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ABSTRACT 

Laser micro-structuring and micro-machining of glasses and silicon have attracted 

increasing amount of interest due to its wide range of applications in the fields of 

optoelectronics, microelectronics, medicine and biology. The direct micro-machining of glass 

is troublesome due to week coupling of laser beam with it. Laser-induced plasma-assisted 

ablation (LIPAA) is a recently employed indirect method to fabricate micro-channels, micro 

heaters, microfluidic devices and micro-patterns on the variety of transparent hard materials. 

Clearly, the morphology of glass micro-structure should depend on the laser and sacrificial 

material parameters. The objective of this study was to investigate the influence of laser 

parameters, operating conditions and the type of sacrificial material on the morphology of the 

glass micro-structures fabricated using LIPAA technique. 

The micro-craters on soda-lime glass were fabricated by LIPAA using Nd: YAG laser 

and aluminum (Al) as sacrificial material. The objectives were to investigate the impact of 

laser fluence and target-to-substrate distance on the morphology of microcraters and relate 

the observed effects with the plasma parameters. The incident laser fluence was in the range 

of 27-870 J/cm
2
 and target-to-substrate distance was in the range of 0 to 600 μm. The most 

obvious finding that emerged from this study was that the variation of plasma parameters 

(electron temperature and density) and change in size (diameter and depth) of micro-craters 

as function of laser fluence are quite identical. The electron temperature and density were in 

the range of 6320-11450 K and 7.78×10
16

-2.0×10
17

 cm
-3

, respectively. The saturation in the 

size of micro-craters and plasma parameters at high fluence attributes to plasma shielding.  

Next, the micromachining of soda-lime glass by LIPAA via Nd: YAG laser using 

aluminum and tungsten targets was performed. The objective was to understand the role of 

sacrificial material plasma in the LIPAA process and explore its impact on the structure of 
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micro-craters. The size of the glass micro-crater was observed to depend on the laser fluence 

for both Al and W plasmas. However, the size of glass micro-craters fabricated by Al plasma 

was much bigger than that of the W plasma. The findings of these experiments revealed that 

ablation yield of sacrificial target material and size of plasma plays a vital role in LIPAA 

based micromachining of transparent materials. 

The effect of cw laser irradiation on the micromachining of quartz by LIPAA was 

analyzed. Silicon was used as sacrificial material and the target-to-substrate distance was 20 

µm. The most important outcome of this study was the significant enhancement in quartz 

ablation due to the cw laser. A linear increase in the diameter, depth and volume of the quartz 

microfeatures was observed with the fluence of cw laser in the range of 3.5-10.2 µJ/cm
2
. The 

maximum increase in the diameter, depth, and volume of the microfeatures was 35±6.4%, 

198±11.9%, and 443±48.8%, respectively. Quartz ablation enhancement due to cw laser 

irradiation attributes to the increase in the size of silicon craters. 

The micromachining of silicon using single and multiple nanosecond pulses for the 

range of laser fluence 62-122 J/cm
2
 revealed that the size of micro-craters increases with 

laser intensity and saturates at higher values. The estimated mass of ablated material was in 

the range of 0.27×10
-9

-2.69×10
-9

 g/pulse for this fluence range. The numerical simulation 

was performed to generate time-based temperature profiles along with target depth. The 

comparison of estimated target temperature and onset melting/boiling time at various laser 

intensities with crater’s depth provided valuable insight and knowledge of the 

micromachining process. 

The laser parameters were optimized to test the capability of LIPAA to fabricated 

smooth micro-channels on the quartz surface using silicon as target material. In addition to 
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laser intensity, the micro-channel’s morphology found to depend upon the laser scan speed, 

number of passes and gap distance. The optimum condition to fabricate high-quality (crack-

free and smooth) quartz micro-channels are 315.6 kW/cm
2
 laser power density, 1000 number 

of passes, 30-45 mm/s scanning speed and 30 µm gap distance.The results presented in this 

thesis provide a deeper insight of the LIPAA process, and are quite useful for laser 

micromachining fraternity.  
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Chapter 1 

INTRODUCTION 

The Einstein‘s prediction of stimulated emission in 1917 resulted in outstanding 

invention of laser (light amplification by stimulated emission of radiation) in second half of 

the last century. The special characteristics of laser such as coherence, high directionality, 

collimation, focusablilty, high intensity, high energy density, controllable optical bandwidth 

and wavelength selection make it a valuable tool as a high-power electromagnetic beam 

rather than a traditional light source. In addition to the variety of applications in different 

fields of science and technology, laser beam is emerged as a promising tool for material 

processing like cutting, drilling, welding, ablation, marking, etching, cleaning, annealing, 

bonding, shaping and structure formation in different materials including ceramics and 

transparent dielectrics. Laser material processing offers variety of advantages over several 

competing techniques. High precision, low cost, localization and speedy processing are the 

main features of laser material processing technology. Also, the unique processing 

parameters of the laser beams allow to fabricate range of the micro and nano structures and to 

synthesize hi-tech materials, which are hard to accomplish with the conventional material 

processing techniques.    

 The first ever laser was based on the ruby crystal (Maiman, 1960), which opened the 

door of laser technology and leads to the manufacturing of the variety of laser systems. The 

first gas laser was developed using the mixture of helium and neon gases (Javan, Bennett Jr, 

& Herriott, 1961).  The first neodymium laser was demonstrated in the same year (Johnson & 

Nassau, 1961), which was the most reliable laser available in that era. Soon after the 
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demonstration of neodymium laser, the first semiconductor laser was developed (Hall, 

Fenner, Kingsley, Soltys, & Carlson, 1962). Subsequently, the wide range of laser 

applications lead to the development of the variety of laser systems such as ultra-short 

(picosecond, femtosecond, attosecond), ultraviolet (higher harmonics of solid state lasers and 

excimer lasers) and low cost (e.g. diode and fiber lasers) laser systems. 

The conventional methods used for the micro- and nano-fabrication of materials 

include photolithography, electron-beam processing, ion-beam processing, chemical vapor 

deposition (CVD), and near field enhancement by atomic force microscope (AFM). 

Photolithography and CVD techniques involve several steps to fabricate a single feature. 

These methods are not suitable for the processing of prefabricated devices. The electron and 

ion beam processing utilize the beam of electrons and ions respectively to fabricate the micro 

and nano structures on the material surface. Both of the processing techniques are quite 

expensive and laborious. Also, there is a possibility of material damage due to the electron 

and ion impact.  

AFM based processing offers the fabrication of complicated structures on the surface 

of the material. However, this technique has poor processing speed and is incapable to 

fabricate structures inside the material. The laser based processing of materials offer several 

advantages over these conventional techniques. Laser material processing is strongly 

localized, precise, speedy, and least material damaging method. Moreover, the fabrication of 

three-dimensional structures both on the surface as well as inside the materials is possible by 

using laser processing techniques. The unique benefits and ease offered by the laser material 

processing makes it a versatile and resourceful material processing method.  
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1.1. LASER MATTER INTERACTION 

The interaction of laser with matter results in various physical processes. These 

processes lead to the morphological and structural modifications in matter which are then 

utilized in numerous lasers based applications. The laser induced modifications in matter 

mainly depends on the material properties and the laser beam parameters.  The important 

physical processes that occur during laser-matter interaction are discussed below.    

1.1.1. Excitation of Matter 

  When laser beam is focused on the material, a fraction of energy is reflected from the 

surface. The reflection of light from material‘s surface primarily depends on the wavelength, 

incidence angle, polarization state and the refractive index of a material.  The incident energy 

is first coupled to the electronic states resulting in the electronic excitation. Intensity of the 

incident light exponentially decays with the material depth and is given by the Beer-Lambert 

law as, 

 ( )     
      (1.1) 

where Io is intensity of the incident beam at the surface of material, z is the material depth and 

α the is absorption coefficient. 

The specific mechanism by which the excitation occurs depends on the type of the 

material. Generally, the coupling of photon energy in electronic and vibrational energy states 

results in the excitation of the materials. This process depends both on the incident photon 

energy and band gap of the material. In solids the superposition of individual electronic 

energy levels results in quantized energy bands of allowed energy states. The energy band 

structure depends on the atomic bonding and material‘s structure.  In insulators and 
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semiconductor materials excitation occurs through the resonant absorption and electronic 

transitions. The resonant absorption does not occur if the photon energy is less than the 

energy band gap of the material unless the laser intensity is high enough to induce 

multiphoton absorption.  Excitation through electronic transition occurs via interband 

(transition from valence band to conduction band) and within band (intersubband). These 

excited energy states than transfer energy to the lattice phonons and thermalize to attain 

equilibrium (Baeuerle, 2000; Mori & Ando, 1989). The thermalization time for non-metal is 

around 10
-6 

s.  The excitation mechanism in metals is quite different than insulators and 

semiconductors as the free carrier density in metals is fairly high.  The inverse 

bremsstrahlung process is predominant in metals where the free electrons absorb photon 

energy during collisions (Chichkov, Momma, Nolte, Von Alvensleben, & Tuennermann, 

1996). In case of metals the thermalization process is quite fast as compare to the insulators 

and semiconductors. The electron can transfer energy to lattice phonons in a time domain of 

few femtoseconds to the picoseconds (Huttner, 1999; Retfeld, Kaiser, Vicanek, & Simon, 

1996). Consequently, the absorbed laser energy is transformed into heat through the process 

known as photothermal. The photothermal process is predominant in case of nanosecond 

pulses whereas ultrashort pulses are capable to break bonds and induce photochemical 

process. The photothermal process leads to the increase in the temperature of material and 

consequently heat flow inside the material. The rise in temperature and heat flow inside the 

material depends on the thermal conductivity of the material. The thermal diffusion length is 

given as, 

     √        (1.2) 

where D is the diffusion coefficient and ηp is pulse duration. Furthermore, the diffusion 
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coefficient of the material is related to thermal conductivity k, density ρ and specific heat ct 

by the following relation, 

   
 

     
    (1.3) 

 The laser induced heating rate for metals are extremely high. For nanosecond laser it 

can reach to the value of 10
9 

K/s (Xu & Willis, 2002) and result is significant modifications 

in the materials. 

1.1.2. Laser induced Melting 

 As discussed earlier that laser irradiation results in heating of the material and the 

temperature rises to extremely high values. For sufficiently high laser intensities the laser 

heating results in formation of transient melt pool on the surface of the material. The melting 

of the material is governed by the melting threshold and latent heat of the material. 

Generally, it is easier to melt metals as compared to the semiconductors and insulators 

because the latent heat of metals is less than insulators and semiconductors. The laser pulse 

duration has strong impact on the dynamics of melting process. The short laser pulses can 

only induce the thermal melting process whereas the ultrashort laser pulses can induce both 

thermal and non-thermal melting depending on its fluence.  The atomic mobility and 

solubility of the molten pool is quite high as compare to the solid state of the material. The 

maximum melt depth in reached just after the few nanosecond of laser pulse (Breitling, Ruf, 

& Dausinger, 2004; Rahman et al., 2021). The melting of material due to laser irradiation 

results in modification in intrinsic optical properties as well as topography (shape and 

roughness) of the material‘s surface. 
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1.1.3. Laser induced Evaporation 

 The rise in temperature of the material above its melting point results in hydrothermal 

motion in the melt pool. This motion reshapes and redistributes the material within melt pool. 

Consequently the temperature gradient develops in melt pool that leads to the convective 

flow of the material (Ion, 2005). The surface tension of melt pool reduces significantly, and 

the material goes through the phase transition from solid to vapor state. The evaporation 

generally occurs on the laser intensity ranging from 10
6 

W/cm
2
 to the highest realized value 

of 10
21

 W/cm
2
 for which the surface temperature exceeds the vaporization temperature. The 

phase transition is established in the layer for which the laser penetration depth is around 10
-7

 

m (Afanasev & Krokhin, 1967). The conversion of the absorbed laser intensity into heat flux 

is basically responsible for the phase transformation (Ready, 1965; Thomas, 1975). At high 

laser intensities explosive type (phase explosion/explosive boiling) vaporization occurs 

which involves the homogenous nucleation. The hot region near the target surface undergoes 

a rapid transition from a superheated liquid to a mixture of vapor and liquid droplets, in a 

very short time (Amoruso, Bruzzese, Spinelli, & Velotta, 1999).  The laser induced 

evaporation depends on laser intensity, absorption coefficient, density, latent heat of 

vaporization, heat conductivity of material, and temperature gradient of the melt pool (Aden, 

Beyer, Herziger, & Kunze, 1992). 

1.1.4. Ablation of Laser Excited Material 

  Ablation is removal of macroscopic amount of material from the target bulk due to 

the laser irradiation at sufficiently high intensities. The minimum required amount of laser 

energy per unit target area (fluence) to initiate ablation is called as threshold fluence Fth. The 

material removal efficiency due to laser irradiation is described by the term ―ablation rate‖ 
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which is defined as the total ablated depth per pulse Δh (µm/pulse), average ablation velocity 

per pulse  
  

  
  (µm/s), or by the ablated volume per pulse (µm

3
/pulse). The ablation mainly 

depends on the opto-thermal properties of material and laser processing parameters like 

wavelength λl, pulse duration ηe, and number of pulses N. The ablation mechanism is either 

due to the thermal or non-thermal transfer of energy from the laser photons. The mode of 

energy transfer responsible depends on the laser pulse duration ηl and the thermal relaxation 

time ηt in which excited electrons transfer their energy to the lattice phonons. The thermal 

relaxation time (around 10
-12

 to 10
-11

 s) is critically important because it sets the 

separation/boundary between long, short, and ultrashort pulses. For ηl ˃ ηt (short pulses) 

thermal processes are predominant for phase transition whereas for ηl ˂ ηt (ultrashort pulses) 

mode of phase transition depends on structural modification time ηm. Furthermore, the 

ablation of transparent materials having large band gap Eg is only possible at very high laser 

intensities (≈10
13

 W/cm
-2

). Normally, such a high intensities are not achievable with 

nanosecond (ns) pulsed lasers therefore different techniques are used to increase the coupling 

of photon energy in transparent dielectrics which are discussed in section 1.3. Although, 

femtoseconds (fs) lasers are capable to generate high intensity pulses (≥10
13

 W/cm
-2

) that can 

directly ablate transparent materials. A direct solid to plasma transition of transparent 

material occurs just after the optical breakdown at such a high intensities. Consequently, the 

transparent material is transformed into very dense and hot plasma (Von der Linde & 

Schüler, 1996; Von der Linde, Sokolowski-Tinten, & Bialkowski, 1997).  

The short pulse laser ablation has been described by using thermal, mechanical, 

photo-physical and photo-chemical models. Thermal process starts with the single and 

multiphoton material excitation that leads to the rise in temperature and modification in 
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optical properties of the material. The rise in temperature can directly lead to the vaporization 

of material or it may induce stresses that results in explosive type ablation. In case of thin 

films on the thick substrates, these stresses can induce material pop-up (Zhigilei & Garrison, 

2000). In photochemical process the laser induced excitation results in bond breaking that 

leads to the emission of atoms, molecules, and clusters from the material surface. 

