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periodicity of the ripples is more pronounced and well-defined with increasing 

number of pulses. 

(a) N=l (b) N=2 (c) N=3 

(d) N=4 (e) N=5 (f) N=7 

(g) N=IO 

Figure 4-24: SEM images shows the gradual morphology of the craters from N=l to N=IO 
on diamond, the experiment was conducted at laser energy of 20 J!J and laser tluence of 
78 J/cm2

, the ripple orientation are perpendicular to the laser polarization and the ripple 
spacing is ::::::600 nm on average (the detail spacing measurement result for each crater is 
indicated by the bolded number in each image). 
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Figure 4-25 is the AFM images of the plural pulse ablation experiment. 

Contact mode AFM was employed because it has better topography recognition 

considering diamond is very hard so that the AFM tip will not scratch the original 

features. 
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Figure 4-25: 3D AFM images of plural pulses ablation on diamond surface with (a) N=l 
(b) N=3 (c) N=7 (d) N=lO. 

As shown in the Figure 4-25(a) an investigation of single pulse ablation 

using contact mode AFM is not representative since it has different features to the 

corresponding SEM image in Figure 4-24(a). The AFM tip dragged the material 
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on the surface of the crater. The four different rings observed in SEM image for 

N=1 [Figure 4-24(a)] could not be obtained with AFM investigation. The only 

information we can get from that AFM image is that single pulse ablation creates 

relatively flat crater as indicated by very uniform color scale. However, contact 

mode AFM reproduced similar feature to SEM images in Figure 4-24(b) N=3, 

(c) N=7, and (d) N=10. From the color scale of the images, we can see that the 

craters for multiple pulses until N=10 are getting deeper. The periodic region 

becomes larger in radius, from the center to the edge of the crater. 

4.3.3 Multiple Pulses Experiment 

Multiple pulses ablation experiments [X4] on diamond were carried out 

with laser energy of 15 J.l], using Sx microscope objective, at 57 J/cm2 fluence. 

Figure 4-26 shows some SEM images of one series of multiple pulse ablation 

experiments with number of pulses of (a) N=1 (b) N=S (c) N=25 (d) N=SO 

(e) N=100. The chipping phenomena are more pronounced with increasing 

number of pulses. The ripples are well-defined at 5 pulses and higher. The 

craters look deeper after further subsequent pulses in the center of the crater. Two 

types of ripple co-exist at pulses ofN=25-100. The ripple spacing in the center is 

A 800 
about 555 nm (between A = A = 800nm and A = --= --= 335nm [122]) 

n(A) 2.397 
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on average and on the edge is in the range of 115-215 nm (close to 

1 800 
A= = = 160nm [122]) 

2n(1 I 2) 2 x 2.463 

645 om 

• 

(a) N=1 (b) N=5 (c) N=25 

(d) N=50 (e) N=100 

Figure 4-26: SEM images of multiple number of pulses on diamond surface using 
Sx microscope objective, at laser energy of 15 ~ (fluence of 57 J/cm2

) with number of pulses 
of (a) N=l (b) N=S (c) N=25 (d) N=SO (e) N=JOO (the detail spacing measurement result for 
each crater is indicated by the bolded number in each images, the bigger spacing was 
observed in the middle of the crater and the smaller spacing was observed in the outer part 
of the crater). 

An investigation of the multiple pulse ablations experiment similar to the 

experiment above but with lower energy fluence was also carried out to 

understand damage morphology qualitatively Figure 4-27 represents SEM 

images of multiple number of pulses performed with a 5 x microscope objective, 

131 



9rl..}LSc. fJhesis- 9rl.ariana CJ3wfirnan 9rl.c:M.aster- 9rl.ateriafs Science arufP.neineerine (2008} 

laser energy of 2 ~J (fluence of 7.70 J/cm2
) and (a) N=l (b) N=5 (c) N=25 

(d) N=50 (e) N=lOO. 

The lower energy of 2 ~J caused a very minute ablation area. The 

surrounding area stays as smooth and undisturbed as the original surface without 

chipping or a significant amount of debris. However, irradiation with different 

number of pulses leads to the formation of several characteristic morphological 

regions. N=l and N=5 craters revealed annular regions, N=25 and N=50 craters 

revealed near wavelength and sub-wavelength ripples (ripples spacing in the 

center about 550 nm and 200 nm on the edge of craters), and N=lOO crater 

revealed sub-wavelength ripples. 

