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However, with the faster translation speed, the effective number of pulses per 

irradiated region (thus the laser energy deposited per region) is decreased. With a 

translation speed of 1000 J.unls, peeling of the gold layer surrounding the ablated 

region was evident for grooves irradiated with pulses having energies of 1.26 J.ll 

and above. Irradiation with pulse energies of 700 nJ to nJ also yielded the 

cleanest removal of the gold layer while keeping the damage to the glass substrate 

minimal. Irradiation with pulse energies of 290 nJ and lower left islands of gold 

in the irradiated region. 

Unprocessed 
Glass Substrate 

.. 
25 micron$ . 

Figure 4-2: OM images (in transmission mode) of a blank glass substrate (right) and single­
pass grooves machined at 500 JJ.m/s with pulse energies as labeled. At 290 nJ (and lower 
energies), clumps of gold appear in the middle of the groove, indicating an incomplete 
removal of gold layer from the glass. 
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A follow-up experiment was performed to further investigate 

micromachining parameters in hope to produce a more regular removal edge of 

the gold. This may be feasible by lowering the pulse energy and irradiating the 

same area more than once. This experiment employed a translation speed of 

1000 J.tmls and energies decreasing from 150 nJ to 50 nJ. The sample was 

translated back and forth a different number of times when being irradiated, 

making multiple passes over the same irradiated regions. One to ten passes were 

used at each pulse energy to investigate the effect on ablation using a different 

number of passes on the gold layer and the glass substrate. Note that the energies 

used in this experiment were in the lower range of energies employed in the 

previous experiment, where the gold layer did not appear to be completely 

removed. This is to compensate for the ablation created by the extra number of 

passes. 

One immediate observation made from the above experiment was that 

even with the highest pulse energy used (150 nJ) and the highest number of passes 

used (10 passes), remnants of gold islands were still observed in the irradiated 

region. This indicates that the pulse energy was too low, or a higher number of 

passes was required for complete removal of gold in the irradiated region. When 

the pulse energy was decreased from 150 nJ and/or the number of passes was 

reduced from 10, more gold remnants were found, showing that more ablation 

was required to completely remove the gold layer. 
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Overall, within the laser conditions tested in this experiment, a range of 

energies were found to remove the gold layer while keeping the surface of the 

glass substrate from being significantly damaged. However, there is still room for 

improvement. For example, even in the cases where the gold layer did not peel 

off, the edges of the gold layer appeared to be irregular. For future work, it might 

be worthwhile to investigate the deposition of the metallic layer or multiple layers 

using different metals to improve adhesion. Different ablation techniques can be 

tested for future work. For example, irradiation with pulses in the picosecond 

range might provide a gentler ablation process due to the decreased intensity for 

the same irradiation fluence, or temporal shaping of the pulses may be considered 

[89-98]. More details concerning ablation and micromachining with picosecond 

pulses as well as temporally tailored pulses are provided in Section 4.3.4. 

4.2.3 Removal of Metal Coating on Fiber Facets 

4.2.3.1 Introduction 

The previous section described the difficulties in obtaining an optimized 

ablation condition to remove gold cleanly while leaving the glass surface 

unaffected. Despite this finding, attempts were made to use laser micromachining 

to remove gold layers deposited on to the ends of cleaved fiber sections as a 

proof-of-concept experiment. Also, first attempts were made in exploring the 

techniques required to fabricate slits on fiber ends. 
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4.2.3.2 Sample Preparation and Experimental Setup 

Currently there is no extra port in the machining chamber to feed through 

optical fibers for machining. To modify a chamber for a feed-through while at the 

same time designing it such that the chamber still functions as a vacuum chamber 

was not attempted for this experiment. Instead, since this was merely an 

exploratory experiment, only short sections of optical fibers (that could be 

mounted and fit inside the machining chamber) were utilized. 

The sections of fibers used in this experiment were cleaved from a spool 

of Newport F-SV-10 single-mode fiber, with a core diameter of 4iJ.m, a cladding 

diameter of 125 iJ.m, and a diameter of 250 11m with the protective jacket. The 

jacket of the fiber was stripped using Micro Electronics Inc. Micro-Strip 125/250. 

The fiber stripper is designed for fibers having 125 11m claddings and 250 iJ.m 

coatings. Stripped portions of the optical fiber were subsequently cleaved into 

approximately ~-inch sections using a PK Technology FK12 Angled Fiber 

Cleaver. Two ~-inch SEM stub mounts were glued together such that the 

mounting surfaces are in contact. A piece of double-sided carbon tape, frequently 

used for SEM sample mounting, was wrapped around a pin of one of the stub 

mounts. The short sections of the optical fiber were attached onto the double­

sided carbon tape, with the sections parallel to the pin and with the ends of the 

sections protruding above the pin. The stub mounts assembly was placed in a 

home-made SEM stub holder using Struers Epofix, fabricated by Travis 

Crawford. Along with the stub mount holder, the entire assembly was placed in 
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the Edwards Sputter Coater S150B gold and carbon sputterer where a gold layer 

was deposited. Using a deposition rate of 15 nm/minute and a total deposition 

time of 12 minutes, a 180 nm layer of gold is expected. However, the specified 

deposition rate was calibrated for a working distance of 30 ~· Given the height 

of the fiber-mounting assembly, the fiber facets are roughly 20 mm higher than 

the calibrated height and a higher deposition rate (thus a thicker layer of gold) was 

expected. The exact thickness of the deposited gold layer would not have be a 

significant issue for this application since the only requirement was to obtain an 

optically opaque layer of metal. However, the thickness of the gold layer being 

different from that used in the experiment presented in Section 4.2.2 would 

possibly change the irradiation condition required to remove the gold layer while 

keeping the glass from begin damaged. Figure 4-3 shows the fiber-mounting 

assembly 

Figure 4-3: Homemade vertical mount for sections of optical fiber. (a) Two SEM stubs 
with the mounting surfaces secured together, with fibers attached to a pin using double­
sided carbon tape. (b) The stub-mount assembly held in place in a holder made from 
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Laser micromachining was performed in rough vacuum (~0.05 mbar). 