Alternatively, the laser induced defects can also be produced and build up stresses that result 

in mechanical ablation (Anisimov et al., 2003; Perez & Lewis, 2002). Photochemical and 

mechanical ablation occurs at relatively high laser intensities without any change in surface 

temperature. The ablation of material due to both thermal and non-thermal process is known 

as photophysical process. This process is significant for the materials in which life time of 

excited states and broken bonds is long enough that the emission of ablated species takes 

place before the excitation energy is converted into heat (Bäuerle, 2013). The block diagram 

of pulsed laser ablation (PLA) mechanisms is shown in Fig. 1.1. 

 

                                                                  

 

 

 

 

Figure 1.1: Block diagram of pulse laser ablation mechanisms 

The infrared (IR) short pulse laser irradiation of metal and semiconductor materials 
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thermalization is very fast hence the ablation is exclusively due to the photo-thermal 

mechanism. Both the lasers and target materials used in this study belongs to this category 

therefore the photo-thermal model of ablation in discussed in further detail.  

1.1.4.1. Photo-thermal Ablation Model 

 The process of pulsed laser ablation of materials in nanosecond time regime is 

commonly described via photo-thermal model (Bäuerle, 2013). The IR laser pulse of time 

duration ηl and sufficiently high intensity I is incident on the surface of the material having 

density ρ, and specific heat capacity cp. Initially at time t, the temperature of the surface is Ts. 

The temperature of the surface increases due to the laser irradiation and reaches a stationary 

value Tst at time tv within the laser pulse duration. The velocity of the ablation front ―v‖ 

increases and reaches a stationary value vst at time tst and then becomes constant. After the 

laser pulse i.e. t > η1, the temperature of the material surface reduces to Ts. The thickness of 

the evaporated layer is given as, 

    ∫  
 

 
( )    (1.4) 

 As discussed earlier, for the short laser pulse the thermal relaxation time is very short, 

so the ablation occurs only due to the thermal process. The thickness of the ablated layer per 

pulse can be divided into four different terms as,    

    ∫  
 

 
( )                  +     (1.5) 

where the ablated layer thickness up to time tv (      ) is     which can be ignored in many 

cases. The thickness of the layer ablated within time interval            is     and during 

this time ablation and heating is non-stationary. The ablation layer thickness within the time 
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interval             is     which is known as stationary regime. During this time interval 

the surface temperature of target remains constant at Tst. If the energy stored by target 

material during the laser pulse duration is high enough, the ablation may prolong for 

particular time duration after the pulse        and the thickness of ablated layer during this 

time is    . In most of the cases      is an artificial term which is related to desorption of 

the few monolayers from the surface of target material. In some target material the roughness 

of the surface or formation of hump is only realized.   

 The opto-thermal properties of material, laser pulse duration, and fluence decide the 

contribution of each term in overall ablation layer thickness given by equation 1.4.  For 

ultrashort laser pulses commonly         whereas for the short pulses contribution of last 

three terms of equation 1.4 is significant. For the materials with high absorptivity of laser 

photons        .  For the laser fluence F greater than ablation threshold (F ˃ Fth) surface 

temperature of target changes logarithmically with laser fluence and the thickness of ablated 

layer is given by a linear relation as, 

    
 

 (   )
 (     )   (1.6) 

where A is absorptivity of the target material and H(Tst) is stationary time Tst dependent heat 

enthalpy. Equation (1.6) predicts the linear increase in ablation depth as a function of laser 

fluence and it is only true for the lower values of the laser fluence (Fa & Krebs, 1996; Timm, 

Willmott, & Huber, 1996). At high laser fluences, a nonlinear behavior is observed due to the 

plasma shielding and the variation of material properties because of the rise in surface 

temperature (Mao & Russo, 1996; Singh & Viatella, 1994). 
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For the nanosecond pulsed regime, the threshold fluence for the material ablation is 

given as, 

       
      (      )

 
  (1.7) 

 where ρ, Ct, Tm, and  T0  are the density, heat capacity, melting and initial temperature of the 

target material, respectively. For the metal targets like Aluminum Copper, Iron and Silver, 

the ablation threshold is in the range of 1-2 J/cm
2 

(Amoruso, 1999; Gilgenbach & Ventzek, 

1991).  

1.2. LASER PRODUCED PLASMA 

The laser induced melting and evaporation, as it is discussed in the previous section, 

turn into the plasma at comparatively high laser intensities (≥10
9
 W/cm

2
). Generally the 

vapors produced due to laser irradiation at relatively low intensity (≤ 10
6
 W/cm

2
) are thin and 

transparent to the incident laser beam. The vapors become supersaturated due to increase in 

the laser intensity and starts absorbing the incident laser energy, which leads to the partial 

ionization of the vapors and formation of plasma near the target surface.  

1.2.1. Plasma Species 

Laser produced plasma contains different type of species like ions, electrons, neutrals 

and molecular fragments which play an important role in laser material processing. The 

emission of particular type of plasma species depends on the laser intensity at target material. 

The emission of neutrals is favorable at low laser intensity while the emission of ions is 

predominant at high values of laser intensity (Anoop, Harilal, Philip, Bruzzese, & Amoruso, 

2016; Bai, 2014). The processing of materials by laser induced plasma mediated ablation is 
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governed by transfer of energy by plasma species to the material. So, the type of plasma 

species responsible for transfer of energy from target to substrate plays an important role in 

processing of materials.  Also, there is significant role of plasma species in thin film 

preparation by pulsed laser deposition (PLD). The type of plasma species and other plasma 

properties determine the quality of thin film deposited on substrate by PLD (Haverkamp et 

al., 2003).    

1.2.2. Plasma Oscillations 

 The most fundamental characteristic of the plasma is its tendency to remain 

electrically neutral. The small change in plasma neutrality caused by the charge separation 

results in generation of large electric fields inside the plasma plume. These electric fields 

pulls electrons back to their original position and electrons acquire kinetic energy during this 

process.  The inertia of electrons compels them to continue their motion beyond initial 

position. This again results in generation of an electric field in opposite direction to that 

discussed earlier.  This field again accelerates the electrons toward initial position and results 

in permanent oscillatory motion if damping due to electron‘s collisions with ions and other 

electrons is negligible. These electrons oscillations are called as plasma oscillations and the 

characteristic plasma frequency is given by the equation, 

    √
     

 

    
   (1.8) 

where ―qe‖ and ―me‖ are the mass and charge of electron respectively and    is permittivity 

of free space. This gives rise to criteria necessary for ionized gas to be plasma. The plasma 

oscillations can develop only if the mean free time between collisions ―τn‖ is long enough as 
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compare to the oscillation period (      1). The interaction of external electromagnetic 

waves with plasma mainly depends on plasma frequency. Furthermore, equation (1.8) shows 

that the plasma frequency primarily depends upon the electron density.  

1.2.3. Debye Shielding 

 Debye shielding is an important characteristic of plasma. The free plasma charges 

subjected to an external field redistribute in such a way that major part of the plasma is 

shielded from the external field. The plasma must have sufficiently high number of charge 

carriers to screen out external electric field and shield itself electrostatically. There is no 

electric field outside of this shielded region (Debye cloud).  The measure of shielded distance 

(radius of Debye cloud) is known as Debye length. The Debye length is estimated by the 

following equation, 

    √
      

    
    (1.9) 

where kB and Te are Boltzmann constant and electron temperature respectively while other 

symbols are same as that defined for equation (1.8). The Debye length increases with 

increase in electron temperature and decrease with number density. This is because the 

electrons with greater kinetic energy overcome coulomb‘s attraction of the external field 

more efficiently and for denser plasma more electrons are present to populate shielding 

cloud.  

1.2.4. Plasma Temperature and Density 

 Plasma temperature is one of the key parameter that is frequently used as an 

alternative for plasma energy. The plasma temperature is expressed in terms of 
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corresponding energy (     ). The relation between temperature and average kinetic energy 

of plasma in three dimensions is given by the equation, 

     
 

 
        (1.10) 

In plasma physics, it is often convenient to express plasma temperature in the units of energy 

(eV). The temperature is generally an equilibrium quantity but for plasma in non-equilibrium 

state the temperature parameter is equally important because it gives the average energy of 

the system. 

 Plasma density is also an important parameter that characterizes the physical state of 

the plasma. The kinetic theory of plasma reveals that the kinetic energy of plasma depends 

only on the temperature while pressure is proportional to both temperature Te and density ne. 

The plasma pressure is related to the temperature and density as,  

            (1.11) 

The plasma species are in random motion and their velocity ranges from zero to some 

maximum value. The number of plasma particles having velocity between v and v+dv  is 

given by the Maxwell‘s distribution function, 

 ( )                ⁄     (1.12) 

where A is a constant and m is the mass of plasma particulates. The number of plasma 

particles per unit volume (plasma density) n can be calculated by integrating the equation 

(1.12) for all possible velocities, 

   ∫               ⁄   
 

 
  (1.13) 
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1.2.5. LPP and Ordinary Plasma 

The LPP is different from the plasma produced by the conventional methods in many 

aspects. Few of those are given below:  

1. The LPP is highly energetic and dense as compare to the conventional plasma. 

The temperature and density of plasma produced by the sources other than laser 

ranges between 1-100 keV and 10
11

-10
14 

cm
-3

, respectively. These values are quite 

lower than the corresponding values of the temperature and density of LPP 

(Conrads & Schmidt, 2000).    

2. The LPP is transient plasma that is capable to absorb the laser energy by different 

mechanisms. Consequently, further enhancement in the plasma parameters is also 

possible by multi-pulse laser irradiation.   

3. The key plasma characteristics like electron temperature, density, and type of the 

plasma species depend on the laser parameters. So, LPP offers better control on 

the plasma parameters.  

4. The degree of ionization (ratio of ionized and neutral atoms) of LPP is 

significantly higher than the readily available laboratory plasma.   

5. The localized nature of the LPP enables it to be a valuable tool for the various 

micro-machining applications.  

1.3. MECHANISM OF LASER ABSORPTION IN PLASMA 

The laser absorption in the plasma depends upon the intensity I and frequency ωL of 

incident laser, and plasma frequency ωp. The absorption of laser photons in plasma for     

   is governed by the microscopic quantum mechanical processes (ALOV & Silin, 1971).  
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The two key mechanisms responsible for the absorption of laser energy in the plasma are (i) 

resonant absorption (RA) and (ii) inverse bremsstrahlung (IB). RA is the collisionless laser-

plasma interaction, in which laser photons are absorbed under the influence of collective 

fields of plasma. RA results in the abrupt increase in the amplitude of plasma oscillations that 

leads to the increase in kinetic energy of plasma species. RA is predominant if       

      Wµm
2
/cm

2
, where   and   are laser intensity and wavelength, respectively (Brunel, 

1987; Freidberg, Mitchell, Morse, & Rudsinski, 1972). The minimum intensity required to 

induce RA with the laser photons of 1.064 µm wavelength is around 8.8×10
14

 W/cm
2
. As the 

laser intensities used in the work are about four orders of magnitude less than the minimum 

intensity required to initiate the resonant absorption, therefore RA mechanism is not further 

discussed. The inverse bremsstrahlung (IB) is collisional absorption mechanism in which 

electrons directly absorb a part of photon energy under the influence of plasma field. The 

absorbed energy is then transferred by electrons to the ions during collisions. Consequently, 

the kinetic energy of plasma species or plasma temperature increases. The coefficient of IB 

absorption is given as (Schulz, 1976), 

   (  
  )                

   
       (1.15) 

where λ, ne, and Te are the wavelength of incident laser, electron density and temperature, 

respectively. Equation (1.15) indicates that IB strongly depends on the plasma density and 

temperature. The IB process is prevalent for the highly dense plasmas having moderate 

temperature.   

 If the plasma frequency is greater than the laser frequency (       ) than laser 

photons will be reflected by the plasma. The equation (1.8) depicts that plasma frequency 
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solely depends on the plasma density. By using the values of constants, equation (1.8) could 

be written in more simplified form as,  

             
    Hz  (1.16) 

The limiting value of the plasma density that results in the reflection of laser by LPP 

is known as critical plasma density. The critical plasma density can be calculated by simply 

equating plasma frequency to the laser frequency i.e.        . In this study we used laser 

beam of 1064 nm wavelength thus ωp = 2.82×10
14

 Hz. The value of critical density estimated 

by using equation 1.16 is around 1.1×10
21

 cm
-1

, above this value the corresponding plasma 

frequency becomes greater than the laser frequency i.e. (       ), so the incident laser 

beam cannot reach the target surface resulting in an upper limit to the ablation rate.  

1.4. PLASMA EXPANSION 

The laser ablation in short pulse regime results in the formation of plasma plume that 

contains highly dense and energetic plasma species. The process of laser ablation is very fast 

and time of plasma plume formation is significantly shorter than pulse duration. The 

interaction of the trailing part of pulse with the pre-formed plasma plume results in the 

plasma heating. The kinetic energy of the plasma species increases and the ablated material 

moves away from the target surface. The shape of plasma plume and the velocity distribution 

of plasma species depend on the various plasma parameters and background environment. 

The dynamics of plasma expansions are governed by the initial plume dimensions and the 

pressure of background gas. Various theoretical models have been developed to explain the 

plasma expansion and generation of shockwaves in the background gas and air.  
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1.4.1. Sedov-Taylor Model 

 Sedov-Taylor model is widely used for the description of shockwaves generation due 

to laser produced plasma and their propagation in background gas (Campanella, Legnaioli, 

Pagnotta, Poggialini, & Palleschi, 2019). The theory was initially developed for the blast 

wave generation and propagation due to a point strong nuclear explosion (Taylor, 1950). A 

great simplification of the model was obtained by considering that energy is provided by a 

point source.  The plasma produced right after the interaction of laser beam with the target 

material acts like a small explosion that results in intense movement of adjoining material 

and generation of shockwaves. The dynamics of shockwaves are governed by the energy of 

laser beam and the shape of the plasma plume. A spherical or hemispherical shockwaves are 

produced if the laser beam is tightly focused on a small spot at the target surface. The 

shockwaves assume cylindrical shape in case of elongated plasma produced by a 

comparatively larger spot on the target surface.  

 The explosive release of energy E0 due to laser matter interaction leads to the 

generation of spherical shockwaves that expand adiabatically.  The plume expansion is 

represented by the radius of plume R(t) at time t, that is given as,     

 ( )  (
  

 ( )  
)
  ⁄

   ⁄   (1.17) 

where ρ0 is density of the unperturbed gas and K(υ) is constant that depends on adiabatic 

coefficient of gas.  

 The more generalized form of equation (1.17) for different shockwaves geometries is 

given as (L. Sedov, 1959; L. I. Sedov, 1946),  



19 

 

 ( )  (
  

 ( )  
)
 (   )⁄

  (   )⁄   (1.18) 

where the constant α has three values 1, 2, and 3 for plane, spherical, and cylindrical 

shockwaves, respectively. The theory outcome as depicted by equation 1.18, and the 

experimental results are in best agreement with the plasma expansion velocity v(t) given by,  

 ( )  
 

 
(

  

 ( )  
)
  ⁄

    ⁄    (1.19) 

1.5. LASER PROCESSING OF TRANSPARENT DIELECTRICS 

The processing of transparent dielectrics is of great importance in different fields of 

science and technology due to their wide spread applications which are discussed in section 

(1.6).  Laser processing of transparent dielectrics offers several advantages over conventional 

techniques. The low absorptivity and wide band gap of transparent dielectrics are the main 

challenges in processing of these materials using IR short pulsed lasers.  Several techniques 

have been developed to enhance the coupling of photon energy in transparent materials to 

increase their processing rate. These techniques along with direct writing method by 

ultrashort lasers are discussed in detail below.  