132 



!M.)l.Sc. rrliesis- !Mariana (]Judlman !Mc!Master- !MateriaCs Science arufl£11fJineeri11fJ (2008) 

(a) N=l (b) N=5 

(d) N=50 (e) N= lOO 

552nm ' 
' 248nm 

178nm 

(c) N=25 

Figure 4-27: SEM images shows multiple pulse ablation on diamond surface with a 
sx microscope objective and laser energy of 2 ,W (fluence of 7. 70 J/cm2

) for number of pulses 
on one location (a) N=I (b) N=S (c) N=25 (d) N=SO (e) N=IOO (the detail spacing 
measurement result for each crater is indicated by the bolded number in each images, the 
bigger spacing was observed in the middle of the crater and the smaller spacing was 
observed in the outer part of the crater). 

Ozkan et al and Wu et al [22, 24] observed the LIPSS on diamond surface 

with near wavelength and sub-wavelength spacing. In Ozkan et al (22] 

observation, it was seen ripples with intermediate spacing due to the out-of-phase 

superposition of electromagnetic fields from the laser pulses. They hypothesized 

that the scattered wave is not only produced by the light interference, but also by a 

thin waveguide etched on the surface. 
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Figure 4-28 is the AFM image of the crater from multiple pulse laser 

ablation experiment with laser energy of 2 flJ (:fluence of 7.70 J/cm2
) and 25 

consecutive pulses on one location using the Newport 5x microscope objective. 

For the crater induced with more than 25 consecutive pulses, the contact mode 

AFM method was also employed. Nevertheless, the center of the crater was too 

deep, out of the limit of the scanner ability. Thus, in the deeper part at the center 

of the crater, the tip could not reach the most bottom surface. On the one hand, 

AFM imaging requires a high ratio AFM tip to get the spacing and height of 

ripples and higher range of scanner ability, but on the other hand one needs to 

consider that diamond is an ultrahard material and a high-ratio tip may break 

within a short time. 

For contact mode AFM imaging, it is indispensable to have a cantilever 

which is soft enough to be deflected by very small forces (i.e. small force 

constant) and has a high enough resonant frequency to not be susceptible to 

vibrational instabilities. Thus, a short and thin cantilever was selected to provide 

a high resonant frequency and a small force constant respectively. A smaller 

cantilever must also be selected when the sample is prone to damage. 
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Figure 4-28: AFM images of a crater from a multiple pulse ablation experiment on diamond 
surface with laser energy of 2 ,W (fluence of 7.7 J/cm2

) and N=25 on one location, using 
Newport Sx microscope objective. 

4.3.4 Surface Line Experiment 

Surface line experiments [X5] on a diamond sample were performed with 

laser energy of 23 Jl] , fluence of 62.9 J/cm2
, with Newport-5 x microscope 

objective and a spot size of -:::::,3.7 Jlm shown in Figure 4-29 The scanning 

direction is from the x-positive to the x-negative and the electric field polarization 

is parallel to the x-axis. We are wondering if femtosecond laser pulses are able to 

modify the surface as well as the sub-surface as indicated by periodic surface 

structure perpendicular to the electric field polarization. The average spacing of 

the periodic surface structure on the surface is 585 nm in the middle ofthe groove 

and 140 nm at the edge of the groove while the average spacing of the periodic 

structure on the cross-section of the sample is 450 nm. If we assume that the 

periodic structure on the cross-section is caused by the incident beam, the angle of 

135 



!M.}l.Sc. rthesis- !Mario:na (]3u£i1TUln !Mc:Master- !Materia& Science atufP.noineeri:fl{} (2008) 

the incident of the laser with respect to the surface normal of the specimen is 

close to 90°. From the model, the spacing on the cross-section should be about 

400 nm. The spacing from the experiment is 450 nm which is comparable to the 

calculation from the model of 400 nm. Conversely, it is subjective if we claim 

that the periodic structure features on the cross-section are only caused by solely 

the interference pattern due to surface scattered waves. In addition, the periodic 

structure on the cross-section extends very long, up to 100 ).1m below the surface, 

and does not show finer ripples on the edge. The fluence introduced by the laser 

beam deep below the surface will be very small compared to that at the focal 

point on the specimen surface and should not give a uniform feature from the top 

to the bottom of the cross-section. The results of Ozkan et al [22] demonstrate 

laser writing is not only on the 2D surface but also 3D features. We used 500 ).1m 

thick of CVD diamond windows. Due to cutting and/or sectioning difficulty of 

these samples, we could not investigate the large cross-section from diamond 

sample. It also considers the lateral dimension of the diamond windows 

compared to the thickness of cutting tool compensation. From the edge of 

diamond we can see the edge of the sample was also modified by the laser beam. 

