faces. 

The sample was also kept at an angle of rv 5° to reduce t he amount of irradiation which 

only t raveled through air and irradiated t he side of the sample. This configuration 

should make it easier to see modifications in the bulk as the laser is now exiting 

through a polished surface. Figure 4.29a shows the results after bulk irradiation. The 

optical microscope image was taken by illuminating the sample from the bottom to 

observe the t ransmitted light. 

The teardrop shapes seen for each line are very similar to the features seen in 

the two previous experiments. However, one difference which can be seen was lines 

which extend up to 200 p,m below the teardrop shape. These lines were only visible 

when observing the sample with t ransmitted light and therefore do not appear to 

be surface features. Figure 4.29b is a magnified image of t he area pointed to by the 

arrow. It shows these lines appear to have no defined periodicity. The lines also 

form a herring-bone pattern where smaller lines extend out from the central line at a 

dovvnward angle of approximately 45°. 

F igure 4.30 is an SEM image of the bottom of the teardrop feature made using 

12.3 p,J pulses. The arrows point to t he lines of cracks corresponding to t he dark 
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Figure 4.28: Configuration of t he femtosecond laser machining setup to form lines in 
the bulk diamond plate which exit through the polished face. The image is not drawn 
to scale. 

lines seen below the main tear drop shape in t he optical microscope image from 

Figure 4.29. The cracks appear to be at an angle consistent with the {Ill} type 

planes as seen with previous cracking which leads to the herring-bone type pattern. 

The main teardrop formation has a periodic roughening on the surface that could be 

classified as LIPSS. The TEM sample made using a FIB out of the area marked by 

the white rectangle in Figure 4.30 was of very poor quality. Also , the only changes 

which were noticeable were cracks similar to t he one seen in Figure 4.25. There was 

also a lot of re-deposition on t he TEM sample from the Ga ion beam. 
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Figure 4.29: (a) Optical microscope image of the polished face where t he laser pulses 
exited through t he surface. The pulse energies for each line are shown. The sample 
was translated at 1 f..lm / s and the pulse repetition rate was 1 kHz. The top teardrop 
shape was a line made on the surface to track th~ location of the subsurfa.ce lines. 
(b) magnified image of the area marked by the arrow. 



94 N . A . Mailman - MSc . Thesis 

Figure 4.30: SEM image of the bottom of the teardrop formed when the line made in 
the bulk using 12.3 f..d pulses exited through the polished surface. The FIB section 
was made in the area marked by the white rectangle. 
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4.5.4 Discussion 

Laser induced periodic structures in bulk diamond were not observed. It is possible 

that periodic structures did form inside bulk diamond. However , these structures 

may have been overlooked because a FIB can only sample a small area when making 

a TEM specimen. It is also possible that t he modifications to the diamond lattice 

may not be detectable in a TENI. The proper experimental condit ions (pulse energy, 

scan speed , intensity) may not have been used to produce periodic structures. Laser 

induced periodic structures may also be unable to form inside bulk diamond at any 

irradiation conditions for fundamental reasons. 

The laser pulses 'were fo cused into the diamond samples taking an index of re

fraction for diamond of "'2.5 into account. If the pulses were originally fo cused on 

the surface, t ranslating t he sample 100 /-LITI in the z direction should then be ap

proximately equivalent to focusing the pulses 250 /-Lm into the bulk. Modifications 

seen on the surface may have appeared closer to the top face of the diamond plate 

than bulk modifications because parts of t he pulse would have fo cused t hrough air 

onto the sides of the diamond specimen. The modification seen on the side of t he 

sample was used as a guide to select an area to make bulk TEM samples. Therefore, 

the wrong areas may have been selected to study bulk modification. However , the 

areas selected to make TEM samples were chosen carefully and in general as close to 

250 /-Lm beneath t he surface as possible if modification was seen at that part icular 

depth with the optical microscope. Nonlinear effects , such as self-focusing, could also 

fo cus the pulses closer to the surface in the bulle These effects were also considered 

when selecting an area to make a TEM sample. 

Modification to the bulk diamond may not have been detectable by studying 

the samples in a TEM. Very subtle changes to the crystal structure would not be 

detectable because of the poor quality of the TEM samples made using a FIB. These 

samples did not allow for high resolution imaging. For instance, the formation of color 

centers from atomic displacements or modification localized to a few nanometers in 

size could go unnoticed. The nanoplanes observed in fused silica required etching 

to reveal the planes in a SEM. The planes etched at a much faster rate which was 
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believed to be caused by changes in the dielectric structure and possibly dislocations. 