1.5.1. Laser Direct Writing 

The ultra-short lasers are capable of generating very intense pulses that can induce 

absorption even in materials having wide band gap and transparent to the laser wavelength. 

The high peak power of laser pulses lead to the deposition of energy in bulk of glasses by 

non-linear processes. The transition of electrons from valence band to the conduction band 

occurs via a non-linear photoionization either due to the multiphoton ionization or by 
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tunneling photoionization. The laser intensity and the frequency are the main parameters that 

decide the particular pathway of photoionization. The multiphoton absorption is predominant 

at low laser intensity and high frequency whereas at high intensity and low frequency 

tunneling photoionization is the leading pathway (Schaffer, Brodeur, & Mazur, 2001; Stuart 

et al., 1996). The simultaneous absorption of multiple photons by an electron in a valence 

band is called as multiphoton absorption. For electron excitation through multiple absorption, 

it is necessary that cumulative energy of multiple photons ―   ‖ must be greater than the 

energy band gap ―  ‖ of the transparent material (         ).  

The high laser intensity generates strong field that results in distortion of band 

structure and reduction in the potential barrier between valence and conduction band. 

Consequently, direct transition can proceed by quantum tunneling of electrons from valence 

to conduction band. The electrons present in conduction band can also absorb laser energy 

via free carrier absorption and becomes extremely energetic and hot. These electrons can 

further ionize the electrons bound in valence band that leads to more electrons in conduction 

band. The process repeats itself again and again until the strong laser field initiate electron 

avalanche. The sufficient number of electrons must be present in conduction band to initiate 

avalanche ionization.  The multiphoton and tunneling photoionization can provide these pre-

excited electrons in conduction band. All these processes result in formation of highly dense 

absorbing plasma and optical breakdown of transparent dielectrics (Du, Liu, & Korn, 1994). 

For most of the glasses laser intensity required to produce optical breakdown is 

around          ⁄ , which is usually difficult to achieve with short pulsed lasers. As the 

time in which excited electrons transfer their energy to the lattice phonons is around tens of 

picoseconds so in ultrashort pulse regime lattice heating in presence of laser pulse do not 
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takes place.  Therefore, more precise micro-machining is possible with ultrashort laser 

pulses. Furthermore, heat affected zone (HAZ) that is one of the major drawback of laser 

machining, can be significantly reduced with ultrashort pulses.  

The ultrashort laser systems along with its optics are quite expensive. These 

sophisticated laser systems are not available in most of the under developed countries. Also, 

ultrashort laser pulses are complicated, energy-demanding, and difficult to handle. 

Furthermore, ultrashort laser pulses have extremely high peak power and even scattered 

beam can induce severe damage to the skin and eyes. So, the special protection schemes are 

obligatory for using these unique laser systems (Hertwig et al., 2004).   Therefore, several 

methods have been tested and adopted to utilize short pulsed lasers more efficiently for 

processing of transparent dielectrics.  

1.5.2. Laser-induced Backside Wet Etching (LIBWE) 

 LIBWE is one of the media-assisted methods used for micro-fabrication of 

transparent materials by short pulsed lasers. In this process a thin layer of dye or an organic 

solution is used on the backside of the glass surface as a photo-absorber media. The laser 

beam is focused on the thin liquid layer at glass-liquid interface.  The deposition of laser 

energy results in excitation of the photo-absorber layer that leads to several processes like 

rapid liquid heating, explosive evaporation, vapor and cavity bubble formation, and transient 

liquid pressure generation. The process induced in the liquid layer depends on the type of 

photo-absorber and amount of energy deposited by the laser beam. The main features of 

LIBWE are formation and oscillation of bubble that delivers extra mechanical effects to the 

surface due to the pressure inside the bubble. The bubble pressure can be estimated 

numerically by measuring the radius of bubble (Lee, Jang, Ahn, & Kim, 2010; Vass, Smausz, 
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& Hopp, 2004).  The nonradiative relaxation of the liquid molecules along the glass-liquid 

interface results in heating, softening, and melting of glass layers. While in the next step the 

melted glass layer is completely removes and results in etching of rear surface of glass. The 

basic experimental setup of LIBWE is shown in Fig. 1.2. 

 

  

 

 

 

 

 

Figure 1.2: Basic experimental setup of LIBWE 

Several photo-absorber materials such as naphthalene-1,3,6- trisulfonic acid trisodium 

salt, pyrene/toluene, and copper sulphate solution have been tested for various laser 

wavelengths and the type of transparent materials ((Böhme, Spemann, & Zimmer, 2004; 

Böhme & Zimmer, 2006; Ding, Kawaguchi, Niino, & Yabe, 2002; Kawaguchi, Ding, 

Narazaki, Sato, & Niino, 2004; Zimmer, Böhme, & Rauschenbach, 2004)). This technique 

often requires a chamber with good insulation and toxic liquid absorber.  

1.5.3. Laser-induced Backside Dry Etching (LIBDE) 

 In LIBDE a photo-absorber thin film on backside of transparent materials is used to 

enhance the coupling of laser energy in glasses. Generally, a thin film of material with 

significantly high laser absorption, at the given wavelength, is deposited on the backside of 

the transparent material by conventional thin film deposition techniques. Basically, LIBDE is 

Lens 

Glass Photo-absorber layer 

Laser (short-pulsed)  Galvo-scanner 

Stage 
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the modification of LIBWE where a photo-absorber layer is replaced by a solid thin film. 

Due to this analogy with LIBWE technique this laser based glass micro-processing technique 

is named as LIBDE  (Hopp, Vass, & Smausz, 2007). The experimental arrangement of the 

LIBDE of transparent materials is shown in Fig. 1.3.  

 

Figure 1.3: Experimental arrangement of LIBDE of transparent material 

The solid thin film is irradiated through a transparent material by short pulsed laser. 

Thin film is heated due to the absorbed laser energy and the surrounding layers of the solid 

thin film and transparent material get heated by conduction. At sufficiently high laser 

fluence, the metal thin film boils and the surface of transparent material, which is in contact 

with the film, also get heated. The thin film vapor cloud is produced that eventually leaves 

the target site and induce recoil pressure on the molten region of the transparent material. 

This result in the ejection of the molten pool of the transparent material, afterwards the 

molten site quickly cools down. The un-irradiated area of the thin film is then removed with 

a suitable chemical agent. Several types of thin films have been used for the micro-

fabrication of transparent materials (Hopp et al., 2008). 

1.5.4. Laser-induced Front-side Etching (LIFE) 

 LIFE is basically modified form of LIBDE whereby the photo-absorber thin layer is 

coated on the front side of the processing material. The laser beam is focused directly on the 
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thin film instead of passing it through the transparent material. This technique is quite useful 

for the applications in which laser irradiation through the substrate is unsuitable. LIFE is 

equally effective for processing of non-transparent materials and crystals, as the laser beam 

propagation through the substrate is not involved (Lorenz, Ehrhardt, & Zimmer, 2013). 

Recently, the LIFE of p-type silicon wafer by nanosecond pulsed laser has been reported (Lai 

et al., 2019). The uniqueness of LIFE is its ability of sub-µm structuring of different 

materials while the other laser-based techniques are more appropriate for nm-precision 

micro-structuring (Lorenz, Ehrhardt, & Zimmer, 2012). 

 The thin layer deposited on the solid material heats and melts due to the laser 

irradiation. The laser fluence above the ablation threshold of the deposited layer results in the 

formation of plasma that leads to the heating of solid material beneath the layer. 

The schematic of the experimental arrangement for LIFE is shown in Fig. 1.4.  

 

Figure 1.4: Schematic illustration of LIFE 

Additionally, the plasma formation results in the generation and propagation of 

shockwaves and thermal stress in the solid material. The nanosecond laser pulses can 

produce the shockwaves having pressure in the range of 0.1-1.0 GPa (Zweig, Venugopalan, 

& Deutsch, 1993). The shockwaves and thermal stress subsequently remove the solid 
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material from the surface.  

1.5.5. Laser Etching at Surface Adsorbed Layer (LESAL) 

  LESAL is a medium-assisted technique employed for micro-structuring of transparent 

materials by using nanosecond pulsed lasers. In this method, the etching is accomplished by 

utilizing an adsorbed layer at the backside of transparent materials (Böhme, Hirsch, & 

Zimmer, 2006). The adsorbed layer is generally formed by the vapor phase of organic 

solvents like hydrocarbons that enhance the absorption of laser energy in transparent 

materials (Böhme et al., 2006). This technique is proved useful to lower the ablation 

threshold of transparent materials. Also, the lower etching rate and minimal surface 

roughness of processed site are the exceptional features of LESAL that makes it a good 

candidate for high precision applications (Ehrhardt, Lorenz, & Zimmer, 2012; Zimmer, 

Böhme, & Rauschenbach, 2005). The schematic of experimental arrangement for LESAL are 

shown in Fig. 1.5. 

 

 

 

 

 

 

Figure 1.5: Schematic illustration of LESAL 

1.5.6. Laser-induced Plasma-assisted Ablation (LIPAA) 

LIPAA technique, developed by Sugioka and colleagues, is a straightforward and 

promising laser based glass processing technique that offers many advantages over other 

Lens 
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medium-assisted methods (Hong, Sugioka, Lu, Midorikawa, & Chong, 2000; Jie Zhang, Koji 

Sugioka, & Katsumi Midorikawa, 1998; J Zhang, K Sugioka, & K Midorikawa, 1998; 

Zhang, Sugioka, & Midorikawa, 2000).  LIFE and LIBDE involve the deposition of a thin 

film on glass substrates to increase the coupling of laser energy and then chemical treatment 

is required to remove the thin film after laser processing. The liquids and absorbing materials 

used in LIBWE and LESAL are mostly hydrocarbon layers and organic liquids, which are 

toxic. Glass micro-structuring using LIPAA does not require any toxic material to enhance 

laser energy absorption or post sample cleaning. LIPAA is an indirect laser ablation method 

in which the pulsed laser beam is focused on to the sacrificial material after passing through 

the transparent material. The laser beam imparts most of its energy to the sacrificial material, 

which results in the target heating, melting, and vaporization. The highly dense and energetic 

plasma is produced just after few picoseconds of the laser interaction with the target. The 

plasma particles (electrons and ions) along with the ablated material expand predominantly 

along the target surface normal and interact with the glass, which is placed at a distance of 

few micrometers from the target. Different steps involved in the glass micro-structuring by 

LIPAA are illustrated in Fig. 1.6.  

The electrons and ions in the leading part of the plasma heat up the glass. The heating 

of transparent material generate molten glass pool within plasma-glass interaction zone. The 

trailing plasma particles strike at the molten glass and transfer their kinetic energy to glass 

surface that leads to the removal of glass material from the interaction zone. The ejection of 

glass material from plasma-glass interaction zone results in the generation of micro-structure 

on the glass surface.  
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Figure 1.6: Schematic illustration of glass micro-structuring by LIPAA; (a) Target ablation 

by pulsed laser, (b) Target plasma formation and expansion, (c) Generation of melt pool due 

to plasma-glass interaction, (d) Generation of micro-structure and crater on glass surface 

respectively. 

The types of different laser based glass processing techniques are summarized in 

terms of their advantages and disadvantages in Table 1.1. 

Table 1.1: Summary of laser based glass processing techniques. 

Type of technique Pulse duration Advantage Disadvantage 

Direct writing Ultra-short Precise, less HAZ, 

single step 

Very expensive 

LIBWE Short-pulse Economical Hazardous  

LIBDE Short-pulse Economical Multi-step 

LIFE Short-pulse Economical Multi-step 

LESAL Short-pulse Low etching rate Hazardous  

LIPAA Short-pulse Single step, 

economical, safe 

HAZ 
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1.6. ROLE OF LASER PROCESSING PARAMETERS IN LASER 

MICROMACHINING 

 The efficiency and precision of laser material processing depend on the different laser 

parameters. The laser parameters that have strong influence on the micro-structuring of the 

transparent materials are briefly described below.  

Pulse duration is major laser processing parameter that governs the mode of energy 

transfer to the target material. The ablation threshold of transparent material strongly depends 

on the pulse duration. It is observed that the ablation threshold of most of the transparent 

materials is lower for ultra-short pulses as compare to the short pulses. On the other hand, the 

short laser pulses have high ablation rate as compare to the ultra-short pulses. So, the short 

laser pulses are desirable for high-speed material processing. The laser produced plasma 

mediated processing of the transparent materials strongly depends on the ablation rate and 

melting depth of the sacrificial material.  The melting depth of metals is quite high in case of 

nanosecond pulse as compare to the picosecond and femtosecond pulse. The total laser 

energy E absorbed by the sacrificial material is given as (Zhou, Li, Zhu, Wang, & Tang, 

2015),  

        (1.20) 

where b, I, and ηp are the laser beam parameter, intensity and pulse duration, respectively. It 

is evident from equation 1.17 that the energy absorbed by the sacrificial material directly 

depends on the pulse duration. Furthermore, the thermal diffusion length as given by 

equation (1.2) has a similar dependence on the pulse duration. So, for nanosecond pulses the 

energy absorption and thermal diffusion length of sacrificial material is more than 
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picosecond and femtosecond pulses if the intensity is same. The hydrodynamic length of 

laser produced plasma lh also depend on the laser pulse duration and given as (M Stafe, 

Vladoiu, Negutu, & Popescu, 2008; Mihai Stafe, Vladoiu, & Popescu, 2008),  

          (1.21) 

where vp is the plasma expansion velocity. 

Like the pulse duration, the role of laser wavelength is also very important in laser 

micromachining of materials. The absorption of photon energy in the target material is 

governed by the wavelength of the laser beam. The selection of appropriate wavelength leads 

to the induction of effective photo-physical and photo-thermal processes. Consequently, a 

high ablation rate and generation of dense and energetic LPP can be obtained. The amount of 

removed mass during laser ablation is one of the important parameters in laser 

micromachining. The mass ablation rate ma, which depends on the wavelength λ and 

intensity I of the incident laser beam is given as (Fabbro et al., 1982), 

      (
 

    
)
  ⁄

    ⁄   (1.22) 

The generation and expansion of LPP lead to the production of compressional waves 

in target and strong shock waves in air. The micromachining of transparent materials using 

LIPAA and other media-assisted techniques strongly depends on both the compressional 

waves and the shock waves.  In this regard, the ablation pressure is an important parameter 

that defines the intensity of these waves. The ablation pressure Pa is given as (Lindl, 1995), 

     (
 

    
)
  ⁄

    ⁄   (1.23) 
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The experimental data and one-dimensional hydrocode simulation results for the pulse 

duration of 0.5 to 20 ns suggest that the ablation pressure is higher for the shorter laser pulses 

(Zhou et al., 2015).  