The question from this case is: Is it possible that laser beam can modify the 

materials (diamond) far away from the beam focal plane? And is there another 

possible mechanism that allow laser to modify the materials in such way? The 

ripples formation and the spacing in this case were not easily explained with the 

classical ripple theory. We may also take into account harmonics generation and 
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the materials properties (such as SEW that is propagating inside the material and 

not above) in the ripples formation mechanism and the spacing [1 23]. 

EHT-_00~. Sgn31,...-~t:- [att'~~jfJo,_OQ7 

~-------1 11f = J- mm '::ltgnJt S lnLlllS 

r,1Jg 4 J.:- h , f 1t< Probt- = JUh, 40 pJ. F•B lrn.'lg.ng- SEr .. 1 

Figure 4-29: Surface continuous line on the diamond surface with laser energy of 23.7 J1.l 
(fluence of 62.9 J/cm2

) with Newport-Sx microscope objective. The scanning and electric 
field polarization is on the x-axis, periodic surface structure on the surface as well as in sub­
surface is perpendicular to the electric field polarization. The laser was scanned from the x­
positive to the x-negative. 
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Diamond gives vanous responses with respect to the electric field 

polarization and laser irradiation. In Figure 4-30 from left to right, with similar 

fluence, the orientation and the shape of the ripples are different. Figure 4-30 

showed that the ripples on diamond have [Figure 4-30(a)] a perpendicular 

orientation with respect to electric field polarization with spacing varying coarser 

spacing in the center and finer spacing on the edge of the groove. The coarser 

spacing is about 700 nm and 555 nm in the center and the finer spacing at the 

edge is about 165 nm and 90 nm. This surface line experiment was performed 

with a Newport-5 x microscope objective. Figure 4-30(b) shows ripples with 

parallel and perpendicular orientation with respect to the laser polarization. In the 

image, the horizontal ripples have about 460 nm spacing and the vertical ripples 

have about 150 nm spacing. This second experiment was performed with a SOx 

microscope objective which has a smaller spot size of 2.8 J.Un. The distance 

between two consecutive pulses (v/f) yields 0.5 J.LID (500 nm). This value is about 

17.5% of the beam spot size. The vertical periodic structure has overlap path 

shape that can be caused by the laser beam path. However some publications also 

present parallel ripples in diamond film [24] and ZnSe [26]. Figure 4-30(c) shows 

ripples that are perpendicular with respect to laser polarization with uniform 

spacing about 600 nm. This third experiment was done with a Newport­

Sx microscope objective. 

From these series of experiment, we observed that polycrystalline 

diamond revealed varied surface features (spacing, morphology, and orientation) 
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resulting from similar laser fluence and different electric field polarization 

direction. 

(a) 6.8 J/cm2 (c) 6.2 J/cm2 

Figure 4-30: SEM images show varied ripples on diamond with almost similar laser fluence, 
arrows indicate the electric field polarization direction (a) ripples perpendicular orientation 
with respect to laser polarization with varied spacing from the center to the edge {b) parallel 
and perpendicular with respect to laser polarization (c) perpendicular with respect to laser 
polarization and uniform spacing 

The tendency to form periodic structures in diamond is very strong. 

Figure 4-31 , Figure 4-32 and Figure 4-33 show broad variation of the surface 

periodic structure in term of spacing, morphology and orientation. The LIPSS on 

surface lines on diamond shows coarse and fine spacing. As shown in Figure 

4-31 , from the center to the edge of the groove indicates classic LIPSS with the 

spacing of 700 nm and 555 nm that are close to laser wavelength, indicated by 

A = A = 800nm and finer spacing near the edge are about 165 nm (close to 

A= A = 
800 

= 160nm [122]), indicating second harmonic generation 
2n(A I 2) 2x 2.463 

ripples, and fmally, the fmest spacmg at the very edge 90 nm (close to 
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A= A 
3n(A. / 3) 

800 ---= 1 OOnm [ 122]), indicating third harmonic generation 
3x 2.599 

ripples. 