The laser pulses were focused on to the sample using a 5x microscope objective, 

providing a spot size of ~5 11m (l/e2 radius) as extracted in previous experiments 

using the d technique [62]. A pulse energy of 710 nJ was used to machine the 

gold layer deposited on the ends of the fiber sections. This energy is roughly the 

same as the highest energy used in the experiment in Section 4.2.2 that provided a 

clean removal of the gold layer while no significant damage was found on the 

glass substrate. The laser was scanned across the machined surface a rate of 

500 J.lm/S. 

4.2.3.3 Results and Discussions 

Preliminary results showed that the gold layer did not adhere to the ends 

of the fiber well, as part of the gold seemed to have peeled off. Also there 

appeared to be a considerable amount of debris embedded in the gold layer, 

possibly resulting from the lack of cleaning following the cleaving process. 

In a follow-up experiment, the ends of the fiber sections were blown with 

a jet of compressed air and wiped lightly with methanol to remove the debris. 

Images of the fiber facets after gold deposition were taken using an optical 

microscope. Debris was still evident on some facets, as shown in Figure 4-4. 

Chipping was also observed on some of the ends of the fiber sections. This could 

merely be a matter of the user being inexperienced with the use of the fiber 

cleaver. 
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Figure 4-4: OM images of some fiber facets coated with gold, showing a range of surface 
qualities obtained. The diameter of the fibers (with the protective coating stripped, as shown 
in the images) is 125 flm. 

From the previous experiment (Section 4.2.2), it was found that optical 

microscopy using reflection mode provides more details of the reflective gold 

layer, while transmission mode yields more details in the transparent glass 

substrate. However, due to the geometry of the mounting, it was not possible to 

employ transmission mode in the optical microscope. Reflection mode was the 

only option for OM to investigate the micromachined regions. 

Different patterns were micromachined on the end facets of the gold-

coated fibers , including a single-slit, 4-slits "grating", two perpendicularly 

intersection slits (forming a "+" sign), and a series of slits with close spacing 

between each to remove the gold layer in a rectangular section (Figure 4-5). A 

closer inspection showed that the center portions of the grooves, corresponding to 

irradiation with a higher local fluence assuming a Gaussian pulse beam profile, 

showed signs of damage to the glass. While it is uncertain if all of the patterns 

would have useful applications, closely-spaced and intersection features are good 

ways to test the adhesion of the gold. 

123 



M.A.Sc. - E. Hsu McMaster - Engineering Physics 

Figure 4-5: Various patterns machined into the gold layer deposited on fiber facets. First 
observation indicated that deeper regions are machined near the end of the grooves due to 
the micromachining stage accelerating/decelerating near the end of the translation. The 
fibers (with coatings stripped off) have a diameter of 125 Jlm. 

In all cases the edges of the region where the gold layer was removed 

appeared to be rough and irregular This is not desirable for applications as exit 

slits since the irregularity could cause unwanted scattering of the light. Also, at 

the ends of the slits, stronger ablation is observed, most likely due to a slower 

sample translation rate. This slower translation rate exists since the motorized 

stage accelerates and decelerates at the beginning and end of the translation. The 

micromachining software can be modified such that the shutter opens to allow the 

laser pulses through only when the translation stage under the micromachining 

chamber is traveling at a constant speed (i.e. after acceleration and prior to 

deceleration). 
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While many improvements need to be made before a well-fabricated exit 

slit on the fiber ends can be obtained using laser micromachining, this experiment 

showed that it is likely feasible. Future investigations could be carried out to 

explore cleaning procedures for the fiber ends following the cleaving process. In 

addition, perhaps using a different metallic layer to enhance adhesion may 

improve the irregular edges in the ablated region. Finally, microscopy techniques 

where better observations of the quality of the glass in the fiber facets should be 

employed in future work. 

4.2.4 Micromachining of Fibers 

4.2.4.1 Introduction 

Another possible application of laser micromachining on optical fibers is 

to use ultrashort laser pulses to remove or shape certain sections of the fibers. For 

example, if certain sections of the cladding of two fibers are removed and the 

fibers are brought close together, coupling of the light from one fiber to the other 

can be feasible. A similar scheme scan be establish for coupling of light between 

a fiber and a planar waveguide. Recently the removal of a length of fiber 

cladding for such applications has been achieved by means of mechanical 

polishing [e.g. 98-101]. Applications such as fiber Mach-Zehnder interferometer 

might be feasible. Another example is to create a V -shaped notch into the core of 

the fiber through the cladding such that the "V" is perpendicular to the central 
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axis of the core. Such V -notches are often created with mechanical means, and 

can be used for coupling of pump light from the side of the fiber to amplify seed 

pulses propagating in the core ("side-pumping" technique) [e.g. 103, 104]. 