Also, the laser processing with multiple wavelengths in pump-probe configuration 

has been utilized for better micromachining and surface finish of the transparent materials 

(Sugioka et al., 1996; J Zhang, K Sugioka, S Wada, et al., 1998).  The multi-color processing 

of silicon also resulted in better ablation yield and surface finish (Zoppel, Zehetner, & 

Reider, 2007). The physical process responsible for the ablation enhancement due to multiple 

wavelength excitations is that the pump laser dynamically modifies the material absorption 

properties and increases the absorption of probe laser beam. Therefore, more laser energy can 

be deposited inside the target material using this method. The multiple wavelength excitation 

in industrial environment can be obtained by using harmonics of the primary laser light. The 

tuning of laser wavelength at a very high speed is also proved useful in precise processing of 

materials (Hori, Nishizawa, Nagai, Yoshida, & Goto, 2001).  Furthermore, the temporal 

distribution of wavelengths in a band enables the chirp-pulse processing of materials having 

large optical band-gap. A significant reduction in the ablation threshold is observed in 

transparent dielectrics and the embedded circular waveguides are also fabricated in 

phosphate glass using pulse-chirp processing (Ferrer, Diez-Blanco, Ruiz, Siegel, & Solis, 

2007; Louzon et al., 2005).  

Microwave amplification by stimulated emission of radiation (MASER) is a powerful 

tool that provides longer wavelengths ranging from micrometers (µm) to centimeters (cm). 

These wavelengths are particularly important for the manipulation and processing of 

microbiological systems due to uniform field interaction with the molecular dipole moment 
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(Betskiy et al., 2005). The invention of free-electron lasers (FELs) in the last two decades 

benefited the laser material processing field with the wide tuning range of wavelength (UV to 

far IR) and increase in the average output power. Consequently, the micro/nano-fabrication at 

large scale is possible by FELs (Helvajian, 2010; G. Neil et al., 1999; G. R. Neil et al., 2000).   

Laser power is one of the major material processing control parameters that is 

commonly designated in the form of fluence F (J/cm
2
) and irradiance I (W/cm

2
). The pulse 

energy and fluence are key parameters for pulsed lasers while power and irradiance are used 

for the cw lasers. These parameters are particularly important because they provide the laser 

energy transferred to the unit area of the target material. The total laser energy absorbed by 

the material directly depends on the laser irradiance as given by equation 1.20.  The size of 

laser fabricated micro-structures strongly depends on the applied laser fluence. This is 

because the amount of laser energy delivered to a specific area of processing material mainly 

governs the quantity of material ablated from the target. Also, laser fluence plays a key role 

in the formation of LPP and strongly influences the plasma parameters. It is evident from the 

equation 1.19 and 1.20 that the mass ablation rate and plasma pressure is proportional to the 

intensity of the laser beam.   

The power and pulse energy of lasers can be controlled either internally by light 

amplification mechanisms like pump voltage or externally by modulators like acousto-optic 

devices. The internal control of power and pulse energy often leads to an increase in pulse to 

pulse instability. Although the advent and development of solid-state laser systems made it 

happen to vary laser power without loss in pulse stability. The laser power can be increased 

efficiently for different applications by coherent laser beam combining. This technique 

enables power enhancement of low-powered lasers e.g. fiber and semiconductor lasers 
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without affecting the beam quality (Lei & Feng, 2008; Liang et al., 2007).  

Laser dose is also an important material processing parameter that is mainly 

interlinked with the laser fluence. For pulsed lasers, a dose is numbers of shots in a particular 

time-period while for cw lasers it is exposure duration. There is often a trade-off between the 

number of shots and laser fluence to obtain better results. Generally, fine surface finish and 

fair surface morphology are attained by applying lower fluence and a higher number of shots 

for micro and nanofabrication. Recently a lot of research is focused on the fabrication of 

laser-induced periodic surface structures (LIPSS) like circular rings and ripples on the 

surface of different materials. The formation of LIPSS is a universal phenomenon whereby 

micro and nanostructures can be generated on the surface of any material by laser irradiation. 

LIPSS has several applications, as it results in the modification in optical, mechanical, 

chemical, and surface properties of the sample. The selection of appropriate fluence and 

number of shots is quite important in the fabrication of LIPSS. The period of LIPSS is an 

important parameter that significantly depends on the number of pulsed laser shots. The 

formation of well-organized surface structures due to laser irradiation is basically due to the 

laser-induced electronic excitations on the surface and thermally mediated processes. These 

processes are governed by the applied laser fluence and the number of shots (Bonse, Höhm, 

Kirner, Rosenfeld, & Krüger, 2016; Gräf, Kunz, & Müller, 2017).  

1.7. LASER MICROMACHING APPLICATIONS 

Laser micromachining offers diverse applications in different fields of science, 

technology and industry. This field noticed an immense advancement from precise cutting 

and drilling of hard materials to the fabrication of microfluidic devices and lab-on-chips. The 

world-leading multidisciplinary science journal ―Nature‖ has recognized microfluidics as an 
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independent subject due to technological significance 

(https://www.nature.com/subjects/microfluidics). The complete description of laser 

micromachining applications is beyond the scope of this dissertation. The overview of the 

important applications of laser micromachining in different fields of science and technology 

is given below. 

1.7.1. Laser Micromachining Applications in Industry 

 Over the last few decades, the laser beams are gradually replacing the mechanical 

machining tools because higher precision, better surface finish, portability, localization, high 

productivity, high machining speeds, and flexibility have made laser machining an excellent 

alternative to traditional machining. Lasers offer machining of a wide range of materials 

irrespective of their mechanical properties and electrical conductivity. Numerous material 

processing techniques such as cutting, drilling, welding, marking, scribing, texturing, 

marking, grooving, cleaning, and turning can be easily performed by laser micromachining. 

In particular, the LIPAA method is also under practice for metallization, color & logo 

marking, and picture printing on transparent material. The brief literature review of these 

LIPAA based laser micromachining of glasses is given in Chapter 2. 

1.7.2. Laser Micromachining Applications in Biomedical  

 The fabrication of microfluidic devices on transparent materials using laser has been 

recently reported in the journal Nature (Ghosh, Gopalakrishnan, Savitha, Renganathan, & 

Pushpavanam, 2019; Wlodarczyk, Hand, & Maroto-Valer, 2019). Microfluidics is a device 

consisting of numerous micro-channels used to flow, mix, manipulate, and integrate fluids. 

These devices also provide the facility of tracking and imaging of fluids in the micro-
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channels. Microfluidic devices offer numerous applications in cell biology, clinical 

diagnosis, drug screening like analysis of single-cell, detection of pathogens, development of 

new drugs and antibiotics, and storage of the carbon dioxide.   

Laser micromachining is extensively used to fabricate micro-channels, micro-

features, micro-structures, multilevel pits, LIPSS, and grooves in different types of materials. 

The micro-channels of different sizes, shapes, and dimensions are fabricated in numerous 

transparent dielectrics which are used as fluid mixers and biomedical devices. The micro-

channels with the typical dimension of 10-50 µm have been fabricated in borosilicate glass 

and polymers (Keiper, Ebert, Bohme, & Exner, 2003; Pfleging, Adamietz, Brückner, Bruns, 

& Welle, 2007; Wehner, Jacobs, & Poprawe, 2007). The micro-channels based micro-fluidic 

devices are often called lab-on-chip devices (LOCs). The LOC is a device that can perform 

several laboratory functions on a single integrated circuit. These devices can handle 

extremely small fluid volumes such as in pico-litters.  

The fabrication of micro-channels in transparent materials is also utilized to develop 

the micro total analysis systems (µTAS). The µTAS are used for performing several lab 

processes on a single chip to conduct chemical analysis of different fluids. The microfluidic 

and µTAS are regarded as multidisciplinary devices that are widely used in biology, 

chemistry, and other fields of science. The fabrication of LIPSS on the surfaces of different 

materials increases the hydrophilicity or tribology, which is then utilized in different fluidic 

devices. The micromachining of glasses by LIPAA to fabricate micro-channels and micro-

structures for different applications is reviewed in Chapter 2.  

1.7.3. Laser Micromachining Applications in Electronics 
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 Laser micromachining is being employed to fabricate different types of electronic 

devices. Solar technology and numerous chip-based devices utilize polycrystalline and 

amorphous silicon as a substrate. The nanosecond pulsed lasers with different wavelengths 

have been employed for crater formation, hole drilling, cutting, and scribing of silicon 

(Karnakis, 2006; Lasagni & Lasagni, 2011). The waveguide structure is an essential 

component of receivers and transmitters of electronic devices. The sub-millimeter waveguide 

structures, feed-horns, multiplier, and back-shorts are fabricated on silicon by laser 

micromachining for these applications (Walker et al., 1997). The laser micromachining of 

silicon is utilized for processing and developing the devices for micro-electro-mechanical 

systems (MEMS). MEMS are one of the most promising technologies of this century that 

combines silicon-based microelectronics with micromachining technology. The silicon 

micromachining along with applications in different fields are further discussed in Chapter 7.  

1.7.4. Laser Micromachining Applications in Optics 

The laser micromachining of various materials has been extensively utilized to 

fabricate different types of micro-optical components. For quite a long time, lasers have been 

in use to fabricate optical gratings. These optical grating are used in numerous optical 

applications like light couplers for optical waveguides, demultiplexers for telecommunication 

systems, alignment grooves for liquid crystals, and Bragg reflectors. The main features of the 

optical gratings fabricated using lasers are high resolution and high modulation depth. 

Different techniques like Talbot interferometer, phase-mask beam splitter method, and off-

axis configuration are employed to achieve these features.  

Diffractive optical elements (DOEs) are widely used for beam shaping applications, 
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fiber coupling, mask illumination, and amplitude and phase elements in optical systems. 

Furthermore, DOEs efficiently reduce the number of optical elements in optical systems 

without losing functionality. DOEs are based on diffraction at small structures which are 

fabricated by laser patterning. Laser ablation and plasma mediated ablation process (LIPAA) 

have been employed efficiently to fabricate very small-sized DEOs. The surface structures 

serving as DOEs to be used in visible spectral range and made up of polymers require 0.5 µm 

and 5 µm lateral dimension and depth respectively. The surface structures of these 

dimensions are easily accessible with the excimer lasers. The pixel by pixel irradiation, 

chrome mask, halftone mask-based laser ablation methods are adopted for the fabrication of 

multilevel DOEs (Behrmann & Duignan, 1997; Quentel, Fieret, Holmes, & Paineau, 2001; 

Vainos et al., 1996; Wang, Leger, & Rediker, 1997). 

Laser ablation has been adopted successfully as an alternative method to fabricate 

micro-lenses and micro-lens arrays. The micro-lenses are widely used in optical systems for 

focusing of the incident beam. Different types of lasers have been employed to fabricate 

integrated lens on the silica fiber tips. Several micro-lens shapes can be realized in optical 

materials if the problem of smoothness and debris deposition can be addressed more 

efficiently. For achieving better surface finish and debris-free micro-lens, the ablation in a 

vacuum and post-cleaning procedure are in practice. Diffractive patterns are also in practice 

along with the refractive micro-lenses as optical components that offer strong dispersion, 

high flexibility, and flat architecture. The diffraction patterns are fabricated by using 

specially designed masks, while irradiating the target at various laser fluences and repetition 

rates (Ihlemann, 2010). The laser micromachining is also employed to fabricate diffusers and 

nozzles for microfluidic devices and micro-lens arrays (Müllenborn, Dirac, Petersen, & 
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Bouwstra, 1996). 

1.8. PROBLEM STATEMENT AND OBJECTIVES OF RESEARCH PROJECT 

 The laser based micromachining of different material is an active field of research 

that has wide applications as discussed in previous section. The proper understanding of 

LIPAA process is very sedimentary. Many aspects of LIPAA based micromachining of 

transparent materials are still unexplored. These unexplored aspects are quite important for 

optimization of LIPAA based micromachining of glasses. Furthermore, no attempt has been 

made before to enhance the LIPAA process. These aspects are of great importance to be 

properly addressed to obtain precise micromachining using LIPAA. These unaddressed 

aspects are creating several problems for researchers and engineers working in the field of 

laser micromachining and making a research gap. Also, a very limited data of micro-crater 

fabrication on silicon surface using multipulse IR laser is available. The deep understanding 

of silicon ablation is quite necessary to select optimal laser parameters for micromachining of 

this technological important semiconductor material. 

 The main objectives of this PhD research project are aligned to address the above 

stated unexplored aspects and research gaps. The summary of main objectives and their 

novelty is given below: 

1. Study the effect of laser fluence and plasma parameters (electron temperature & 

number density) on micro-crater‘s morphology fabricated on soda-lime glass surface 

by LIPAA technique. This study will help in better understanding of LIPAA process. 

To the best of our knowledge, influence of plasma temperature and density on micro-

crater‘s morphology is not reported before.  
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2. Investigate the role of sacrificial material on the structure of glass micro-craters 

fabricated by LIPAA technique. This investigation will help to select the suitable 

sacrificial material for LIPAA based micromachining of glasses. A solely devoted 

investigation to explore the role of sacrificial material in LIPPA based 

micromachining of glasses is non-extent in literature.  

3. Enhance the LIPAA process by using an additional continuous wave (cw) laser. For 

this purpose the effect of cw laser irradiation on the microfeatures fabricated by 

LIPAA technique is investigated. Also, the semiconductor sacrificial material is used 

instead of metals for LIPAA based microfeatures fabrication. As far as we know the 

employment of cw laser to enhance LIPAA process and use of semiconductor 

sacrificial material is not reported before.  

4. Characterize the micro-craters fabricated on silicon surface by using single and 

multipulse IR laser irradiation at various intensities to investigate the clear cut role of 

laser parameters on micro-crater‘s morphology. The clear-cut information is non-

existent in literature for multipulse nanosecond laser ablation of silicon.  

5. Optimization of different laser parameters like power density, number of passes, 

scanning speed, and gap distance to fabricate crack-free micro-channels on quartz 

surface by LIPAA. We attempted to obtain comparatively precise micromachining of 

quartz using semiconductor target. 

The debris deposition and formation of HAZ around micro-structures are the main 

limitations of micromachining by short laser pulses. Also, the laser fluence beyond 900 J/cm
2
 

can be used in our experimental conditions as it results in air breakdown. 
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Chapter 2 

REVIEW OF LITERATURE 

The micromachining of transparent dielectrics has extensive technological and 

industrial applications. The processing and micro-structuring of transparent materials using 

lasers are based on the ablation process. Due to the wide bandgap and low light absorptivity 

of the transparent materials, several indirect methods have been developed for their 

micromachining. Among them, LIPAA is a simple, promising, and single-step method for the 

glass micromachining. Sugioka and colleagues (Zhang, Sugioka, & Midorikawa, 1998a) 

proposed this method for the micro-machining of fused quartz using 266 nm Nd: YAG laser. 