Figure 4-31: SEM image of surface line on diamond with laser energy of 2.6 Jl.} (::::6.8 J/cm2
) 

shows ripples with wide variation of spacing; the coarser spacing are about 700 om and 
555 om in the center that close to laser wavelength A, the finer spacing near the edge is about 
165 om close to second harmonic generation A=/.J2n, and the finest spacing at the very edge 
is about 90 om close to third harmonic generation A=/.J3n. 
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Figure 4-32 shows a surface line on diamond with laser energy of 24j.lJ 

(fluence of 63 J/cm2
). It shows ripples with wide variation of spacing; the coarser 

spacing is about 585 nm in the center that is close to the laser wavelength A. and 

the finer spacing at the edge is about 140 nm close to second harmonic generation 

A=~ 
2n In the middle of the groove, finer ripples are superimposed with coarse 

ripples. Wu et a1 [24] observed the short periodicity LIPSS (A~lO nm) 

perpendicular to the laser polarization was superimposed on the long 

perpendicular LIPSS (A:::::750 nm). 

The periodicity of the ripples is influenced by the surface morphology and 

roughness [22]. The random orientation of the LIPSS in Figure 4-33 may appear 

due to the rough surface from previous consecutive pulses. These previous pulses 

damaged the surface and such damage became an initiator of new orientation 

LIPSS. 
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585 run 

140nm 

Figure 4-32: SEM image of a surface line on diamond with laser energy of 24 J1.l (63 J/cm2
) 

fluence shows ripples with wide variation of spacing; the coarser spacing is about 585 om in 
the center which is consistent to the laser wavelength A=A.=800 nm and the finer spacing at 
the edge is about 140 nm, close to second harmonic generation A=JJ2n. 
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Figure 4-33: SEM image of surface line on diamond with laser energy of 32 ,.W (85 J/cm2
) 

shows very fine ripples at the edge of groove and coarse ripples next to the fine ripples. In 
the middle of the groove appear random orientations of ripples, superimposed with the 
existence of fine ripples (in circle). 
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The LIPPS spacing being close to the laser wavelength is also noted by 

Ageev et al [65], Dumitru et al [124] and Ozkan et al[22] in the laser treated 

diamond film with the orientation perpendicular to electric field polarization. 

In order to understand the groove profile we need to do sectioning to get 

the cross-section of the groove. A conventional cutting with diamond saw was 

not possible due to the dimensions of the sample and limitations of the cutting 

tools. So we used Focused Ion Beam (Fffi) with Ga+ ions to mill away some 

material locally perpendicular to the groove. Figure 4-34 is the result of milling 

with Fffi. This groove was made with laser parameter of 32 ,.W laser energy, 

fluence energy of 84.9 J/crrl with a Newport-5x microscope objective. By 

milling the cross-section of the groove, we can get a rough idea of the depth and 

shape of the groove. The milling processing was conducted with a 30 ke V :3 nA 

probe for coarse milling and then followed by a 30 keV:300 pA for fine milling, 

without gas assisted etching. Because of redeposition and melting by the Ga + ion, 

the fine features of the cross-section could not be obtained. The depth of the 

groove as seen in the Figure 4-34 is about 3.4 J.UD. 

To investigate sub-surface structures, different probes sizes ranging from 

30 keV:80 pA to 30 keV:6.5 nA and also varying the etching gas between XeF2 

and H20 were used. The gas-assisted etching produces smooth sidewalls in the 

milled area. However, the expected sub-surface structure has not been observed. 

More suitable Fffi milling parameters should be further investigated in order to be 

able to observe sub-surface structures and to prepare TEM sample. 
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Figure 4-34: SEM+Fm image shows milled cross-section of the groove to get the depth of 
the groove made by 32 JIJ, fluence energy of 84.9 J/cm2 and a Newport-Sx microscope 
objective. 