Beveling of fibers might also be feasible with laser micromachining. Beveled-end 

fibers can be used to spatially shape laser beams, for example [105]. A shaped 

surface on the fiber facet might be helpful in coupling of light as well [e.g. 106-

1 09]. In all cases, laser ablation conditions that can cut through the fiber while 

minimizing collateral damage is essential and needs to be determined. This part 

of the thesis reports preliminary experimental results on investigations of different 

ablation conditions and suggestions for future improvement. 

4.2.4.2 Sample Preparation and Experimental Setup 

The preparation of the fiber sections was identical to the process described 

in Section 4.2.3.2. 

Since the goal of this experiment is to cut through the fibers, extra 

measures had to be taken to ensure we do not ablate the sample stage once we cut 

through the fiber. In an early experiment the sections of cleaved fibers were taped 

on both ends onto a glass microscope slide, exposing the central portions for 

ablation. However, it is possible that when the laser ablates through the fiber and 

cut slightly into the microscope slide, the molten material between the fiber and 

the glass slide can be fused together as they resolidify. To ensure that this does 

not happen, a mounting platform was devised for subsequent experiments to 
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suspend the mid-sections of the fibers in air while the ends of the fibers were 

secured to this platform. A simple platform was built with four microscope glass 

slides forming a square shape with the comers secured together using instant glue, 

and reinforced with Scotch Tape. Sections of the fibers were placed across two 

sides of this square platform and were secured to the glass slides using Scotch 

Tape. 

Laser micromachining was performed in rough vacuum ( ~ 0.05 mbar). In 

some experiments the laser pulses were focused on the sample using a 5 x 

microscope objective, providing a spot size of ~5 J..Lm (1/e2 radius) as extracted 

from previous experiments using the d technique [62]. Some of the experiments 

used a lens with 75 mm focal length which yields a spot size of ~13 J..Lm, in order 

to obtain a larger Rayleigh range (distance away from the focal plane where the 

spot size is expanded by a factor of 2112 compared to the spot size at the focal 

plane). The Rayleigh range is described by the equation [110]: 

2 

Z - 7£(1)0 
R-

A 
(4-1) 

where ZR is the Rayleigh range, roo is the beam waist, and A. is the wavelength of 

light. From the calculated spot sizes, Equation ( 4-1) yields a Rayleigh range of 

~98 J..Lm for focusing of 800 nm light using a 5x microscope objective, and 

~664J..Lm when a 75-mm-focallength lens is used. The confocal parameter (2 ZR, 

described by the two Rayleigh ranges centered at the focal plane of the lens) for 
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the lens is much larger than the diameter of the fiber. This is the preferred 

situation for experiments where the goal is to cut through the fiber. 

To cut through the fiber, "grooves" were cut into the fiber repeatedly 

("multiple-passes") in the hope to obtain very deep grooves until the depth 

reaches the diameter of the fiber. In this study, we explored different 

micromachining conditions to cut these grooves, such as variable pulse energies, 

different numbers of passes (number of time the grooves are cut in to the same 

region), different shapes (notches and arcs) and various focusing schemes. The 

focal plane of the lens was moved into different depth of the fiber to study 

whether the position of the focal plane has an effect on the micromachined 

features. 

Pulse durations of 1 ps, 3 ps, 10 ps and 20 ps were also used to investigate 

the effect of longer pulses on the morphology of the ablated regions. A "pulse 

train" was also utilized to machine the fiber in order to investigate the effect of 

ablation with a train of weaker pulses, where the pulse energy increases with each 

subsequent pulse and starts to drop off after a maximum pulse energy is reached. 

Discussions concerning ablation with picosecond pulses and other temporal 

manipulation schemes, including the pulse train, are presented in Section 4.3.4. 

The pulse train used in the experiment had a series of~ 10 pulses, and had ~ 7.5 ns 

separation between each pulse. Pulse compression was optimized for the peak 

pulse which had a duration of~ 150 fs at the output of the CPA. Pulses leading 

and trailing the peak pulse in the train are expected to have a duration longer than 
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~150 fs. This separation corresponds to a repetition rate of 133 MHz. A pulse 

train can be obtained by disabling the output Pockels cell inside the CPA (refer to 

the description of the CPA in section 2.2.1.3) such that the pulse being amplified 

in the CPA is not switched out of the cavity by the Pockels cell (refer to Section 

2.2.1.3.2 for CPA operation details). Instead, a half-wave plate was placed in the 

beam path just prior to the polarizer to rotate the polarization of the pulse thus 

ejecting part of the energy each time the pulse makes a round trip in the amplifier 

cavity. 

4.2.4.3 Results and Discussions 

To demonstrate the effect of changing the height of the focal plane, two 

adjacent grooves were machined on the fiber with one machined with the laser 

pulses focused on to the top of the fiber and the other focused at the bottom of the 

fiber. These grooves were machined with 100 passes with a pulse energy of 5 111 

at a speed 500 um/s, using a 5x microscope objective. Under the optical 

microscope only the groove machined with the laser focal plane at the top of the 

fiber damaged the fiber. Figure 4-6 presents an optical microscope image of the 

two grooves. 