It is not clear if these planes would be visible in a TEM section made using a FIB 

machine [6]. 

Finally, it may be possible that no periodic structures form for any irradiation 

condition in t he diamond lattice and the dark areas seen in the opt ical microscope 

images are only from t he cracks t hat form along cleavage planes. It is difficult for 

diamond to break down into other forms of carbon such as graphite. The density 

of diamond is about 3.5 g/cm3 as compared to graphite which ranges from 1.8 -

2.25 g/cm3 [72]. Therefore, the activation energy for graphite formation will be 

significantly less on t he surface compared to the bulk , "vhere the expansion required 

to form graphite will create large internal pressures . The reverse process may even 

occur where graphite is t ransformed back into diamond. Strekalov et al. found that 

a sphere of graphite growing from single crystal diamond in the bulk would lead to 

cracking of the crystal from mechanical stress when t he sphere reached a radius of 

2.3 nm [73]. Therefore, any modification to the diamond structure in the bulk may 

just lead to the formation of cracks in the single crystal lattice. 

The grooves observed by Shinoda et al. [65] that were 40 nm wide but up to 500 nm 

deep were proposed to form by a mechanism similar to t he one presented by Corkum 

et al. for t he formation of t he 20 nm wide planes in fused silica [6]. This theory has 

also been considered for other high aspect ratio features which have been observed 

through cross sections of surface features such as gallium phosphide [74]. Planes may 

form down into the bulk from the surface of diamond more readily because of t he 

density, pressure, and energy considerations described above. Formation of planes 

from directly in t he bulk, as was done with fused silica, may not be possible [6]. The 

"spikes" seen when lines made in the bulk exit through the surface (Figure 4.25) 

are the only features observed which have this high width to depth aspect ratio. 

The "spikes" have a period of rv140 nm (close to the value of rv146 nm observed by 

Shinoda) and are up to 400 nm in depth. However , these feat ures were only seen 

on the surface and appear to be caused by pulses irradiating the surface through air 

at a grazing incidence. These spikes also appear to form with no dependence on t he 

laser polarization. A TEM slice taken perpendicular to t he one shown in Figure 4.25 
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would probably show a similar profile for the spikes based on the surface topography 

of t he spikes. The experiment that used the setup from Figure 4.28 to minimize the 

possibili ty of a grazing incidence pulses along the exit surface revealed none of these 

"spikes" on the surface. 
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CHAPTER5 __________________________ ~ 

L..-_____________________ Conclusion 

5.1 Summary 

The formation of LIPSS on the surface of diamond has been extensively studied. 

LIPSS were observed with a spacing of 550-600 nm using 800 nm , .-v150 fs laser pulses. 

Also, HSFL with a spacing of 200-250 nm were observed in regions which received 

a lower fiuence / pulse. The exact mechanism for the formation of these LIPSS is 

unclear. The theories which adequately predict the periodicity of LIPSS made using 

longer pulse and continuous wave lasers cannot explain the spacings of LIPSS made 

with ultra-shor t laser pulses. A nonlinear Sipe t heory presented by Bonse et al. [26] 

may provide the best explanation for t he spacing of the LIPSS observed on diamond . 

This theory takes into account changes in the refractive index due to free carrier 

generation . It also attempts to explain why LSFL form in areas irradiated with a 

higher fiuence and HSFL form in areas irradiated with a lower fiuence. 

Other important observations about these ripple structures came from cross sec

tions taken with a FIB and viewed in a TENI. Both the HSFL and LSFL had a 

similar structure. The inside of the ripples was part of the main diamond matrix and 

appeared to be unmodified by the laser. Both the HSFL and LSFL were covered in a 

99 
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thin modified layer. The depth to width ratio of these ripples compared to LIPSS in 

the form of periodic grooves t hat has been observed on single crystal diamond irradi

ated with femtosecond laser pulses by some research groups [65, 66] is quite different . 

The ripples observed in this thesis had more of a sinusoidal profile. 