An AFM investigation was performed to obtain additional information 

about the topography and geometry of the surface lines on diamond. Figure 4-35 

shows AFM images and section analysis of a surface line that was conducted at 

2.2 ~ laser energy (9.0 J/cm2 laser fluence). With such low pulse energy, the 

depth of the groove reached approximately 660 nm (compare to the depth of the 

groove with higher laser energy in Figure 4-34), the spacing of the periodic 

surface structure or ripples is about 700 nm, which close to laser wavelength and 

the height of a single ripple is about 130 nm. 
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Figure 4-35: AFM images and profile of a surface continuous line created with 2.2 Jl.llaser 
energy and 9.0 J /cm2 fluence. Note the different scale for the z-axis in the groove profile. 
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4.3.5 Sub-surface Line Experiment 

A sub-surface lines irradiation in diamond was created using a laser 

energy of 3.77 pJ, fluence of 29.7 J/cm2 and a SOx microscope objective. We 

created 7 pairs of sub-surface continuous lines with 50 J.liD horizontal distance 

between two adjacent lines. Considering the refractive index of diamond is 

n=2.42, we used 30 J.liD increments of the laser beam focal point from the surface 

down into the diamond bulk (z=O on the surface), in order not to make a damage 

exceeding the bottom of the sample. 

Figure 4-36 is the SEM+Fffi images of the sub-surface linear grating on 

CVD diamond windows. We have not been able to mill the cross-section of 

overall sample as we have done on quartz and sapphire in the previous sub­

section [Figure 4-10 and Figure 4-21] due to the diamond sample dimensions. 

However we were able to see the first three pairs of continuous lines with the In­

Lens detector [Figure 4-36(a) and (c)]. Moreover, we were also able to see the 

bottom most two pairs of sub-surface continuous lines [Figure 4-36(d)]. We are 

wondering if tightly focused femtosecond laser pulse can modify the material up 

to the surface from the evidence of quite long elongated modified areas. In order 

to obtain more information about the sub-surface continuous lines in the diamond 

bulk, we performed Fffi investigations by milling the specified area. 

Unfortunately, throughout this study, we have not been able to determine suitable 

Fffi milling parameters for polycrystalline CVD diamond window. 
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(a) Bird' s eye view (b) Worm' s eye view 

(c) Top view (d) Bottom view 

Top view Bird ' s eye view 

l / 

Ed 
t ' Bottom view Worm ' s eye view 

Figure 4-36: SEM+Fm images of the subsurface linear grating on a polycrystalline CVD 
diamond window (a) three pairs of linear gratings are visible with SE2 detector (b) cross 
section of CVD diamond windows (c) Three pairs of linear gratings (d) The most bottom 
two pairs of linear gratings 
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In order to estimate the length of the modified region along z-axis, first, 

we can calculate the confocal parameter of the laser beam. The spot size of 

~.8 Jlm and the laser wavelength of 800 nm, yields a Rayleigh range of -;:::;:,77 Jlm 

or confocal parameter of -;:::;:,154 Jlm. Considering the refractive index of diamond, 

we can predict the focal plane of the beam as indicated with red boxes in Figure 

4-37. From Figure 4-36, we have the information of the lines widths and 

positions at the top and the bottom surfaces. The modified areas are represented 

as grey boxes with their corresponding width [Figure 4-37]. Hence, the prediction 

of the length of the elongated modified areas respective to their focus is at least 

about 290 Jlm (depicted with blue arrows). The length of the elongated modified 

are is about twice the calculated confocal parameter. 

This simple speculation is just to estimate the length of possible modified 

region from the focal plane. If this was the case, one should be careful when 

applying femtosecond laser pulses to machine diamond since the modified area is 

quite long from the focal plane. 
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Figure 4-37: The modified length prediction scheme of the sub-surface continuous lines in 
diamond. Red boxes and numbers depict the positions of expected focal point based on the 
refractive index of diamond, grey boxes and numbers in black depict the modified region 
that are seen from top and bottom surfaces, black arrows depict the laser confocal 
parameter in diamond and blue arrows depict the predicted length of modified region. Note 
the chart above represents only a half of the diamond sample. 

4.4 Comparison on Quartz, Sapphire, and Diamond 

After presenting all the detailed results and discussions on each material 

employed in this study in previous sections (refer to section 4.1 to 4.3), it is worth 

to compare the results among them. 