A side-view optical microscope image revealed that the groove was not 

deep enough to cut through the fiber (Figure 4-6). This indicates that either a 

higher number of passes or a higher pulse energy was required. Note that the 

results shown in Figure 4-6 were from the first preliminary experiment where the 

sections of the fiber were placed directly on a glass slide (rather than having the 

129 



M.A.Sc. - E. Hsu McMaster - Engineering Physics 

Figure 4-6: OM images of grooves micromachined into the fiber with 5 ,W, 150 fs laser 
pulses translating at a speed of 500 p.unls. 100 passes are used to machine the grooves. With 
these laser conditions, the grooves were not deep enough to cut through the fiber. A 5x 
microscope objective was used to focus the beam. The diameter of the fiber was 125 ~m. 

mid-sections being suspended). Different number of passes and different 

focusing regimes were also tested. 

In a subsequent experiment, using a lens with 75 mm focal length, a 

groove was machined with 200-passes at a pulse energy of 15 jlJ and a sample 

translation rate of 500 j..trnls, with the laser focal plane aligned to the top of the 

fiber Two more grooves were machined with the same pulse energy and sample 

translation rate with 1 00 passes, one of which was machined with the laser focal 

plane aligned to the top of the fiber while the other one was machined with the 

focal plane set to 100 jlm below the top of the fiber None of the above 

micromachining conditions provided a groove that appeared to cut through the 

fiber successfully 

A drawback also observed was the "v" shape appearing in the grooves 

(Figure 4-7), which results from the lower ablation rate in the deeper region of the 
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Figure 4-7: OM image of a groove micromachined into the fiber with 15 f'J, 150 fs laser 
pulses translating at a speed of 500 IJ.m/s. 100 passes are used to machine the grooves. The 
laser focus was set at 100 um below the top of the fiber. With these laser conditions, the 
groove was not deep enough to cut through the fiber. Damage was also observed on the 
bottom of the fiber. A lens with 75 mm focal length was used to focus the beam. The 
diameter of the fiber is -125 IJ.m. 

grooves, due to a possible material redeposition or scattering of light from the 

sidewalls of the grooves. 

In some cases where the laser micromachining did not cut through the 

fiber, the grooves could act to initiate cleaving and breaking the fiber into sections 

either from subsequent handling or during the machining process from the 

movement of the motorized stages. In those cases the laser machined regions 

appeared to be much rougher than the cleaved region (Figure 4-8, for example). 

This roughening of the surface is undesired since smooth facets are essential for 

optical fiber applications. 

Another effect investigated was the morphology of the micromachined 

regions on the fibers after ablation. Since the quality of the facets greatly affects 

the coupling and output efficiency of the fiber, a high quality facet is required 

after ultrashort pulse laser processing. Twenty single-pass grooves with different 
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Figure 4-8: Fiber cross-section of a groove machined with 15 ,W, 150 fs laser pulses with 200 
passes, focused onto the top of the fiber at the time of laser machining (roughly the bottom 
left area of the fiber in this image). It is suspected that the groove had initiated a cleave 
when the fiber was subsequently handled. The cleaved surface (the white portion in the 
cross-section) appears to be of much higher quality than the laser-machined surface (the 
black portion in the cross-section), which shows roughening. 

pulse energies were machined into the fiber, perpendicularly to the intended light 

propagation axis ofthe fiber. Observations are made with optical microscopy and 

it appeared that irregularity and chipping occurs as a result of ablation (Figure 

4-9), which is undesirable. 

Figure 4-9: OM images of single-pass grooves machined with a translation speed of 500 11mls 
at different pulse energies as labeled. Cracking introduced by the machining is evident. The 
laser pulses have a duration of -150 fs and are focused with a 5x microscope objective. 
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It is possible that the localized pressure introduced by the intense 

ultrashort pulse may caused this type of unwanted damage. During ultrashort 

pulse laser ablation, a few hundred MPa to a few thousand GPa of pressure can 

develop in the material [19, 23 , 24, 27]. To reduce the in~ensity of the ablation 

pulses while maintaining a similar pulse fluence, longer pulse durations can be 

used. For example, when the irradiation pulse width is stretched from 150 fs to 

3 ps, the damage threshold fluence only increases by a factor of - 2 [65-68] , but 

the threshold pulse intensity would decrease by a factor of 20. In a subsequent 

experiment (which used a lens with 75 mm focal length) 1 ps and 3 ps pulses were 

used to machine the fiber and the results were compared to the ablated regions 

obtained using 150 fs pulses. It was observed that cracking and chipping were 

more prominent when the pulse duration increased (Figure 4-1 0). Further 

discussions regarding ablation of dielectric material with different pulse durations 

are presented in Section 4.2.4.4 

Figure 4-10: OM images of single-pass grooves machined with a translation speed of 
500 p.1m/s with different pulse energies (Starting from the right for each image: 15 ptJ, 13.5 ptJ 
and 8 p.1J (and 6 ptJ, for the 150 fs case)). It was found that as the pulse duration is stretched 
from (a) 150 fs to (b) 1 ps, chipping became more severe. At (c) 3 ps, chipping was severe 
enough to causes inconsistent groove widths. Cracking was also observed at this pulse 
length. The laser pulses are focused with a 75 mm lens, yielding a spot size of~ 13 p.1m. 