They observed that the ablation of rear glass surface only takes place in presence of a metal 

target. The ablated regions of glass were investigated by optical microscope and scanning 

probe microscope (SPM). The investigations revealed the formation of fine grating structures 

of the line spacing of 20 µm.  The effect of laser parameters (fluence, number of pulses, and 

distance between fused quartz and metal target) on the ablation rate and threshold laser 

fluence were studied. The possible mechanisms responsible for the micro-machining of the 

glass were discussed.  This paper was the very first demonstration of the LIPAA process. Just 

a few months after the publication of this research paper, the fabrication of micro-gratings 

using KrF excimer laser (248 nm) by LIPAA has been reported (Jie Zhang, Koji Sugioka, & 

Katsumi Midorikawa, 1998b).  The grating period of 1.06 µm was achieved using a phase 

mask. It was also demonstrated that the depth of grating can be controlled by the variation of 

the pulse number. In the same year, the high-speed machining of optical grade fused quartz 

and Pyrex glass by LIPAA has been reported (J Zhang, K Sugioka, & K Midorikawa, 1998c). 

In this case, Q-switched Nd: YAG laser (532 nm) was utilized to fabricated cross-sectional 
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shape high-quality micro-gratings (period 20 µm). Silver was used as a sacrificial material to 

produce the plasma. Additionally, holes having the diameter of 700 µm were drilled in 0.5 

mm thick fused quartz and Pyrex glass.  

 The high-efficiency machining of fused quart and Pyrex glass by LIPAA using 

nanosecond UV (266 nm), visible (532 nm), and IR (1064 nm) lasers has been reported 

(Zhang, Sugioka, & Midorikawa, 1999). The micro-gratings and surface structures were 

fabricated on both the glasses. The period of micro-gratings fabricated in this work was 

estimated as 14 µm, 20 µm, and 30 µm at 266 nm, 532 nm and 1064 nm, respectively. It was 

also observed that the ablation rate at 266 nm wavelength is much larger than that of longer 

wavelengths, whereas the ablation threshold (0.7 J/cm
2
) is lowest at 266 nm wavelength. It 

was concluded that a shorter wavelength (266 nm) is suitable for surface structuring while 

longer wavelengths (532 nm and 1064 nm) are suitable for channel drilling.  

   The optical diagnostics of LIPAA of fused quartz was performed by Hong et al., 

2000. LIPAA of fused quartz using Ag target was diagnosed by the ultrafast phototube in 

very wide spectral range. It was found that the shape of optical signal waveform depends on 

the applied laser fluence and target-to-substrate distance. Further signal analyses revealed 

that the signal recorded by phototube is attributed to the laser light scattering and plasmas 

generated by the Ag target and quartz substrate.  It was concluded that quartz ablation was 

due to the Ag plasma interaction with quartz rear surface. It was also resolved that the quartz 

ablation rate depends on the laser fluence and target-to-substrate distance. Ablation 

Threshold fluence of quartz was estimated as 1.4 J/cm
2
 for a distance of 0.25 mm.  

The micro-fabrication of glass for different applications by LIPAA using 532 nm Nd: 

YAG laser was demonstrated by Hong et al., 2001. The laser marking of characters and 
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logos, surface picture printing, micro-structuring of different shapes, and metallization was 

performed using LIPAA.  The X & Y mirrors and a galvanometer was used for the high-

speed laser beam scanning on the target surface. The micro-structures and logos to be marked 

by LIPPA were first drawn by the AutoCAD and Corel-DRAW, and then converted into 

HPGL plotter files for galvanometer controlling and laser beam scanning. It was concluded 

that high-quality micro-fabrication of glass can be obtained with the proper tuning of the 

laser parameters and target-to-substrate distance. The real-time monitoring of glass micro-

fabrication by LIPAA using signal diagnosis and optical emission spectrum analyses is 

reported by Hong et al., 2002. The micro-crack free laser marking with different colors and 

tones was performed on glass substrates by optimizing the threshold fluence and target-to-

substrate distance using signal and optical emission spectrum analysis. It was observed that 

the glass substrate is ablated only if the target-to-substrate distance is below the threshold 

while there is no glass ablation if this distance is more than the threshold. It was estimated 

that for the laser fluence of 7.2 J/cm
2 
the threshold distance is 1.75 mm.  

The first commercial machine based on the LIPAA process was developed in 2004 

(Hanada et al., 2004).  This machine was designed for the industrial applications, which was 

composed of the second harmonic of Nd: YAG laser and two optical components for glass 

micro-machining. An objective lens was utilized for high-resolution micro-fabrication 

whereas a Galvano mirror type scanner was employed for high-speed patterning of the 

complicated structures. The selective metallization of glass by LIPAA was also 

demonstrated. The mechanism of the LIPAA process was studied using double-pulse 

irradiation by Hanada et al., 2005. The near IR femtosecond laser (λ = 775 nm, τ = 180 fs) 

was divided into two beams using half reflecting mirror. The 1
st
 laser beam was used to 
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generate LPP from the Cu target and the other one was utilized to ablate silicate glass 

substrate. The delay time between the 1
st
 and 2

nd
 pulse was adjusted by changing the optical 

path length. The dependence of ablation depth on delay time and estimated velocities of the 

plasma species revealed that the ablated ions and atoms play significant role in the LIPAA 

process. Based on the obtained results, the mechanism of nanosecond pulsed LIPAA was 

also discussed in this paper. Hanada et al., 2006 also investigated the transient electron 

excitation in LIPAA of transparent materials. The 1064 nm wavelength Nd: YAG laser was 

used for LIPAA of glass using Cu target. The transient absorption was detected by photo-

detector whereas the plasma conductivity method was utilized to study electron excitation in 

the materials. The plasma conductivity measurements suggested that the electron excitation 

in transparent materials is mainly due to the ions having energies higher than 10 eV. LIPAA 

process offers the advantages of high-quality and cost-effectiveness in the laser-marking 

industry.  Moreover, the color marking of transparent materials using LIPAA system have 

been demonstrated (Hanada, Sugioka, Miyamoto, & Midorikawa, 2007). The red, green, and 

blue (RGB) color marking was performed on the standard silicate glass by metal-containing 

targets. The adhesion of deposited metals for various experimental conditions was also 

investigated. It was concluded that shorter target-to-substrate distance and long interaction 

time between the laser beam and plasma is needed for strong adhesion.  

The LIPAA of different optical glasses using stainless steel, brass, and silver as a 

sacrificial material was also conducted (Hamdani et al., 2010). The maximum ablation depth 

of 38 µm for quartz was achieved using a stainless-steel target while the other targets resulted 

in lesser ablation depths. The effect of target-substrate gap distance, laser power, and scan 

speed on ablation depth was studied in air and vacuum (Hamdani, Ansar, Akhter, & Aslam, 
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2011, 2012; Hamdani et al., 2013). The ablation depth in vacuum for quartz-steel and quartz-

brass pair was measured as 50 µm and 25 µm respectively at zero gap distance whereas the 

ablation depth in air for quartz-steel combination was 38 µm. 

In the last few years, LIPAA has been extensively utilized to fabricate micro-channel 

and micro-structures in glasses for different types of applications. The micro-channels and 

graphite patterns had been fabricated for electrofluidic devices by nanosecond LIPAA 

combined with electro-plating (Xu et al., 2017). LIPAA process has been found to be able to 

produce both the channel and sputter coating of graphite on the soda-lime glass. Pulsed fiber 

laser was utilized for the micro-channel fabrication and graphite film deposition along the 

channel and on its side-walls. The width and thickness of the graphite film were controlled 

by the scanning interval and scanning number. Micro-heater and droplet-based electrofluidic 

chips were fabricated and their functionality was tested. The results proved the feasibility and 

flexibility of the LIPAA method for device fabrication. The microfluidic device fabrication 

by the combined process of LIPAA and chemical corrosion was demonstrated by Pan et al., 

2017. The effect of chemical corrosion factors and laser scanning parameters on the 

morphology and geometry of channels were investigated. The optimum values of corrosive 

concentration and time for subtle micro-texture channels were estimated as 0.5-1 mol/L and 

5-10 minutes, respectively. It was observed that channel depth before and after corrosion 

increases with the number of cycles & power density and decreases with the increase in 

scanning speed and gap-distance. The LIPAA method was found to be an effective, easy, and 

low-cost process for channel fabrication in microfluidic devices. The micro-machining and 

metallization of c-plane single-crystal sapphire by LIPAA was carried by Lu et al., 2017. The 

1064 nm fiber laser with the average peak power of 18 W was used to produce plasma from 
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the copper target. The micro-structures of the required line-width and depth were produced 

by controlling the laser parameters. It was observed that the line-width and depth increase 

with the increase in laser fluence. It was concluded that the metallization of sapphire occurs 

only when the kinetic energy of plasma is lower than the ablation threshold of the sapphire. 

The effect of laser fluence, repetition rate and overlapping on the sapphire sheet resistance 

was also analyzed.  

Recently, LIPAA technique was utilized to fabricate micro-channels in fused quartz 

by KrF excimer laser (λ = 248 nm, τ = 30 ns) using stainless steel as a target material (Zhao, 

Li, Wang, Dai, & Chen, 2019). Laser-induced plasma thermal ablation and laser absorption 

enhancement due to metal deposition were found to be responsible for the processing of 

fused quartz. For the optimization of glass processing by LIPAA, the effect of laser 

parameters on the etching quality was also analyzed. The channels of outstanding surface 

quality and dimension uniformity, such as the channel depth of 28 µm and bottom surface 

roughness of several hundred nanometers, were successfully.   

The microchannel fabrication on the transparent polycarbonate (PC) sheet by LIPAA 

method using long laser pulse duration has been demonstrated by Sarma & Joshi, 2020a. 

Nd:YAG laser at a wavelength of 1064 nm was utilized for channel fabrication on PC using 

the aluminum plasma. The effect of laser parameters on channel width, depth, and roughness 

was investigated. The open and closed channels were fabricated using optimized laser 

parameters and the fluid flow test was performed to test channel leakage. The leak-proof test 

verified the capability of LIPAA process for the high-quality channel fabrication. Sarma & 

Joshi, 2020b also developed a two-dimensional finite element thermo-physical model to 

understand the underlying physics of the LIPAA process. The channel dimensions (width & 
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depth) were computed from the thermal distribution acquired from the numerical study. The 

rise in channel dimensions was observed with the increase in power density, pulse repetition 

rate, and pulse duration. The computed results were found to be in good agreement with the 

experimental results.  

Liu et al., 2020, proposed a dual-beam LIPAA technique for the high-quality micro-

processing of sapphire. The femtosecond laser beam was split into two beams by a polarizing 

beam splitter. The 1
st
 laser beam was used to produce copper plasma that converts into 

copper nanoparticles during plasma expansion. These nanoparticles were deposited on the 

sapphire rear surface while the fluence for nanoparticles generation was optimized as well. 

The 2
nd

 laser beam was used after an appropriate time delay for the processing of sapphire 

rear surface containing nanoparticles. This method can be effectively utilized to reduce the 

ablation threshold and surface roughness of the microstructures. The fabrication of the two 

types of diffractive optical elements (DOEs): Dammann grating and orbital angular 

momentum (OAM) generator, were demonstrated.  A novel LIPAA based strategy in 

combination with the direct laser ablation to achieve crack-free and high aspect ratio micro-

structuring of glass was also demonstrated (Liu, Li, Lin, & Hong, 2020). LIPAA was 

employed first as a precursor to reduce the ablation threshold of sapphire and then the direct 

ablation of the processed sapphire with the defocused femtosecond laser beam was 

performed to fabricate deep micro-structures. The reduction in laser heating was achieved by 

precise control and optimization of laser processing parameters to avoid crack formation and 

attain a high aspect ratio.  The crack-free, taper-free micro-grooves and micro-column arrays 

with aspect ratio up to 10:1 were fabricated using the LIPAA technique. 
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 Chapter 3 

EXPERIMENTAL SETUP 

This chapter briefly describes the laser systems implemented for the micro-

structuring, sample preparation and mounting techniques, experimental arrangements of the 

components and the diagnostic techniques employed for the characterization of micro-

structures. The experimental work presented in this thesis is carried out at the Atomic 

Physics Laboratory, Pakistan Institute of Nuclear Science and Technology (PINSTECH) 

Islamabad, Pakistan, and Optical Science and Engineering Center (OSEC), National 

University of Singapore (NUS).  

3.1. LASER SYSTEMS 

 Two types of the pulsed laser systems (Nd:YAG and Fiber laser) and a continuous 

wave (cw) laser are used for the ablation and micro-structuring. The details of these laser 

systems are given below. 

3.1.1. Nd:YAG Laser System at PINSTECH 

 At PINSTECH, the experiments are conducted by Q-switched Nd:YAG laser (NL300 

Series: Model NL303G) manufactured by EKSPLA, Lithuania. This laser system is electro-

optically Q-switched and pumped by a flash lamp. The laser has a Gaussian beam profile and 

the beam divergence is less than 0.5 mrad. The laser beam is vertically polarized (˃90%) and 

the diameter of the unfocused beam is 8 mm.  This laser delivers pulses of 6 ns duration at a 

fundamental wavelength of 1064 nm. The maximum pulse energy is 500 mJ with a pulse 

energy stability of 1%. The pulse energy at different pump voltages measured with a power 
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meter (Coherent Max II) is shown in Fig. 3.1. 

 

Figure 3.1: Pulse energy of Nd: YAG laser as a function of pump voltage. 

The laser can be coupled with the second (523 nm) and fourth (266 nm) harmonic 

generator although experiments presented in this thesis are carried out only at a fundamental 

wavelength (1064 nm). 

Nd:YAG is an acronym of Neodymium-doped Yttrium Aluminum garnet that is an 

active medium of this laser system. Nd:YAG lasers are four-level solid-state laser systems 

that are used worldwide for processing and micro-machining of materials. The active 

medium of Nd:YAG laser mostly absorbs electromagnetic radiation in red (730-760 nm) and 

near-infrared region (790-820 nm). So, the optical pumping by a flash lamp or a laser diode 

is carried out.  The simplified energy band diagram of the Nd:YAG laser is shown in Fig. 

3.2. The optical pumping excites Nd
3+

 ions from the ground state E0 to the energy state E3 

and E3*. The excited ions decay quickly to the upper metastable level E2 by radiating energy 

to the crystal. The lifetime of this metastable level is about 0.23 ms.  The lower metastable 

level E1 is 0.25 eV above the ground state level E0, so thermal excitations from the ground 
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level are not possible to populate this level. Thus, this level is lightly populated at operating 

temperatures and hence the population inversion between E2 and E1 is readily achieved. The 

stimulated transition of Nd
3+

 ions from E2 to E1 level radiates 1064 nm laser radiation. The 

ions then quickly drop to the ground state E0 by releasing energy to the crystal.  

 

 

Figure 3.2: Energy level diagram of Nd: YAG laser 

The splitting of upper and lower metastable levels results in the several other laser 

transitions (946 nm, 1319 nm, and 1338 nm) in the IR region. These transitions are quite 

weaker than the fundamental transition at 1064 nm due to their low gain and high threshold. 