Firstly, we would like to compare the spot sizes of the Newport-5 x 

microscope objective and modification thresholds of quartz, sapphire, and 
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diamond that were obtained from D2 method. We suspected that this method did 

not work well for wide bandgap materials. An open question about the validity 

and reproducibility of the o2 method came up after we obtained the different 

values of spot size from the different slope of the D2 measurement of the three 

materials [Figure 4-38], where spot sizes for quartz, sapphire, and diamond are 

3.7 J,J.m, 4.5 Jlm, and 3.9 Jlm respectively and the threshold for quartz, sapphire, 

and diamond are 3 J/cm2
, 4.8 J/cm2

, and 2 J/cm2 respectively. We confirmed 

these results by re-measuring the diameter of the single pulse ablation craters. 

Besides, we found inconsistencies in the spot size determination with this method 

and also our measurement results yielded a significant deviation from the 

expected spot size (based on the previous experiments using low bandgap 

materials, i.e., GaP=2.26 eV, InP=1.35 eV, and Silicon=l.ll eV). Since being 

proposed by Liu in 1982 [81 ], the D2 analysis has been used as a practical way to 

determine the spot size and the modification threshold. However this technique is 

empirical due to a lack of information on the material properties (refer to sub­

section 2.5.4). As materials have specific properties, they will behave 

distinctively. Also the fact that the laser beam parameters also changed over time 

due to positioning variations, the atmosphere of the laser laboratory, and the other 

possible technical reasons that may contribute to the quality of the laser beam 

time to time. These aspects may lead to variance in the measurements/results. 
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Figure 4-38: Squared diameter 0 2 as a function of the logarithm of laser nuence of quartz, 
sapphire, and diamond. 

This study involved laser experimental works that have been carried out 

from June 2007 to January 2008. In May 2008, an erratum about laser fluence 

determination was published by Puerto et al [120]. This erratum might support 

our question above about the inconsistency of spot size determination with D2 

analysis on quartz, sapphire, and diamond samples. They mentioned that the 

beam intensity profiling with D2 method requires the use of a low band-gap 

material which shows linear absorption at the laser photon energy They observe 

a substantial deviation from the linear behavior for fused silica and significant 
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data scattering. For moderate band gap materials such as borosilicate glass 

(Eg=4 e V), spot size determination using this method appears to provide correct 

values. The linear absorption in the materials is a condition that is not satisfied in 

quartz, sapphire, and diamond. 

Besides the question of possible issues when working with wide bandgap 

materials, we also have the possible issues when we are using a very small spot 

size. The precision and the reproducibility of this method need to be examined 

further. A direct example from this study is the spot size of 50x objective 

(2.8~m) that we expected to be much smaller. 

Based on the general investigations of the features revealed by the 

femtosecond laser pulses with each material, we would like to correlate the 

properties of the materials with the features. As the absorption is by nonlinear 

photoionization, the value of the bandgap will determine how easily the incident 

photons will be absorbed. Generally quartz, sapphire and diamond behave 

distinctively upon laser wavelength due to different order of the absorption 

process. 

A larger bandgap could lead to less absorption [125]. The larger bandgap 

of sapphire (Eg=9.9 eV) [20] would imply lower absorption and hence less 

ablation. The reduced damage severity with femtosecond pulses and higher 

modification threshold (4.8 J/cm2
) were expected. Supported by the sapphire's 

high value of the enthalpy of fusion (111.4 kJ/mol) [126-128] which is a measure 
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of the bond strength, we can deduce that sapphire can be damaged less easily than 

other two materials (quartz and diamond). 

Quartz with slightly lower energy bandgap (Eg=8.4 eV) than sapphire [20] 

is expected to have slightly higher absorptivity and more ablation. The enthalpy 

of fusion of quartz is quite low (8.51 kJ/mol) [128] as compared to that of 

sapphire. So the damage severity is higher than in sapphire as indicated with the 

pronounced cracking phenomenon. Those above-mentioned factors cause quartz 

to have a lower modification threshold compared to sapphire (3 J/cm2
). 

Diamond, with the lowest energy bandgap among the three dielectric 

materials (Eg=5.5 eV) [20, 21], is expected to have the highest absorptivity and 

hence more material ablation (removal). We can see from previous sections (refer 

to section 4.3) that the damage on the diamond is indicated with clear boundaries. 