133 



M.A.Sc. -E. Hsu McMaster- Engineering Physics 

A "pulse train" (a series of pulses), as well as 10 ps and 20 ps pulses were 

used to machine the fibers as well (with a 75 mm-focallength lens). A pulse-train 

ablation technique was reported in the literature to improve the quality of the 

ablated region [91-93]. However, this experiment was not successful due to 

difficulties with accurately judging the height of the laser focus, perhaps due to 

cylindrical shape of the fiber and the long focal length lens, likely in combination 

with sagging of the midsection of the suspended fiber. The grooves seemed to be 

embedded inside the fiber, making observation by microscopy impossible without 

elaborate cross-section techniques. 

As mentioned above, due to the cylindrical geometry of the fibers, it is 

difficult to accurately judge the height of the laser focus relative to the fiber using 

the viewing camera in the machining setup (refer to Section 2.2.2 for a schematic 

of the laser micromachining setup). To explore how well alignment can be made, 

a v-shaped notch and a semi circular were are machined on to the fiber with the 

focus of the laser roughly at the top of the fiber using a 5x microscope objective. 

Attempts were made to align these features such that the tip of the "v" and the arc 

are located at the center ofthe fiber. Figure 4-11 presents an optical microscopy 

image of such features machined in to the fiber. These shapes awerere machined 

with 50 passes at a pulse energy of 5 111 and a translation speed of 500 llmls. V­

notches are sometimes used in fiber applications where light needs to be coupled 

into the fiber from the side [106-109]. However, laser parameters allowing 
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grooves that cut through the fiber need to be determined before such applications 

can be realized. 

Figure 4-11: OM image of features machined into the fiber with 5 ,W, 150 fs pulses at a 
translation speed of 500 Jlm/s, using 50 passes. The laser pulses are focused with a Sx 
microscope objective. 

4.2.4.4 Discussions Concerning Improvement of Optical Fibers 
Micromachining Using Temporal Manipulation of Laser 
Pulses 

Based on experimental work performed for this thesis, as presented in 

previous subsections, major improvement in the morphology of glass resulting 

from micromachining is required before some of the intended applications may be 

feasible. Different schemes of temporal manipulation of laser pulses have been 

reported to improve the morphology of ablated or micromachined features in 

different materials [89-98]. Temporal manipulation can include simply varying 

the pulse lengths [89, 90] , double-pulse [94-98] , triple-pulse [96] and quadruple-

pulse [92] ablation, or by using a pulse train (a series of pulses with a close 

temporal spacing) with > 130 MHz [91-93] , or THz repetition rate [96] 
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Depending on the electronic, crystal and physical structures of the 

material, picosecond laser processing might produces a smoother fmal 

morphology with fewer defects over femtosecond and nanosecond laser pulses. 

Materials with wide-bandgaps and strong electron-phonon coupling, such as 

calcium fluoride and amorphous silicon dioxide, are examples of such materials 

[89, 90]. In such materials, initial optical absorption creates electron-hole pairs 

through multi-photon absorption (MPA). These electron-hole pairs are prone to 

cause defects such as self-trapping excitons and Frenkel defects on a picosecond 

time scale [89, 90]. When a significant free-electron density in the conduction 

band and the density of defect (such as self-trapping excitons and Frenkel defects) 

is reached, single-photon absorption (SPA) becomes favored over MP A and can 

cause efficient local heating of the crystal [89]. 

In the above-mentioned materials, deformations and fractures may be 

caused by irradiation with subpicosecond pulses. When subpicosecond pulses are 

used, deposition of the optical energy into the material takes place before the 

conditions for efficient SPA is developed, thus MP A is the dominating process. 

In this case, localized excitons can weaken or destabilize the bonds of the crystal 

and create a considerable amount of stress to cause deformations and fractures 

[89, 90]. Howerver, when a picosecond pulse is used, smoother features may be 

obtained. During irradiation with a picosecond pulse, the leading part of the pulse 

establishes conditions that subsequently favor SPA. As the free-electron density 

reaches ~ 1021 cm-3 [89], SPA due to free carrier absorption and through defects 
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(such as self-trapping excitons and Frenkel defects) becomes significant. At this 

point the trailing part of the pulse can efficiently heat up the crystal lattice to 

cause melting and vaporization of the material [89, 90], causing the material to 

-
"soften" and resulting in a smooth final morphology. As the pulse duration is 

further increased to the nanosecond range, fractures of material surface can be 

prominent again [89]. The cause for the fractures in nanosecond-pulse irradiation 

was attributed to the significant lateral heat diffusion during optical energy 

deposition, causing a shear stress to develop due to temperature gradient in a 

volume [89, 99]. Depending on the electron-phonon coupling strength of the 

material and the density of defects already existing in the material, the above 

descriptions may not be universally applicable. 

Based on the arguments above, picosecond pulses were used to machine 

optical fibers, as reported in the previous subsections. However, it was observed 

that in the case of optical fiber laser machining, stretching of the pulse length to 

the picosecond-range caused more cracking and fracturing of the material than 

subpicosecond pulses. Pulses with < 100 fs durations were shown to improve the 

surface morphology of ablation craters [102]. This result was attributed to a 

stronger multiphoton absorption leading to a shallower light penetration depth 

[102]. The higher light penetration depths when longer pulses are used can allow 

to mechanical relaxation process in the glass (instead of direct material removal), 

causing roughening of the surface [102]. 
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A double-pulse ablation scheme has also been shown to reduce cracking 

resulting from ultrashort pulse laser micromachining. Microcracks developed at 

the bottom of the grooves resulting from ultrashort pulse laser micromachining 

were eliminated by using a double-pulse ablation scheme, with a 10 ps separation 

between the pulses [98]. The improved feature from double-pulse ablation is 

considered to result from the first pulse softening up the material before the 

second pulse arrives at the material surface, allowing a more "gentle" process of 

material removal [97]. Such a technique might provide improved 

micromachining features on optical fibers. More detailed discussions on double­

pulse ablation can be found in Section 4.3. 