The deep rings around a cent ral protrusion observed on single pulse craters made 

wi th pulses with peak fl uences above ,,-,45 J / cm 2 revealed t hat a more complex phys

ical process was occurring than would otherwise be expected when samples were 

irradiated wit h single, high intensity femtosecond laser pulses. It would have been 

expected that "vhen a Gaussian profile pulse irradiates a surface , a crater forms which 

has a depth profile that is also similar to a Gaussian profile or is relatively flat as 

observed in some semiconductors craters made with single laser pulses [35] . However , 

more recent work by Bonse et al. [54] has also revealed this phenomena on InP where 

a central prot rusion forms in the center of craters made with higher pulse fluences. 

Appendix A gives an analysis of a TEM cross section of one of these craters made by 

Bonse et al . 

The bulk experiments on diamond did not produce the periodic structures which 

were expected. The only observed modification was cracks filled wit h polycrysta.lline 

and amorphous material. These cracks all formed along t he cleavage plane for dia

mond . 

5.2 Suggestions for Future Work 

One of the main areas where t here is a need for fur ther work is improving the quality 

of the diamond T EM samples made using a FIB . Diamond was very prone to re

deposition where the material being removed by the ion beam as it scans across the 

sample is redeposited as an amorphous layer on the sample. This amorphous layer 

makes it impossible to do any high resolution imaging of the sample. An attempt was 

made to improve the quality of the diamond TEM samples by polishing the samples 

with a Technoorg Linda Gent le Mill. This machine uses low energy ions to polish 

and thin samples that were initially prepared in a FIB. However , the Gentle f'I!Iill was 
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also prone to re-deposition. It may be possible to find the right parameters for the 

ion beam current and accelerating voltage in a FIB and Gentle Mill which minimizes 

this re-deposition. 

Modeling the effects of spherical aberrations and possible stretching of the pulse 

because of self-phase-modulation as the pulse transverses through diamond could be 

performed. This modeling would improve knowledge of t he pulse parameters used 

to irradiate the inside of diamond samples during bulk modification experiments. 

Accurately determining the Raleigh length of the laser pulse inside diamond and 

changes in the fo cus position because of self-focusing could also be studied. Knowledge 

about these parameters could be used to better explain the results of the bulk diamond 

experiments. 

A variety of other experiments exploring different parameters for laser modification 

could be considered . One of the main areas of interest would be in studying irradiation 

with pulses that have a peak fluence around t he threshold value. The high ratio HSFL 

or grooves observed on diamond were always produced using a high number of pulses 

at an energy near t he threshold for ablation. The grooves produced by Huang et al. 

[66] were made on a laser system had pulse parameters (pulse duration , wavelength , 

and repetition rate) that were very similar to the parameters of the femtosecond laser 

system in the Photonics Research Lab at McMaster. It would be interesting to see if 

the laser system at McMaster could also produce these grooves. 

Further TEM analysis on cross sections of single pulse craters at a variety of pulse 

energies could also be performed. The evolution of the central prot rusion and the 

modified layer below the surface as the pulse energy is changed could give insight 

into the formation of the cent ral protrusion. If the modified layer under the cent ral 

protrusion were to extend deeper below the surface for lower pulse energies, it would 

give confirmation that the proposed mechanism for the formation of the cent ral pro

t rusion is correct . It would also be interesting to make TEM sections for a series of 

craters made with increasing numbers of pulses at the same pulse energy. These cross 

sections would give an overall picture for the formation of LIPSS. However , t hese 

experiments would be very time consuming because it takes up to t'welve hours or 

more to make one TEM sample of diamond on a FIB . 



102 N. A. Mailman - MSc. Thesis 

Other surface experiments which could be performed on single crystal diamond 

include irradiating t he surface at different incident angles . The "spikes" seen on the 

surface of one of the bulk experiments where the laser exited through the side of the 

sample (Figure 4.23) appeared to be more of a surface phenomena caused by pulses 

irradiating the surface at a grazing incidence. The effects of using p- or s-polarized 

pulses could also be studied. 

Time resolved microscopy measurements similar to the ones performed by Bonse 

et ai. using a weak probe pulse to measure the reflectivity of the surface after irra

dia tion with the initial femtosecond laser pulse could prove interesting on diamond. 

These measurements are useful for studying the evolut ion of a highly excited sample 

surface after irradiation by a femtosecond laser pulse. These measurements give some 

insight into the evolution of t he carrier density and the amount of time it takes for 

material to be ablated from the surface. Pump probe measurements using Terahertz 

radiation could also give some insight into the carrier lifetime of diamond . These 

measurements would be useful to determine if the pre- or post-pulses change the 

morphology of the craters because of incubation effects. 