The Nd:YAG lasers operate in both continuous and pulse mode but the output pulse power is 

normally low in pulsed mode.  Q-switching is employed to increase the output power of 

Nd:YAG lasers. Several different devices like rotating mirrors, electro-optic modulators, 

acousto-optic modulators, etc, are used for Q-switching. An electro-optic modulator is a 

voltage controlled gate that is placed inside a laser cavity to attain maximum population 

inversion. It consists of a polarizer and a birefringent crystal that becomes double refracting 

when an electric field is applied to it. The Q-switching is synchronized with the optical 

pumping in such a way that when population inversion is achieved, the maximum voltage 
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applied across the birefringent crystal drops to zero and the cavity is switched on. In this 

way, a high out pulse power of several megawatts is attained by the Q-switching.  

3.1.2. Fibre Laser System at OSEC, NUS 

 The micro-machining experiments at NUS are carried out by Ytterbium (Yb) fiber 

laser (IPG Photonics, USA; Model: YLP-R-0.3-A1-60-18) coupled with laser marking 

machine Mark 5 (IDI Laser services; Model: FM-18-C). The fiber laser offers the beam of 1, 

5, and 10 ns pulse duration at a wavelength of 1064 nm. This laser provides high average 

peak power of 18 W with a variable pulse repetition rate of 10-600 kHz. The pulse energy at 

various pump percentages for 5 ns pulse duration and 100 kHz repetition rate is measured 

using a power meter (Coherent; Model PM150-50) and plotted in Fig. 3.3. 

 

Figure 3.3: Pulse energy of fiber laser as a function of pump percentage. 

  The maximum pulse duration for the above-mentioned fiber laser parameters is 

measured as the energy of 106 µJ. The pulse energy instability of the laser is less than 2% 

and a beam quality features M
2
 ˂ 1.3. The laser marking machine (Mark 5) offers effective 

control over the laser beam scanning parameters via pre-installed cyber-lase software. The 
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scanning length, speed, and number of passes can be varied by using this software. 

The fiber lasers are the class of solid-state laser systems in which optical fiber doped 

with rare earth elements (erbium, ytterbium, neodymium, etc.) is used as an active gain 

medium. The Ytterbium (Yb
3+

) doped silica fibers exhibit an 800-1064 nm absorption band 

and a 970-1200 nm emission band. The energy level structure of Yb
3+

 is quite simple and 

consists of a ground state 
2
F7/2 and an excited state 

2
F5/2. The ground state 

2
F7/2 has a further 

four Stark levels whereas the excited state 
2
F5/2 has three Stark levels. The energy level 

diagram of Yb
3+

 doped fiber laser is shown in Fig. 3.4. 

 

Figure 3.4: Energy level diagram of Yb
3+

 doped fiber laser. 

The large energy gap (≈ 1.24 eV) between excited & ground state and simple energy 

level structure minimize the possibility of unwanted phenomena like excited state absorption 

and non-radiated decay. The pumping of Yb
3+

 doped fiber can be performed with the variety 

of pump lasers like diode and Nd: YAG lasers.  Generally, the core of the fiber is doped with 

Yb
3+

, and the pump laser is focused into the cladding situated around the core.  The pump 

diode laser cannot be focused into the very small-sized fiber core. The photons emitted due to 

transitions from excited to the ground state, remain within the fiber core and further excite 

the cladding atoms and enormously amplify the input. A Bragg grating is used to create a 

cavity for the photons trap.  The basic fiber laser configuration is shown in Fig. 3.5. 
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Figure 3.5: Configuration of the fibre laser. 

The laser scanning systems and the marking machines turn the laser into a valuable 

material processing and micro-machining instrument. The laser marking machine utilizes two 

galvanometric XY scanning mirrors for the laser beam scanning and an f-theta lens for 

focusing a laser beam on the surface of the target material. The laser beam is first deflected 

by the X scanning mirror that also reflects it to the Y scanning mirror. The Y scanning mirror 

then deflects the beam to the f-theta lens for focusing on the target surface. The XY scanning 

mirrors are combined with the actuator rotation motor via a galvanometric scanner. The 

actuator rotation motor is an important component of the galvanometric scanner that controls 

the movement of XY scanning mirrors which ultimately defines the laser beam pathway on 

target. The line scanning can be performed by a single galvo-scanner but to generate two-

dimensional (2D) structures or patterns scanning of the beam along both X & Y axis is 

required. 

3.1.3.  CW Laser at OSEC, NUS 

 In addition to the pulsed lasers, a cw diode laser (Lasever; Model: LSR-808NL) is 

utilized for ablation enhancement. The details of the experiments are given in Chapter 6. The 

diode laser provides an 808±5 nm wavelength cw laser beam of 5 mm diameter. The 

maximum output power of the laser is 2 W and the beam quality features M
2
 ˂ 20. The 

power of the cw laser can be varied by changing the input voltage. The power of the cw laser 
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is measured at various input voltages using a power meter (Coherent; Model PM150-50) and 

plotted in Fig 3.6. 

 

Figure 3.6: The CW laser power as a function of input voltage. 

The diode cw lasers are economical, small-sized, and portable. The diode lasers are 

semiconductor lasers that use the doped p-n junction as the gain medium. These lasers are 

generally electrically pumped. The schematic diagram of the semiconductor diode laser is 

shown in Fig. 3.7. 

A diode laser is a PIN diode in which the intrinsic semiconductor material layer is 

sandwiched between N-type and P-type semiconductor material layers. When the voltage is 

applied across the PIN junction, the charge carries diffuse and trap into the intrinsic region. 

The recombination of electrons and holes in the intrinsic region results in the generation of 

photons. These photons remain trapped in the intrinsic region and stimulate further emission. 

Consequently the amplification of light results in the generation of cw laser beam. The 

wavelength of the emitted laser beam depends on the diode material used as a dopant and 

semiconductor substrate.  
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Figure 3.7: Schematic diagram of the semiconductor diode laser. 

3.2. SAMPLE PREPARATION AND MOUNTING 

 In this research project, the soda-lime and quartz glass samples are used as 

transparent material to perform ablation and micro-structuring, whereas aluminum (Al), 

tungsten (W) and silicon (Si) are used as a sacrificial material to produce plasma for glass 

ablation and micro-structuring.   

Before laser irradiation, the glass and sacrificial material samples are washed in 

running water and then ultrasonically cleaned for five to three minutes as per the requirement 

to eliminate surface contaminations. The contaminations can affect the glass ablation and 

micro-structuring process. The ultrasonic waves generate cavitation bubbles in the fluid 

which leads to the agitation of fluid. The contaminants like dust, dirt, rust, etc. tightly 

embedded onto the glass samples surface are thoroughly removed due to the high force 

induced by the fluid agitation. The Al and W samples are first mechanically polished while 

the Si samples are provided in a polished form. After ultrasonic cleaning, the samples are 

dried using the hot air.  

At PINSTECH, ablation and micro-structuring experiments are performed by 
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mounting pre-cleaned sacrificial target (Al or W) and soda-lime glass samples on XY and 

XYZ translation stage micro-meter (Thorlabs; Model: PT3A), respectively. The laser beam is 

focused on the surface of the target, placed at 90º with respect to the beam direction, through 

a glass substrate by an optical lens of 70 cm focal length. The fresh glass and target sites are 

utilized to produce micro-craters at each laser shot. The gap distance between the target and 

glass sample is varied by moving the glass sample away from the target using the XYZ stage. 

After laser irradiation, the metal deposits on the glass surface are removed by the chemical 

etching treatment for 30 minutes using the hydrochloric and nitric acid. The results of these 

experiments are presented in Chapters 4 and 5. At NUS, the micro-features and micro-

channel fabrication experiments are conducted by placing silicon samples on the XY stage 

while the gap distance between silicon and quartz is maintained by metric feeler gauge blades 

(LJD19002). The results of these experiments are given in Chapters 6 and 8. The schematic 

diagram of sample mounting on XYZ stage is shown in Fig. 3.8.  

 

Figure 3.8: Schematic diagram of sample mounting on XYZ stage. 

3.3. CHARACTERIZATION TECHNIQUES 

 The micro-structures fabricated on transparent dielectrics and target samples are 

characterized using the optical, scanning electron, and atomic force microscopy along with 

the surface profilometry. The LPP and metal deposition on the glass samples are 
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characterized by optical emission spectroscopy and energy-dispersive x-ray spectroscopy 

(EDX), respectively.  

3.3.1. Microscopy 

The micro-craters and micro-channels produced on transparent dielectrics and target 

materials are visualized by optical microscope. The LEICA digital microscope at PINSTECH 

and Nikon Eclipse (LV100ND) microscope at NUS are utilized for this purpose. Both 

microscopes are equipped with the computer-controlled CCD cameras and pre-installed 

softwares.  

These microscopes utilize visible light for the illumination of the sample and the 

system of lenses (objective and eyepiece) for the magnification of structures. Generally, 

transparent samples are examined by transmitted (diascopic) while the opaque samples by 

reflected (episcopic) illumination scheme.  The episcopic illumination is performed by 

illuminating the sample from above through or around the objective lens. The light reflected 

(episcopic scheme) or transmitted (diascopic scheme) from the sample is collected by 

objective and directed through optical elements to the eyepiece for observation. The CCD 

camera converts the optical image into electrical charges which are then transferred to the 

computer. The photograph of the Nikon eclipse optical microscope used at OSEC, NUS is 

shown in Fig. 3.9. 

The morphology of the micro-craters fabricated on silicon is examined by the 

scanning electron microscope (SEM). In SEM, the accelerated electron beam (0.4-40 keV) 

generated by the electron gun is focused onto the surface of the sample and scanned across it 

in a raster form by electrostatic lenses and steerers. The image formation by SEM is based on 

a signal generated due to the electron-beam interaction with the atoms of samples at various 
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depths. This signal mainly includes the secondary electrons, back-scattered electrons, light, 

and characteristic X-rays. Among these, secondary electrons are the main source to generate 

high resolution images due to their high localization at the impact site. The resolution of 

images based on back-scattered electrons is lower than the images based on secondary 

electrons because back-scattered electrons have higher energy than secondary electrons and 

come-out from deeper sites of the sample. The SEM signal is then amplified by the electronic 

amplifiers and displayed as brightness variations on the screen of a monitor to create a digital 

image of the site. The back-scattered electrons and X-ray emission is utilized in analytical 

SEM and energy-dispersive X-ray (EDX) spectroscopy for the identification and distribution 

of elements in a sample. The X-ray's energy is converted into the voltage signal using a 

detector and then transferred to a pulse processor. The pulse processer measures the input 

voltage signal and transmits it to an analyzer for data analysis and display. 

 

Figure 3.9: Photograph of Nikon eclipse optical microscope at OSEC, NUS. 

  The atomic force microscope (AFM) is employed to study the topography and 

surface roughness of Si micro-craters. The AFM extracts the topographical information by 

scanning a small cantilever over the surface of the sample. A sharp tip at the one end of the 
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cantilever is in contact with the surface of the sample. The laser light is incident onto the 

cantilever, from where it is reflected to the photodiode. The cantilever bends while it is 

scanned on the surface of the sample and consequently the amount of reflected laser light 

changes. Thus the atomic-scale interaction of cantilever tip with atoms of sample is 

transformed into deflections of the cantilever. These deflections are then converted into 

electrical signals using photodiodes or piezoelectric materials. The topographical information 

is then extracted from the electrical signal. 

3.3.2. Surface Profilometry 

 The detailed two-dimensional (2D) surface analysis of the micro-structures is carried 

out by surface profilometers. The optical profilometer (NANOVEA, Model: PS-50) at the 

National University of Sciences and Technology (NUST), Pakistan, and stylus-based surface 

profiler (TENCOR; Model: AS-500) at NUS is employed for obtaining surface profiles of 

micro-structures. The optical profilometer operates in a non-contact mode designed with 

modular optical pins. The horizontal (step size) and vertical resolution of the profilometer is 

0.1 µm and 280 nm, respectively. The Nanovea 3D software is utilized for the acquisition of 

surface profiles of micro-structures. This profilometer utilizes the white light axial 

chromatism technique, where an objective lens of a high degree of chromatic aberration is 

employed to evaluate the surface of the sample. The optical distortion of light due to the 

variation of focal point location on an optical axis is called axial chromatism. This distortion 

is because of the light coming from the different heights of the sample corresponds to 

different wavelengths. Consequently, each separate wavelength of light re-focuses at the 

points of the sample that corresponds to different heights. The focalized wavelengths of 

white light are filtered using high efficiency spatial filter to generate the surface profile 
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scanned region.            

 The stylus-based surface profiler operates in a contact mode with the horizontal and 

vertical resolution of 0.01 µm and 0.1 nm, respectively. The stylus force is adjustable in the 

range of 1-100 mg. The diamond stylus of a few nm radius, moves vertically point-to-point 

onto the surface, as well as horizontally to scan the particular region of the sample. The 

vertical stylus displacements due to the small surface deviations are measured and converted 

into a digital signal. This digit signal is then stored and used to plot the surface profile of the 

sample. The photographs of the both profilometers are shown in Fig. 3.10.  

 

Figure 3.10: Photograph of (a) optical and (b) stylus-based profilometer 

3.3.3. Optical Emission Spectroscopy 

 The LPP is characterized by optical emission spectroscopy. For this purpose, optical 

emission from the plasma is guided into an optical fiber (high-OH, core diameter 600 μm, 

having a collimating lens 0-45
◦
 field of view) placed at the right angle to the direction of the 

plasma expansion. The output of the optical fiber is coupled to a LIBS2000 detection system. 

LIBS2000 detection system is equipped with five spectrometers covering the range between 

200 and 700 nm. The light enters from the optical fiber to the spectrometer through the slit 

(a)- (b)- 
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that acts as an entrance aperture. The slit width of each spectrometer is 5 μm. The light then 

passes through the filter which limits the signal to a specific wavelength region. The filtered 

light is collimated using collimating mirrors and then diffracted by diffraction gratings. 

Every single spectrometer contains around 1800 to 2400 lines/mm serving as diffraction 

gratings. The diffracted light is then transmitted to the L2 detector collection lens via 

focusing mirrors. The collection lens focus received light onto the CCD detector element. 

The optical signal is converted into the digital signal by the CCD detector element. Each 

spectrometer has a 2048 element linear CCD array and an optical resolution of ≈0.05 nm.  

The integration time of the detector is 2.1 ms and the time interval between the laser pulse 

and the start of the spectrum recording (opening of the detector) is 2 μs. Finally, a digital 

signal is transmitted to the software that displays the spectrum on the monitor. The 

photograph of spectrometer used to characterize LPP is shown in Fig.3.11.  

 

Figure 3.11: Photograph of spectrometer utilized to characterize LPP. 

3.4. EXPERIMENTAL ARRANGMENTS FOR LASER MICROMACHINING 

 The details of the experimental setups at PINSTECH and NUS used for the laser 

micro-machining are described below. 

3.4.1. LIPAA Micromachining Facility at PINSTECH 

 The schematic of this LIPAA facility along with the optical spectrometer for the laser 
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plasma diagnostics is shown in Fig. 3.12. The nanosecond pulsed radiation from Nd:YAG 

laser described in section 3.1.1  was focused by an optical lens (B) (focal length f = 70 cm) 

through a glass substrate (C) onto the surface of a metal target. The metal target and glass 

slides were mounted on independent XY-stage and XYZ-stage respectively. For investigation 

of plasma, the optical emission from the plasma was guided into optical fiber (F) and coupled 

to a LIBS2000 detection system. The details of optical fiber and LIBS2000 system used for 

plasma characterization are provided in section 3.3.3.    