Extending the idea of having a pulse softening up the material (such as 

double-pulse ablation), pulse trains (a series of pulses that are closely spaced 

temporally) have also been used to demonstrate improved surface morphologies 

following laser micromachining [91-93]. Typical pulse trains reported in the 

literature have a repetition rate of 133 MHz. In [91], holes ablated with pulse 

trains did not show signs of fractures, cracks or swelling, which were observed 

with a multiple pulse ablation (at 1 Hz repetition rate). The improved surface 

morphology was attributed to heat cumulating between the pulses, improving the 

ductility of the surrounding material and thus reducing shock-induced cracking 

and fracturing. It might be worthwhile to reattempt micromachining with a pulse 

train on optical fibers to try to improve the final morphology (Refer to Section 
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4.2.4.3). Details of the generation of a pulse train from Ti:Sapphire CPA 

available in this laboratory was provided in Section 4.2.4.2. 

Comparing the temporal distribution of the optical energy, a pulse train 

ablation scheme may provide better features than a double-pulse ablation scheme. 

The optical energy is distributed into more successive pulses in a pulse train, it 

may allow a "gentler" ablation than a double-pulse scheme. 
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4.3 Double-Pulse Laser Ablation of Silicon 

4.3.1 Introduction 

A "double-pulse" technique has been employed by vanous research 

groups and is reported to improve the final morphology of ablated regions and to 

avoid cracking in dielectric materials as well as thin semiconductor samples [94-

98]. In this technique, an incoming laser pulse is typically separated into two 

pulses which are both used to irradiate the sample surface. An optical-delay line 

can be placed in the beam path for one of the pulses to create a variable delay 

between the two pulses. A Michelson interferometer-based second-order 

autocorrelator can be used for double-pulse generation. However, more elaborate 

temporal shaping of the pulses can be carried out by modulating the beam paths 

for different spectral parts of the pulses in the stretcher of the CPA. Using this 

technique, as the beam is recollimated at the output of the stretcher, where the 

spectral components are spread out in time, the spectral modulation in the 

stretcher will result in an amplitude modulation in time [95]. This technique 

allows more versatility in the temporal shaping of the pulses (both double-pulse 

and triple-pulse ablation scheme were demonstrated in [95]). A quadruple-pulse 

ablation scheme obtained by cascading two Michelson interferometers was also 

demonstrated [92]. The improved surface features in double-pulse ablated craters 

are due to the separated pulses allowing less stress accumulation, since the total 
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irradiation fluence is separated in time; the leading pulse can act to soften the 

material [97]. 

As mentioned m Section 2.1, the exact mechanisms responsible for 

ultrashort pulse laser ablation are still a topic of discussion in the literature. This 

double-pulse technique can be adopted as a tool to investigate the state of the 

material at different time frames after the incidence of the first laser pulse [ 111]. 

This can be achieved by adjusting the delay of the arrival of the second pulse. 

The fmal morphologies of the sites irradiated with double pulses having different 

relative delays can provide insights into the ablation mechanism. 

4.3.2 Experimental Setup 

Although the beam delivery and attenuation scheme is similar to the 

description in Section 2.2.2, for this experiment additional optics were required to 

set up the double-pulse ablation technique. Section 2.3.1 described a second­

order noncollinear autocorrelator that is typically used to measure pulse durations. 

Such a setup contains components to split an incident beam into two pulses and 

direct them to parallel paths before a lens (Refer to Figure 2-18). Also placed in 

the autocorrelator is a motorized and computer controlled stage that allows one of 

the mirror to be translated, creating an optical delay line to control the relative 

delay between the two pulses. These components form the basis of the double­

pulse technique. For this experiment, the autocorrelator was modified to establish 

the double-pulse scheme. By removing the lens and the second harmonic 
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generation crystal in the autocorrelator, and adjusting the position of one of the 

mirrors, the beams can be combined collinearly at the output of the beam splitter. 

With the beam paths established, a variable delay between the two pulses can 

easily be controlled by adjusting the positioning of the mirror in the optical delay 

line. Figure 4-12 illustrates changes made to the autocorrelator to create the 

double-pulse ablation scheme. 

90 Degrees Mirrors 

A 

A A 
90 Degrees Mirrors 

.... .... 

Optical Delay Line 

Figure 4-12: Symbolic representations of a double-pulse setup. The main modification to 
convert from an autocorrelator (refer to Figure 2-18) to a double-pulse setup is to translate 
the 90• mirror such that the pulses at the output side of the setup are collinear in the double­
pulse setup. 

To ensure that the beam paths of the output pulses from the double-pulse 

generation setup were collinear, fine alignment of the pulses was carried out by 

using a charge-coupled device (CCD) camera mounted at the machining chamber 

The mirror in the optical delay path was translated from one end of the translation 
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stage travel range to the opposite end so if there was any misalignment the two 

spots on the CCD camera would walk-off relative to one another. 