It is unclear if any bulk experiments could be performed to produce periodic 

structures inside diamond. However , it may be useful to look for periodic structures by 

other means besides using a FIB. Etching samples has been done to observe periodic 

structures inside fused silica [6] . This method may also reveal periodic structures 

inside diamond. Precise etch rates for diamond using HF or some ot her chemical 

would have to be determined. 

TEM analysis on other materials already known to produce periodic structures 

111 the bulk could be performed. Studying samples irradiated by a single pulse in 

the bulk at energies low enough so that multiple pulses are required to modify the 

sample could be interesting. The init ial pulse is supposed to produce defects t hat seed 

the modification by subsequent pulses. TENI analysis of these defects would provide 

insight into the mechanism for the formation of periodic structures inside dielectrics 

using low energy, femtosecond laser pulses. The quality of the TEM samples would 

have to be much better than the current samples made for analysis in this t hesis to 

observe these defects. Re-deposition is less of a concern in other materials and it may 
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be possible to make higher quality TEM samples of these materials using a FIB and 

gentle mill. 

Modeling the formation of single pulse craters could give a better understanding of 

the central prot rusion that forms. This would require precise knowledge of the pulse 

fiuence to compare the models with the experimental results. Precise knowledge 

of the absorption rates for diamond would also have to be determined to perform 

accurate simulations [75] . Molecular dynamics simulations looking at the ablation of 

a wide range of solids have been studied by [14, 15, 76 , 77]. These simulations assume 

atoms act through a Lennard-Jones potential. Energy is first absorbed by electrons 

and then transferred to t he lattice. Ablation models specific to dielectrics have also 

been performed by [9, 78]. Modeling the interaction of femtosecond laser pulses with 

dielectrics is more complex. Multi-photon ionization rates and the effects of impact 

ionization have to be taken into account when calculating the absorption of energy 

by electrons. These models would have t o determine changes in the absorption cross 

section because of free electron generation. The energy absorpt ion at different depths 

below the diamond sample surface could then be calculated. If energy was found to 

absorb preferentially on the surface for higher pulse fiuences, this would confirm the 

mechanism proposed by Bonse et al. for the formation of a central protrusion in single 

pulse craters [54]. 

A model to describe the the spacing of LIPSS observed on diamond using a non

linear Sipe theory could also be studied. This model would have to take into account 

changes in the refractive index because of free electron concentrations. Changes in 

the efficacy factor for different pulse fiu ences because of free carrier generat ion could 

be calculated . These calculations along with the effects of SHG could be used to 

better understand why either LSFL or HSFL are more likely to form on the surface 

of diamond depending on the laser pulse fiu ence. One possible concern with these 

simulations would be the effects from surface defects and defects directly below the 

surface in the bulk such as dislocations and impurities. Laser radiation could be 

preferent ially absorbed at these sites during experiments. Most models do not take 

these defects into account. However, the diamond samples used in this thesis had a 

high number of surface defects which should also be considered [79] . 
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Other areas of interest include molecular dynamic simulations of material modifi

cation inside diamond when the volume is confined. The overall energy and pressures 

associated "vith possible modifications to the crystal latt ice could be studied to de

termine if the only likely formations are the observed cracks in the bulk of diamond. 

The possibility of diamond reformation could also be addressed. 



APPENDIX A 

TEM Analysis of a Single Pulse InP Crater 

Bonse et al. [54] irradiated single crystal indium phosphide wafers with SOO nm, 

10 fs laser pulses at the Max-Born-Institut fUr Nichtlineare Opt ik und Kurzzeitspek

troskopie in Berlin , Germany. In collaboration with Bonse et al. , a paper has been 

submitted that included a section on the results of TEM analysis performed at Mc

Nlaster on one of these single pulse craters . The paper also included complimentary 

optical microscope images and AFM measurements obtained by Bonse et al. The 

results of the TEM analysis are presented in this appendix. 

It was observed that a central protrusion formed inside single pulse craters made 

on InP when the peak fluence of the Gaussian profile pulse fo cused to a 1/e2 spot 

size diameter of '"'-'50 f.1-m , exceeded 0.7S J /cm2
. Figure A.1 is an AFM image of a 

pulse made with a peak fluence of 0.91 J /cm2
. As with diamond , the deepest areas 

of the single pulse crater are in an outer ring and not in the center of the crater. The 

crater shown in Figure A.1 is over 120 nm deep in this ring. In the center there is a 

sudden step-like increase of '"'-'60 nm to central protrusion which is 15 Mm wide. This 

central protrusion observed inside single pulse craters made on InP at pulse energies 

well above t hreshold has been previously observed [54, SO]. 