Nevertheless, the material removal in diamond is not as pronounced as the 

material modification especially on the surface, as indicated with very broad 

range of ripples formation. This lower material removal phenomenon is related to 

the high enthalpy of fusion (1 04.6 kJ/mol at the solid-liquid-vapor triple point) 

[128]. Also, the lower modification threshold value of diamond (2 J/cm2
) may be 

caused by the use of a polycrystalline diamond, while the quartz and sapphire 

used in this study were single crystal. Grain boundaries in polycrystalline 

materials will increase the absorptivity coefficient, thus reducing the modification 

threshold. 
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5 Concluding Remarks 

This study presents single, plural (2:S N :S 10 pulses), multiple pulse 

ablations (10<N :S 100 pulses) and continuous lines micromachining on the 

surface and also continuous lines irradiation in the sub-surface of wide bandgap 

materials, e.g. quartz, sapphire, and diamond. All the experiments were 

performed with femtosecond pulses of 140-200 fs duration at a centered 

wavelength of 800 nm, continued with post mortem plan view and cross-section 

materials analysis with optical microscopy, SEM, Fffi, AFM, and TEM. 

The purpose of this research work was to look closer and deeper into what 

happened after the interaction of femtosecond laser pulses and wide bandgap 

materials. Previous studies focused on the semiconductors due to the demand for 

knowledge to allow semiconductor or photonic devices to be processed with 

femtosecond laser pulses. However, the applications of dielectric and transparent 

materials are also increasing. Based on those applications, this study was 

performed. In order to achieve a closer and deeper investigation, the focused ion 

beam method was exploited. 

From surface and sub-surface laser micromachining, we observed that 

quartz is very prone to cracking in particular direction, 45° from the horizontal 
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axis that will cross and form the r or z cleaving planes. In this regime, we did not 

observe laser induced periodic surface structure. We observed alternating 

amorphous and crystalline core in the focal plane of the tightly focus laser beam 

in the bulk a.-quartz crystal with the parallel orientation with respect to electric 

field polarization using Fffi and TEM investigations. The bulk quartz has been 

modified into alternating amorphous regions in the crystalline matrix with cracks 

growing from the amorphous region along the irradiated area. Our experiment 

proves that a laser tightly focused in the bulk of quartz does not necessarily create 

any voids. The absence of compositional changes after femtosecond pulse laser 

irradiation has been confirmed with EELS investigation. 

Some ripples were observed in sapphire at a consecutive number of pulses 

slightly below the ablation threshold. The surface ripples formed from the edge to 

the center of the crater. The continuous line micromachining on the surface 

reveals three different structures, droplet-like structures at higher fluence, 

overlapped path and crosshatch structures at fluence close to the modification 

threshold, and fine ripples at the lower fluence. Unfortunately we could not 

observe the structure transformations in the sub-surface micromachining of 

sapphire. We have not determined the best parameters for Fill to investigate the 

confined damage in the bulk sapphire. 

The investigations on polycrystalline diamond reveal the strong tendency 

of ripples formation. Three consecutive pulses will form well-defined ripples on 

diamond. The surface ripples formed from the center to the edge of the crater. 
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Very broad range of spacing, both near wavelength and sub-wavelength ripples 

were observed in continuous lines micromachining on the surface of diamond 

with varied surface modification morphology. It is suggested to use single crystal 

diamond to continue the investigation on diamond to eliminate the uncertainties in 

the results. There is still enough room to investigate diamond and especially with 

Fill characterization method. The best Fill parameters have not been determined 

to reveal the sub-surface features. The possible graphitization due to femtosecond 

pulses on the irradiated area can be interesting subject for further investigation. 

Electric field polarization direction plays an important role in the 

orientation of the surface ripples in sapphire, diamond and alternating amorphous-

crystalline in the bulk crystalline quartz. However the exact mechanism of 

formation of ripples and/or sub-surface periodic structure and the dependency 

with the electric field polarization are still an open discussion. 

The determination of the spot size and the modification threshold of the 

wide bandgap materials is still an issue in term of the accuracy and the 

consistency of the results. This issue is currently solved by using a low bandgap 

material, which shows linear absorption at the laser photon energy, together with 

wide bandgap investigation as explained in the erratum. With a growing number 

of results in the field of femtosecond laser pulses and material interaction, a 
I 

modeling study would be of great interest. 
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