In this experiment a ~280 J.lm thick silicon (100) sample was used as the 

irradiation target. A 5x microscope objective was used to focus the laser pulses 

such that they are incident on the sample surface perpendicularly. The 5x 

microscope objective yields a nominal spot size of ~5 Jlm (l/e2 radius) as 

extracted using the d technique. Pulse energies used in this experiment ranged 

from 2 Jll to 33 nJ per site for both single and double-pulse irradiation. For the 

double-pulse ablation, delays of 500 fs, 1 ps, 10 ps, 100 ps and 300 ps between 

the pulses were used. The longest delay provided by the translation stage in the 

double-pulse generation setup is about 330 ps. Single-pulse irradiation was 

performed as a benchmark, since this technique is our standard ablation scheme. 

To obtain a much longer pulse delay, the machining optics were converted back to 

a typical single-pulse setup, allowing two pulses with a 1 ms delay (corresponding 

to the repetition rate of the CPA output) in between the pulses to irradiate the 

surface. The energy of the pulses was adjusted such that total energy deposited 

for each irradiation site was constant. Observation of the irradiated sites was 

carried out on an optical microscope using the Nomarski technique. 

4.3.3 Results and Discussions 

The difference in the final morphology of sites irradiated using double­

pulses with different delays were the most pronounced at the highest pulse energy 
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used. It is likely that there was a misalignment of ~2 J.Lm on the sample surface 

between the two beam paths of the double-pulse setup, judging by the 

morphology of some of the craters. Overall the observations made from the 

morphologies of the ablation craters were mostly consistent with the general 

timescale described in Section 2.1.2 (as summarized in [29]). Single-pulse 

irradiated sites showed craters with relatively smooth bottom. As double-pulse 

ablation was used, a 500 fs separation between the pulses yielded craters with a 

very slight bump on the inside of the crater. The similar appearance in the bottom 

of the crater for double pulse ablation with a 500 fs separation and single-pulse 

irradiation suggests a somewhat unchanged crystal and electronic structure. This 

bump became more pronounced as the pulse separation as increased. The subtle 

bump at the bottom of the crater (due to the misalignment of the double-pulse 

setup) for double-pulse ablation with a 1 ps delay indicate softening of the 

material, possibly due to nonthennal melting or an initial stage of lattice heating. 

Ablation with double pulses having a separation from 10 ps to 300 ps showed 

increasing signs of heating and melting. At larger pulse separations (~50 ps and 

larger) it became evident that there were two sets of ablation crater rims, 

indicating that the two pulses in the double-pulse generation setup were not 

perfectly collinear. However, as the separation of the pulses increased to 300 ps, 

signs of melting and resolidification became more evident, suggesting a liquid 

phase in this time frame. A similar observation had been reported for fused silica 

where the morphology of craters ablated a double-pulse with 300 ps delay showed 
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indicative signs of a liquid phase [111]. Having two sets of rims due to the 

misalignment of the double-pulse beam paths might have aided in visualizing the 

state of the material as the second pulse is incident on the surface. At a much 

larger separation (1 ms), signs of melting were not evident. Instead, the 

morphology somewhat resembled that of single-pulse irradiation. However, the 

bottom portion of the craters appeared to be much rougher than that of single­

pulse irradiated sites. This time scale is much larger than the reported 

resolidification time scale of a few tens to a hundred nanosecond [29 (and 

references therein), 16]. The material would have had plenty of time to cool and 

resolidify before the arrival of the second pulse. Figure 4-13 presents optical 

microscopy images of sites irradiated with a single-pulse, and a double-pulse at 

different separations between the pulses. Note the secondary outer rim shown in 

the figure for single-pulse ablation is likely due to material modification caused 

by the lower local fluence at the wing of the Gaussian beam which is not intense 

enough to cause ablation [112]. 
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Figure 4-13: OM images summarizing observations made for single and double-pulse 
irradiations on silicon with different pulse separations as labeled above each site. The 
total energy used to irradiate each site is constant at 2 ,.W. Pulse duration is -150 fs. 

Extensions of this experiment can include employing double-pulse 

ablation with finer time-delay steps to allow a more precise determination of the 

time scale over which ablation mechanisms take place. The same technique can 

also be employed over a range of materials (more specifically on metals, 

semiconductors and dielectrics) such that ablation mechanisms resulting through 

different means of optical absorption (refer to Section 2.1 .2) can be studied. 

4.3.4 Improvements and Future Work 

This preliminary experiment demonstrated that the double-pulse technique 

can be used to determine the state of the material at different time frames after the 

incidence of the first pulse. However, there is much room for improvements and 

extensions. One immediate issue that needs to be addressed is the alignment 

technique. The CCD camera did not prove to be sufficiently accurate method to 
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align the two beam paths in this experiment. Other alignment techniques worth 

consideration might include the observation of interference fringes of the two 

pulses when the two splitting beam paths are made equal. Extending this idea 

further, one could send the double-pulse pulses through the SHG crystal 

collinearly and observe the fringes of the generated second-harmonic beams. 

Two-photon absorption on a photodetector can also be used as a tool to ensure 

temporal and spatial overlap ofthe two pulses [113]. 