Figure A.2 is a bright field TEM image of a thin section made along the line of 
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Figure A.I: AFM profile of a crater made with a single, 10 fs, 800 nm laser pulse. The 
pulse was focused to have a 1/e2 spot size diameter of rv 50 f.Lm and a peak fluence . 
of 0.91 J /cm2 . The bottom graph is an AFM depth profile along the white line from 
the AFM image. This image was received from Bonse in private communications. 
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the crater shown in Figure A.l using a FIB . The "prot rusion edge" area in t his image 

corresponds to the deepest part of t he crater where the central prot rusion begins. 

The "central prot rusion" arrow points to an area of t he TEM sample corresponding 

to t he central region of the crater. A magnified image of the edge area is shown in 

Figure A.3. The modified layer directly below t he carbon layer is 60 nm to 200 nm 

thiclc The thickest part of this layer is at t he cent ral protrusion edge. There is a 

very sharp boundary between t his layer and the unmodified layer. Also, the interface 

between the modified layer and InP matrix does not follow the same profile as the 

surface. This interface remains relatively fiat even at the boundary to the central 

protrusion. 

It is believed the interface between the modified and unmodified InP was rela

tively fiat because t he initial part of the pulse was absorbed into t he material at some 

characteristic optical penetration depth. This characteristic depth created a modified 

layer with a uniform depth that did not follow a Gaussian profile. The central pro

t rusion was then created when t he center of t he Gaussian profile laser pulse caused 

a highly excited electron plasma surface layer to form in the center of t he area being 

irradiated. This highly excited layer was believed to absorb most of the energy from 

the center of t he pulse before being ejected from the surface. In areas farther from 

the center of the crater energy was absorbed deeper into the InP and more ablation 

occurred because there was no highly excited electron plasma layer at the surface to 

absorb most of the laser radiation. Other observations also support this proposed 

mechanism. At lower laser pulse energies , craters were formed on InP wit h a rela

tively fiat depth profile. These fiat craters appeared to form because the energy was 

absorbed in a uniform layer determined by an optical penetration depth. However , no 

highly absorbing free electron surface layer was created in the center of t hese craters 

made with laser pulses that had a lower peak fiuence. The energy from the laser pulse 

was then absorbed to a more uniform depth and the amount of ablation across the 

crater was more even. 

Selected area electron diffractions patterns (SAEDPs) were taken to determine 

the material structure of the modified surface layer . The smallest aperture available 

on t he CM 12 microscope was sti ll too large to only sample t he modified area. In-
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Figure A.2: Bright field TEM image of a t hin cross section made with a FIB along 
the dashed white line from the 0.91 J / cm2 crater shown in Figure A.I. 
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stead, multiple SAEDPs were taken. The circles in Figure A.3 show the areas the 

two SAEDPs, labelled SAEDP1 and SAEDP2, were taken . SAEDP1 sampled the 

modified layer and the main crystal matrix. The diffraction pattern contains both 

rings from polycrystalline material and brighter spots from the InP matrix. SAEDP2 

sampled the area inside the central prot rusion and the amorphous carbon layer used 

to protect the sample surface. This diffraction pattern contained both rings , due to 

polycrystalline material , and a diffuse background from amorphous material. These 

diffraction patterns indicate the modified layer is made up of polycrystalline InP. It 

is also possible that some amorphous InP is also present . The rings present in both 

diffraction patterns are diffuse and indicate the polycrystalline material is made up 

of small grains. 

To better determine the grain size, dark field TEM images were taken of t he laser 

modified layer. Dark field TEM images are formed in a similar way to bright field 

TEM images. Both types of images require an objective aperture to be placed at 

the back focal plane of the objective lens. However, in a bright field TEM image the 

objective aperture is placed so t hat only electrons that did not undergo diffraction 

are allowed to pass through t he microscope and form an image. Areas which diffract 

more electrons will appear darker. A dark field TEM image is formed by moving the 

aperture out to one of the diffracted spots, or in this case one of the rings, to form 

an image from the diffracted electrons. This will create more contrast between differ

ent grains because the orientation of a particular grain with respect to the incident 

electron beam will determine how many electrons are diffracted into the objective 

aperture. Grains oriented to have diffraction spots on the area of the ring selected by 

the objective aperture to form the image will appear the brightest. 