 

Figure 3.12: Schematic of the experimental setup: beam splitter (A), lens (B), glass substrate 

(C), metal target (D), transducer (E), and fiber optics probe (F). 

3.4.2. LIPAA Micromachining Facility at NUS 

 The general experimental setup utilized for the fabrication of microfeatures and 

micro-channels on quartz by LIPAA is shown in Fig.  3.13. The nanosecond pulses from 

fiber laser (λ = 1064 nm, τ = 5 ns) described in section 3.1.2 were focused onto the silicon 

target through a quartz substrate. The focal length of lens used for micromachining of quartz 

by LIPAA (results presented in Chapter 6 and 8) was 20 cm while for silicon 

micromachining (results presented in Chapter 7) optical lens of 5 cm focal length was 
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utilized. The repetition rate was kept at 100 kHz. 

 The gap distance between silicon and quartz was maintained by using gauge blades 

(LJD19002). The laser fluence/power density, scanning length, number of passes, and 

scanning speed were controlled by the cyber-laser software. The beam scanning of fiber laser 

by galvo-scanners is discussed in section 3.1.2. 

 

Figure 3.13: Schematic of the experimental setup used for laser micromachining at OSEC, 

NUS. 

 The experimental setup shown in Fig. 3.13 with some modification was utilized to 

perform different micromachining experiments whose results are presented in Chapter 6, 7 

and 8. These modifications are stated below: 

1. To study effect of cw laser irradiation on micromachining of quartz by LIPAA 

an addition cw laser described in section 3.1.3 was employed. The 

modifications in the schematic of setup are shown in Fig. 6.1a (Chapter 6) 

while the microfeature fabrication on quartz surface is presented in Fig. 3.12 

(3D view of quartz). 
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2. The fabrication of microcraters on silicon surface was carried out by the 

experimental setup shown in the Fig. 3.12 with the modification that there was 

no quartz substrate above the silicon target. The 3D view of silicon target and 

microcrater is also presented in the Fig. 3.12. The results of these experiments 

are presented in Chapter 7. 

3. The fabrication of micro-channels on quartz by LIPAA was also performed 

using this experimental setup without any major modification and the results 

of these experiments are presented in Chapter 8. 

The flowchart of experimental methodology whose results are presented in Chapter 4 

to 8 is given below in Figure 3.14. 

 

Figure 3.14: Flowchart of experimental methodology.  
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Chapter 4 

LASER-INDUCED PLASMA-ASSISTED ABLATION (LIPAA) OF 

GLASS: EFFECTS OF THE LASER FLUENCE ON PLASMA 

PARAMETERS AND CRATER MORPHOLOGY 

 The results presented in this Chapter have been published in the journal ―Optics and 

Laser Technology‖ (T. U. Rahman et al., 2019. DOI: 10.1016/j.optlastec.2019.105768). 

4.1. ABSTRACT 

The fabrication of micro-craters on the soda lime glass substrate by laser-induced 

plasma-assisted ablation (LIPAA) using a Q-switched Nd-YAG laser (wavelength = 1064 

nm, pulsed width = 6 ns) is performed. The objectives were to investigate the effects of laser 

fluence and target-to-substrate distance on the morphology of micro-craters, and to relate the 

observed effects with the plasma parameters. The incident laser fluence at the sacrificial 

aluminum target was in the range of 27-870 J/cm
2
 and target-to-substrate distance was in the 

range of 0 to 600 μm. The micro-craters were analyzed with the help of optical microscope 

and profilometer. And the plasma parameters were measured using the optical emission 

spectroscopy. Our results showed that the diameter and depth of micro-craters increases with 

the laser fluence and seems to reach saturation at higher fluence levels. However, the 

diameter and depth of the micro-craters were found to decrease linearly with the increase of 

target-to-substrate distance. The electron temperature and density of the aluminum plasma 

estimated using Boltzmann plot and Stark broadening methods were in the range of 6320-

11450 K and 7.78×10
16

-2.0×10
17

 cm
-3

, respectively. The variation of plasma parameters as a 

function of the laser fluence was quite identical to the change in the size of micro-craters.  
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The experimental results are discussed on the basis of LIPAA models and plasma shielding 

of the laser radiation. 

4.2. INTRODUCTION 

Micro-structuring and micro-machining of glasses have attracted increasing amount 

of interest due to its wide range of applications in the fields of optoelectronics, 

microelectronics, medicine, and biology. Traditionally, the complicated techniques like 

photolithography using wet and dry etching (Knotter, 2000; Ko et al., 2014), electron beam 

lithography (Chen, 2015; Vieu et al., 2000), chemical etching (Wang, Chen, Zhou, & Song, 

2018; L. Zhang et al., 2015) and deep plasma etching (Kolari, Saarela, & Franssila, 2008; 

Queste, Salut, Clatot, Rauch, & Malek, 2010) are used to fabricate the micro-structures and 

micro-channels on the glass surfaces. These techniques require expensive equipment located 

in the clean rooms and the involved processes are very complex and generate toxic waste. 

On the other hand, the micro-structuring of glass using nanosecond pulsed lasers is 

relatively simple and have several attractive features such as single-step process, high 

flexibility in size and shape of the sample, and better control over the size of micro-

structures. For high-quality micro-fabrication of the glasses, strong absorption of the laser 

beam is required. As the glasses are almost transparent for visible and infrared laser beams, 

therefore high laser power intensities are required, which induce severe damage and crakes in 

the glasses. Several schemes have been developed to enhance the coupling of laser energy to 

the transparent materials. For instance, the laser etching by using self-regulating absorber 

layer (LESAL) (Böhme, Hirsch, & Zimmer, 2006; Böhme & Zimmer, 2004), laser-induced 

back side dry etching (LIBDE) (B Hopp et al., 2008; B Hopp, Vass, & Smausz, 2007) and 
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laser-induced back side wet etching (LIBWE) (B Hopp et al., 2009; Sato, Narazaki, & Niino, 

2017). LESAL utilizes self-regulating hydrocarbon layer adsorbed at the backside of the 

glass substrate to increase the laser beam absorption. In LIBDE, a metal thin film is 

deposited on the back side of the glass sample for laser energy absorption. And in case of the 

LIBWE, organic liquid having high absorption at the wavelength of incident laser beam is 

placed at backside of the glass sample. These techniques require flooding of sample either by 

some reactive gas or deposition of thin film, and then removal of thin film by chemical 

etching. Whereas, laser-induced plasma-assisted ablation (LIPAA) is relatively simple 

technique for high-speed micro-structuring and micro-machining of the transparent materials 

(Hanada, Sugioka, Miyamoto, & Midorikawa, 2005; J. Zhang, Sugioka, & Midorikawa, 

1998). In LIPAA, laser beam is focused on the metal target through glass to generate the 

plasma. The laser produce plasma expands predominantly in the direction perpendicular to 

the target surface and ablates the glass surface placed in front of the metal target. 

LIPAA is recently employed to fabricate micro-channels and graphite patterns on 

soda lime glass for applications in microfluidic devices and micro heaters (Pan et al., 2017; 

Xu et al., 2017), micro-machining of single crystal sapphire (Lu et al., 2017) and micro-

fabrication/patterning of the transparent hard materials (Y Hanada, K Sugioka, & K 

Midorikawa, 2006; MH Hong, Sugioka, Lu, Midorikawa, & Chong, 2002). The glass-based 

microfluidic devices, which are used to manipulate fluids on the micro scale level, have 

attracted increasing amount of attention due to their attractive features like small sample 

volume, large surface area relative to volume, easy manipulation, cost effectiveness and the 

optical transparency of the process. Typical dimensions (width and depth) of the channels 

used in the microfluidic devices ranges from few micrometers to several hundred 
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micrometers (Weigl, Bardell, & Cabrera, 2003). A micro-crater generated by a single laser 

shot is the first step towards the fabrication of a long micro-channel. Therefore, the 

parameters of the microfluidic devices such as width, depth, surface roughness, depend 

critically on the morphology of the micro-crater. 

Previously, the optical emission from the LIPAA of fused quartz has been diagnosed 

simply with the help of phototube (Minghui Hong, Sugioka, Lu, Midorikawa, & Chong, 

2000). It was noted that the amplitude and arrival time of the optical waveforms due to laser 

scattering, emission from the Ag target and quartz substrate depends on the laser fluence and 

target-to-substrate distance. It was concluded that the quartz ablation is caused by the target 

ablation and dynamic interaction between the target plasma and laser light. To the best of our 

knowledge, the influence of plasma parameters such as electron temperature and electron 

density on the morphology of the micro-crater in not previously reported or discussed, which 

is quite important for fundamental understanding of the process as well as to control the 

morphology of micro-crater for a particular application. 

We utilized aluminium as a target material, which is relatively cheap and will have a 

significance for mass production of the micro-devices using LIPAA. Previously, copper 

(Hanada et al., 2005; Lu et al., 2017), silver (Y. Hanada, K. Sugioka, & K. Midorikawa, 

2006; Minghui Hong et al., 2000) and tin (Béla Hopp et al., 2010) have been utilized as a 

target material for LIPAA studies of the glasses. It is important to mention that the 

comparative study to examine the influence of target material on the morphology of micro-

crater is also not available in literature. The experiments are performed in this direction and 

results are presented in Chapter 5. 

In this study, we have investigated the effects of laser fluence on the plasma 
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parameters and size of micro-craters produced during LIPAA of the soda lime glass. For this 

purpose, laser produced aluminium plasma was analyzed with the help of optical emission 

spectroscopy and size of the micro-craters were measured by the optical microscope and 

profilometer. We have demonstrated that the variation in the size of micro-craters as a 

function of the laser fluence can be related to the electron temperature and electron density of 

the plasma. Moreover, the influence of target-to-substrate distance on the size of micro-crater 

was also investigated. 

4.3. EXPERIMENTAL SETUP 

The Nd: YAG laser described in section 3.1.1 of Chapter 3 was utilized to perform 

these experiments and schematic of the experimental setup is shown in the Fig. 3.12. The  

laser beam was focused by an optical lens (focal length f = 70 cm) through a soda lime glass 

substrate onto the surface of an aluminium target having the surface area of 25×25 mm
2
 and 

3 mm thickness. The target was 99.99% pure aluminium (Al007930) purchased from the 

Goodfellow Cambridge Ltd. Some of its important properties are given in Table 4.1. The 

diameter of focused beam spot at the target was 120±8 (1/e
2
 value). The aluminium target 

was mounted on an xy-stage while the soda lime glass slide (SCHOTT Advance Optics) with 

25×25 mm
2
 area and 1 mm thickness was mounted on an independent xyz-stage. The single 

shot laser ablation threshold of the soda lime glass for 1064 nm laser beam is 950 J/cm
2
 

(Nieto, Cambronero, Flores-Arias, Farid, & O‘Connor, 2017). Both the target and substrate 

were cleaned with detergent, washed in running water and then cleaned with isopropyl 

alcohol (IPA) in an ultrasonic cleaner for about 30 minutes before the experiment. After 

plasma exposure, the glass substrate was etched with the solution of nitric and hydrochloric 

acids for 30 minutes to remove the aluminum deposits on its surface. The laser fluence was 
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varied in the range of 27-870 J/cm
2
 and the diameter of the laser spot on the target was 

measured by an optical microscope. Whole experiment was performed in single laser shot 

mode. 

Table 4.1: Some important properties of the aluminum target at room temperature 

(goodfellow) 

 

 

 

 

 

 

 

The diameter and depth of micro-craters on the glass substrate were measured with 

the help of optical microscope (LEICA) and optical profilometer (NANOVEA PS50), 

respectively. For investigation of the plasma, the optical emission from the plasma was 

guided into an optical fiber coupled with LIBS2000. The details of plasma characterization 

and LIBS2000 system are given in Chapter 3. Each spectrum was recorded using a single-

shot mode.  

4.4. CHARACTERIZATION OF THE MICRO-CRATERS 

Figure 4.1 shows six typical optical images of the micro-craters fabricated on the 

glass surface by single laser shot of various intensities. In this case Al target was in soft 

contact with the glass substrate and laser beam was focused on to the Al target. After each 

shot, the substrate and target were moved in the plane perpendicular to the beam direction to 

Parameter Value 

Purity 99.99% 

Density 2.70 g cm
-3

 

Melting point 933 K 

Thermal conductivity 237 W m
-1

 K
-1

 

Latent heat of vaporization 10800 J g
-1

 

Specific heat 900 J K
-1

 kg
-1

 

Coefficient of thermal 

expansion 

23.5×10
-6

 K
-1
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create fresh substrate and target surfaces for the next laser shot. The optical images of the 

craters shown in Fig. 2 demonstrate that almost circularly shaped micro-structures are formed 

on the glass surface which is in contact with the aluminium. One can also notice a gradual 

transition from the soft mode of ablation to the hard one with increasing laser fluence. At 

higher values of the laser fluence (≥ 219 J/cm
2
), a black strip around the rim of the crater is 

identified as a heat-affected zone (HAZ) because material is not removed from this region. 

The HAZ outside the crater is presumably subjected only to the melting process because 

temperature in this region was insufficient for the ablation. The scattered white colored 

structures around the craters are identified as the aluminium deposits by energy-dispersive X-

ray (EDX) technique. Most probably the aluminum deposits at these positions were relatively 

thick, which could not be removed by chemical etching of 30 minutes time duration. 

                   61 J/cm
2
        131 J/cm

2
       219 J/cm

2
    

                        

                             431 J/cm
2
       618 J/cm

2
    870 J/cm

2
 

                        

                   

Figure 4.1: Optical images of the micro-craters generated on the glass surface by various 

incident laser fluences. 

Figure 4.2 shows the plot of the diameter of the micro-craters as a function of the 

    
100 μm 
1.  
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laser fluence. The error bars indicate shot to shot reproducibility of the diameter of micro-

craters. At, each laser fluence three micro-craters were generated while diameter and depth of 

each micro-crater was measured and then averaged. The error in diameter and depth 

measurement is estimated from the standard deviation in three measured values. At lower 

values of the laser fluence, the diameter of the micro-crater is slightly higher than the laser 

beam diameter (120±8μm) but it monotonically rises with the laser fluence, and is then 

saturated at around 200 μm for the values of laser fluence greater than about 400 J/cm
2
. 

 

Figure 4.2: The diameter of the micro-craters as a function of the laser fluence. 

The profilometer traces across the micro-craters formed by the laser shots of different 

fluences are shown in Fig. 4.3a. It can be seen that the micro-craters are of conical shape and 

wall of the cone are quite rough. The depth profile of the micro-craters are quite analogues to 

the applied Gaussian profile of the laser beam. The observed variation of micro-craters 

diameter with the laser fluence is in agreement with previous LIPAA studies performed on 

soda lime glass, fused-quartz and single crystal sapphire (Lu et al., 2017; Pan et al., 2017; J. 