A more elegant attenuation scheme can be introduced where the ratio of 

the energies of the two pulses can be adjusted, by attenuating one of the beams in 

the double-pulse generation setup for example. With this setup we would be able 

to send in a weak second pulse that does not actually induce significant damage, 

thus making observations at the time the second pulse is incident on the surface a 

less perturbing process. This setup could also be used to investigate an ablation 

scheme to improve the final morphology of the ablated features. For example, if a 

weak pulse is incident on the material surface first, it might be able to "soften up" 

the material surface such that the collateral damage caused by the ablating process 

of the second, stronger pulse might be reduced [88, 111]. A quadruple-pulse 

ablation setup using two cascading Michelson interferometers was demonstrated 

in [92]. One extension of such a setup is to insert extra optics to allow control of 

the fluence for each individual pulse. Comparison of single-, double- and 

quadruple-pulse, as well as pulse-trian ablation may be informative in terms of 
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determining mechanisms and related time frames of ultrashort-pulse laser 

ablation. 

A similar setup can be adapted for pump-probe experiments as well where 

a weak probe-pulse can be sent in at a controlled delay after the first pulse. 

Information such as the time-dependent reflectivity may be extracted from such a 

technique, and carrier lifetime and refractive indices at different time frames may 

be deduced from such an experiment. Some other interesting extensions include a 

shadow-graph experiment [98, 114] to monitor the ejected material at different 

time frames of the double-pulse experiment. In a shadow-graph experiment a 

probe beam with a variable delay is shot across the sample surface onto a CCD 

camera such that the ejected material from the ablation casts a shadow on the 

CCD screen. 

Future results from the above variation of expansion of the double-pulse 

setup can be tied in with proposed ablation mechanisms in the literature to further 

elucidate the processes of ultrashort pulse laser ablation. 

There are other applications of the double pulse technique as well. 

Ejection of ions is reported to increase using double-pulse irradiation, and ion 

beam, as well as x-ray generation applications might be feasible [94, 115]. 

Fringes from the interference pattern between two collinear pulses can be used to 

create grating structures as well [ 116]. 
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Chapter 5 Concluding Remarks 

This thesis presents experimental works related to the physical studies of 

interactions of ultrashort laser pulses with materials. 

Much effort was directed toward the study of laser induced periodic 

surface structures (LIPSS) that are observed on material surfaces after irradiation 

with laser pulses. More specifically, emphasis is placed on LIPSS with spatial 

periods much smaller than the wavelength of the irradiating laser pulses. These 

high spatial frequency LIPSS, or HSFL, are typically generated when a site is 

irradiated with multiple pulses with a laser wavelength that corresponds to a 

photon energy less than the bandgap of the material, and only occur in a specific 

range of fluences and number of pulses per irradiation site. The exact conditions 

depend on the material. 

The exact formation mechanism of HSFL is still under discussion in the 

literature. A study on the dependence of HSFL formation on gallium phosphide 

on the pulse duration showed that HSFL can be generated over a large range of 

pulse durations (HSFL were observed for irradiation with 150 fs- 80 ps pulses), 

suggesting that its formation is insensitive to the pulse duration and intensity. A 

cross-sectional TEM study gallium phosphide on specimens prepared by focused 

ion beam milling showed that the inner portions of the HSFL protrusions have the 
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same crystal structure and orientation as the bulk, indicating that the material is 

unmodified in these regions. 

Although no HSFL formation models are developed based on the 

experimental findings included in this thesis, the results may be tied into existing 

proposed theories. Experimental studies reported in this thesis favor some of the 

suggested mechanisms in the literature. More specifically, the scaling of HSFL 

spatial periods with irradiation wavelengths, as well as the observation of HSFL 

spatial periods approaching second harmonic wavelengths (in gallium phosphide, 

sapphire, as well as reports on other materials in the literature), or third harmonic 

wavelength (in sapphire) favors the idea of higher harmonic generation at the 

material surface as a contributing mechanism for HSFL formation. At the same 

time, this very observation may point to shortcomings in other proposed 

mechanisms in the literature such as the self-assembly model. Future work that 

may contribute to the elucidation of HSFL origin include a systematic study of 

simultaneous irradiation of fundamental and frequency doubled pulses. On 

another hand, sub-surface crystallographic analysis of sites irradiated with a 

single pulse or low number of multiple pulses with sub-single pulse ablation 

:fluence to determine if the periodicity is "seeded" into the material at the early 

stages of the irradiation may provide valuable information as well. 

Some preliminary work had been conducted to explore the feasibility of 

ultrashort laser micromachining in optical fiber applications (Section 4.2). 
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Experimental work showed potential for fabrication of slits in metallic coatings 

on fiber facts. However, fine tuning of the ablation parameters and details of the 

sample preparation procedures need to be further investigated before reasonable 

quality of processed materials can be achieved. Microscopy techniques allowing 

closer inspections of the machined features should also be explored. In the work 

of attempting to micromachine features in optical fibers using ultrashort laser 

pulses, many challenges, including an improvement of surface quality, need to be 

addressed before practical modifications for optical fiber applications can be 

realized. 

Lastly, a preliminary experiment from early stages of the thesis work on a 

double-pulse ablation technique was carried out on silicon. In this experiment 

was it evident that different surface morphology and features resulted from 

ablation with the double-pulse-- scheme when the delay of the two pulses was 

varied. By tying some possible future work with this technique together with 

some of the proposed hydrodynamic models for ablation mechanisms in the 

literature, a clearer picture can be drawn for different time frames of the ablation 

process. 
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