The dark field TEM images are shown in Figure A.4. Figure A.4b is a collage of 

several dark field TEM images in the same area the bright field TEM images were 

taken in Figure A.2. The uniform bottom layer that appears very dark in all t he 

images from Figure A.4 is the unmodified InP matrix. Above t his dark region t he 

speckled layer is the laser modified region. The speckle pattern is caused by the 

polycrystalline material and the random orientation of the grains as previously de

scribed. The very bright spots correspond to grains with an orientation that strongly 
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Figure A.3: Bright field TEM image of the edge area from Figure A.2. Diffraction 
patterns of the modified area are also shown. 
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Figure A.4: Dark field images of the laser modified layer. (b) is a mosaic of dark field 
images taken at the edge of the central protrusion. (a) and (c) are magnified images 
of the modified layer outside and inside the central protrusion respectively. 

diffracted electrons into the objective aperture. Figure A.4a is a magnified dark field 

image from the modified layer outside the central protrusion. Figure A.4c is a magni

fied dark field image from the modified layer inside the central protrusion. From the 

speckle pattern it can be seen that t he polycrystalline layer inside the central protru

sion is made up of larger grains ("-'10-15 nm wide) compared to the polycrystalline 

layer outside the central protrusion that is made of grains ,,-,5-10 nm in size. Some of 

the bright grains in Figure A.4c also appear as stripes. These stripes could be due to 

twinning of the grains. 

The same mechanism responsible for the formation of the central protrusion in 

single pulse InP craters is believed to be responsible for the cent ral protrusion observed 

in single pulse diamond craters. However, TEM cross sections of the central protrusion 

observed in InP single pulse craters appears quite different from TEM cross sections 

of the central protrusion observed in diamond single pulse craters. The laser modified 
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area in diamond was much thinner inside the protrusion and the t hickest part "vas 

underneath the deep rim. In InP this layer was thickest inside the central protrusion. 

The interface between the modified layer and unmodified matrix in the diamond 

crater also followed the surface topography more closely t han the interface in InP 

which was relatively fiat . One possible explanation is alt hough energy was init ially 

absorbed into diamond at some characteristic opt ical penetration depth diamond is 

not as easily modified as InP. Therefore, in the center of the diamond crater although 

some energy was absorbed deeper into the matrix it was not enough to modify t he 

material. A highly excited surface of free electrons was then generated which absorbed 

all of t he energy in the center of the crater on the surface. There may also be less 

efficient absorpt ion below this surface layer in diamond compared to semiconductors 

such as InP. The surface layer will attenuate t he laser pulse. Lower intensity radiation 

will t hen propagate below the surface. A higher intensity is required for absorption . 

of infrared photons in dielectric diamond compared to InP (Eg =1.27 eV) which can 

absorb single 800 nm photons as opposed to requiring multi-photon processes for 

absorption. 

The different properties of t he laser pulses used to make the craters should also 

be considered when comparing t he diamond and InP craters. Bonse et al. used a 

pulse with a spot size of 25 /Lm as opposed t o the 5 /Lm spot size used for surface 

experiments in this thesis. The larger spot size would have the effect of making the 

crater depth more uniform over a given surface area. Also, Bonse used 10 fs laser 

pulses which would be more intense than the 150 fs laser pulses used in this thesis that 

still have the same fiuence. The surface experiments performed by Bonse et al . were 

also performed in air (",760 Torr) as opposed to the surface experiments performed in 

this thesis which were all performed in vacuum at ",0.04 Torr . It has been suggested 

by N.M. Bulgakova that a plasma could form in air above the sample surface and 

consume part of the pulse energy. This plasma would form preferent ially in the center . 

of the pulse where the intensity is highest. It would reduce the energy that reaches 

the sample in the center of the pulse. This effect could also help produce the cent ral 

protrusion observed on InP. However, it is less likely to be a factor in diamond because 

the experiments were performed in vacuum . A simulation of plasma formation in air 

caused by opt ical breakdown could also be performed to determine the effects of this 
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plasma. Accurate values for the Rayleigh length of the focused laser pulse would have 

to be known . 
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