Zhang et al., 1998). 
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The depths of the micro-craters were obtained by fitting Gaussian curves on the 

profilometer traces and are plotted as a function of the laser fluence in Fig. 4.3b. In line with 

the diameter, the depth of micro-craters also increases with the laser fluence and seems to 

reach saturation at higher values of the laser fluence. 

 

 

Figure 4.3: (a) Profilometer traces of the micro-craters generated on the glass surface by 

various incident laser fluencies, (b) the depth of micro-craters as a function of the laser 

fluence. 
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The optical images of the micro-craters formed by increasing gap distance, from 0 to 

500 μm, between the glass and Al target are shown in Fig. 4.4. The gap distance is taken 

equal to 0 μm when glass and Al target are in soft contact with each other. For these 

measurements laser fluence was 870 J/cm
2
 and the laser beam focus was always maintained 

at the Al target. The fluence beyond 900 J/cm
2
 results in air breakdown and cannot used for 

our experimental arrangements. In addition to the backward displacement of glass substrate 

towards the laser to increase the gap distance, the glass substrate and Al target were also 

given about 2 mm displacement in the plane perpendicular to the beam direction before every 

laser shot to bring pristine substrate and target surfaces in the beam line. The anisotropic 

diameter formation of micro-craters fabricated at gap a distance of 200 µm and 500 µm is 

due to non-uniform plasma expansion.  

               0 μm       100 μm      200 μm   

                    
                  300 μm     400 μm      500 μm 

                    

 

Figure 4.4: Optical images of the micro-craters generated on the glass surface for various 

target-to-substrate distances at the laser fluence of 870 J/cm
2
. 

    
100 μm 
2.  
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The micro-craters diameter and depth determine from the optical images and 

profilometer traces, respectively, are plotted as a function of gap distance in Fig. 4.5. Both 

the crater diameter and depth linearly decrease with the increase of gap distance. 

 

Figure 4.5: The diameter and depth of micro-craters as a function of the target-to-substrate 

distance. 

4.5. CHARACTERIZATION OF THE LASER PRODUCED AL PLASMA 

In order to understand the LIPAA process in general and to reasonably explain the 

results reported in Fig. 4.1-4.5, it is necessary to have the knowledge of the characteristic 

plasma parameters (electron temperature and number density) and their dependence on the 

applied laser fluence. For this purpose the emission spectra from the laser-induced 

aluminium plasma was collected at the same values of laser fluence that were used for the 

formation of micro-craters shown in Fig. 4.1. But the glass substrate was removed during the 

optical emission studies to reduce the complexity of the spectra due to the excitation of glass 

constituent atoms. The optical spectra recorded in the wavelength range of 200-700 nm 
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showed that the plasma plume is the mix of Al neutrals and ions. Three sections of a 

spectrum from the plasma generated by the laser fluence of 729 J/cm
2
 are shown Fig. 4.6, 

which display various neutral Al lines that were used to estimate the electron temperature and 

number density. The emission lines were identified by comparing the recorded spectra with 

the NIST database (NIST, Data Base, 2015). 

 

Figure 4.6: Emission spectrum of the laser produce aluminium plasma at the laser fluence of 

729 J/cm
2
. 

The electron temperatures of the plasma generated at various laser fluences were 

estimated by the Boltzmann plot method. For the plasma in local thermal equilibrium (LTE), 

the population of excited states follows the Boltzmann distribution function, which is given 

as (Aragón & Aguilera, 2008; Harilal, O‘Shay, Tillack, & Mathew, 2005): 

  (
      

     
)    

  

    
    

 ( )

 ( )
    (4.1) 

where λki, Iki, gk, Aki and Ek are the wavelength, intensity, statistical weight, transition 

probability and energy of the upper level, respectively. And kB, Te,N(T) and U(T) are 

Boltzmann constant, electron temperature, total number density and partition function, 

respectively. From equation (4.1), a plot of   (
      

      
) versus Ek for the observed set of 



75 

 

spectral lines follows a straight line and its slope ( 
 

    
) gives the electron temperatutre. 

The transition lines at 256.8 nm, 257.5 nm, 265.2 nm, 266.1 nm, 305.7 nm, 394.4 nm and 

396.1 nm were used to estimate the electron temperature. The spectroscopic parameters of 

these spectral lines taken from the NIST database are given Table 4.2. A typical Boltzmann 

plot for the plasma generated with the laser fluence of 729 J/cm
2
 is shown in Fig. 4.7.  

Table 4.2: Spectroscopic data of the neutral aluminium lines (NIST, Data Base, 2015). 

 

 

Figure 4.7: Boltzmann plot of the aluminium spectral lines used for the measurement of 

electron temperature. 

Wavelength 

λ (nm) 

Statistical weight 

gk 

Transition probability 

A (s
-1

) 

Upper level energy 

Ek(cm
-1

) 

256.81 4 2.3×10
7
 38929.41 

257.51 6 2.8×10
7
 38933.97 

265.23 2 1.3×10
7
 37689.40 

266.07 2 2.6×10
7
 37689.40 

305.79 6 7.5×10
7
 61843.54 

394.45 2 4.9×10
7
 25347.75 

396.15 2 9.8×10
7
 25347.75 
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The estimated electron temperature of the plasma generated by different laser 

fluences is plotted in Fig. 4.8. As the laser fluence increases from about 6 J/cm
2
 to 200 J/cm

2
, 

the electron temperature increases from 6320 K to 9680 K, and saturates at higher values of 

the laser fluence. The Boltzmann fitting of electron temperature has a reasonable R
2
 value 

although there is plateau and then gradual increase in electron temperature as a function of 

laser fluence. It is probable for short laser pulse produce plasma.   

 

Figure 4.8: Variation of the electron temperature (Te) and electron density (Ne) as a function 

of the laser fluence. 

The electron number density, Ne, of the plasma was calculated by the stark 

broadening of different spectral lines. Ne is related to the FWHM of stark-broaden line     ⁄  

as (Harilal, Bindhu, Issac, Nampoori, & Vallabhan, 1997; HR, 1964): 

    ⁄    (
  

    
)      (

  

    
)
  ⁄

 (  
 

 
  

   ⁄ ) (
  

    
)  (4.2) 

where w, A and ND are the electron impact width parameter, ion broadening width parameter 

and number of particles in the Debye sphere, respectively. The first term in right side of Eq. 
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(4.2) corresponds to the broadening caused by the electron impact and the second term is the 

ion correction factor. For non-hydrogenic ions the Stark broadening is predominantly due to 

electron impact and the ion correction factor can be safely neglected (Harilal et al., 1997). As 

a result, Eq. (4.2) reduces to: 

   ⁄    (
  

    
)   (4.3) 

 

The Al spectral lines at 257.5 nm, 265.2 nm and 308.2 nm were used to determine the 

electron number density because these are not resonant lines and their shape matches the 

Lorentzian profile. A typical stark broadened profile of 257.5 nm line is shown in Fig. 4.9. 

 

Figure 4.9: Typical Stark broaden profile of the aluminum spectral line at 257.51 nm. The 

full line is Lorentzian fit to the experimental data points. 

The true line width of the spectral lines was obtained by subtracting the instrumental 

line width from experimentally observed FWHM. The instrumental line width of the 

spectrometer measured by using a narrow line width dye laser was 0.05 nm. The values of 
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stark broadening parameters were obtained from the reference (Griem). The electron number 

density obtained for above mentioned three spectral lines was averaged and plotted as a 

function of the laser fluence in Fig. 4.8. Similar to the electron temperature, the electron 

number density also increases with fluence and then seems to saturate at higher values of the 

fluence. 

The assumption that plasma is in local thermodynamic equilibrium requires that 

atomic and ionic states are populated and depopulated mainly by electron collisions rather 

than the radiation. Therefore the electron density of the plasma should be sufficiently high to 

ensure a high collision rate. The electron density required to achieve the LTE condition is 

given by the McWhitter criterion (Ferrari, 1967) as: 

  (  
  )             

   
   

   (4.4) 

where ∆E (eV) is energy difference between upper and lower level transition and Te is 

electron plasma temperature. Taking        eV for 257.5 nm spectral line and    

      K (the highest measured Te), Eq. (4.4) gives minimum electron number density 

required to satisfy the LTE condition is 1.834×10
14

 cm
-3

. As it can be seen in Fig. 9, the 

measured electron density was always greater than this limiting value, which validates the 

existence of LTE condition in our experiment.  

4.6. LIPAA MECHANISM/MODEL 

The mechanism of LIPAA of glasses has been discussed in the recent literature 

(Hanada et al., 2005; Pan et al., 2017; Xu et al., 2017). The laser beam passes through the 

glass substrate and strikes onto the metal target, resulting in the heating, melting and 

vaporization of the material in the irradiated area of the target. After a couple of hundred 

picoseconds laser-induced plasma of the ablated material is generated, which propagates 
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towards the rear side of the glass. As the laser pulse duration is in nanosecond time scale, a 

part of laser energy is absorbed by the plasma through the inverse bremsstrahlung process, 

which results in the isothermal expansion of the plasma (Rajiv K. Singh & Narayan, 1990). 

When the hot plasma arrives at the rear surface of the glass, the plasma-glass interaction zone 

gets heated, melted and vaporized. At the same time, a shockwave generated by the plasma 

expansion induces a significant recoil pressure on the molten pool of the glass. For the range 

of laser fluence used here, 30-870 J/cm
2
, the measured peak pressure of the shockwave 

generated by the Al plasma is in the range of 1-10 GPa (Fabbro, Fournier, Ballard, Devaux, 

& Virmont, 1990). The material from the molten glass pool is then ejected due to shock wave 

pressure and as a result a crater on the glass surface is created. The shape of the laser plasma 

at its initial stage is elliptical with its major axis along the axial direction of the laser beam. 

Besides other factors, the size of minor axis (or radial dimension) of the elliptical plasma also 

depends upon the laser fluence (Conesa, Palanco, & Laserna, 2004; Hussein, Diwakar, 

Harilal, & Hassanein, 2013). The radial dimension of the plasma is known to increase with 

the rise of incident laser fluence because laser pulse of higher power density provide more 

energy at the edges of the Gaussian laser beam spot for which ablation threshold can be 

reached. The increase of micro- craters diameter with the rise of laser fluence up to ~300 

J/cm
2
(see Fig. 4.2) can be both due to increase in radial dimension of the plasma and 

temperature of the plasma (see Fig. 4.8). The saturation of diameter at higher values of the 

laser fluence is presumably due to the reflection and/or absorption of laser radiation by the 

plasma itself. Laser reflection from the plasma becomes dominant when plasma frequency is 

greater than the laser frequency (Harilal et al., 1997). The frequency of 1064 nm laser beam 

is              Hz and the plasma frequency is given as              
    Hz, 
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where Ne is the electron density of the plasma. Taking         cm
-3

 (Fig. 4.8), the 

estimated plasma frequency              Hz, which shows that      , indicating that 

the energy loss due to reflection of the laser beam from the plasma is negligible. 

4.7.     INVERSE BREMSSTRAHLUNG (IB) ABSORPTION COEFFICIENT 

          The plasma absorbs laser radiation mainly through the processes known as inverse 

bremsstrahlung (IB) and resonance absorption (RA). These processes transfer 

electromagnetic energy of laser pulse into the plasma thermal energy. The absorption via IB 

is dominant when          Wμm
2
/cm

2
, while RA becomes significant when          

Wμm
2
/cm

2
 (Burdt et al., 2010; Roudskoy, 2009). Where I and λ are the laser irradiance and 

wavelength, respectively. For the highest laser fluence used here (i.e. 870 J/cm
2
)     

          Wμm
2
/cm

2
, so the contribution of RA can be ruled out. The absorption 

coefficient of the IB process is approximated as (Burdt et al., 2010; Harilal et al., 1997): 

   (  
  )                

   
      (4.5) 

where λ (μm) is the wavelength of laser photon. The IB absorption coefficient is plotted as a 

function of the laser fluence in Fig. 4.10.  

 

Figure 4.10: Variation of the inverse bremsstrahlung (IB) absorption coefficient as a function 

of the laser fluence. 
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It can be noted that the rate of IB absorption increases with the laser fluence. The 

enhancement of plasma absorption due to IB process at high fluence levels have been 

previously reported (Jordan & Lunney, 1998; Shaikh, Hafeez, Rashid, & Baig, 2007). At 

higher fluence levels the plasma produced by leading part of the laser pulse becomes so 

dense that it prevents the trailing part of laser pulse from reaching the target. So bulk of the 

energy in trailing part of the laser pulse is absorbed by the plasma via IB mechanism. 

Consequently, at higher values of the incident laser fluence, the actual laser energy delivered 

to the target is reduced. It has been theoretically proved that at higher fluence levels, when 

considerable amount of laser energy is absorbed by the plasma, a self-regulating regime may 

establish in front of the target and the ablation yield (and so does the radial dimension of the 

plume and hence the diameter of the micro-crater at the glass substrate) do not increase 

further with the rise of laser fluence (Caruso & Gratton, 1968; Rajiv K Singh, Holland, & 

Narayan, 1990). It is interesting to note that the behavior of plasma electron temperature and 

number density (Fig. 4.8) is quite identical to the variation of the micro-crater's diameter with 

increasing laser fluence (Fig. 4.2), which also supports the above given explanation. 

Moreover, it is important to mention that the yield of ablated target particles (atoms, ions and 

cluster) also increases with the laser fluence. The scattering of laser photons from the ablated 

particles thus become significant at higher fluence levels, which can also saturate the ablation 

yield and size of the micro-crater. 

As it is indicated above, the ablated target atoms and ions are also present in the laser 

plume, whose kinetic energy known to increase gradually from few tens of eV to several keV 

with the rise of incident laser fluence (Dogar, Ullah, Qayyum, Rehman, & Qayyum, 2017; 

Rajiv K Singh et al., 1990). The increase of micro-craters depth with the laser fluence (Fig. 
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4.3) is presumably due to reason that higher energy particles effects deeper into the glass 

along with the greater plasma temperature and shockwave pressure. The decrease of micro-

craters diameter and depth (Fig. 4.5) with the rise of target-to-substrate distance can be 

explained by the lower influence of plasma at extended distances from the plasma ignition 

point. The plasma at the target surface is densest and plasma particles have highest kinetic 

energy. But the density of plasma decreases as the plasma expands in the gap between target 

and substrate, and the plasma particle lose energy due to collision with the air molecules. 

4.8. CONCLUSION 

LIPAA of soda lime glass have been performed to investigate the effects of laser 

fluence and target-to-substrate distance on the size of micro-craters. Furthermore, the plasma 

parameters have been estimated by using optical emission spectroscopy. All experiments 

have been conducted in a single pulse mode of laser radiation at 1064 nm wavelength and 6 

ns pulse duration. Significant similarities in the variation of the size of micro-craters 

(diameter and depth) and plasma parameters (electron temperature and density) as a function 

of the laser fluence have been observed. The initial increase in the size of micro-craters with 

the rise of laser fluence can be attributed to the increase in the radial dimension, temperature 

and density of the plasma. Whereas the saturation in the size of micro-craters at higher 

fluence levels is presumably due to absorption of the laser radiation by the plasma via inverse 

bremsstrahlung mechanism and scattering of the incident laser photons from the ablated 

target particles. We have also shown that the ability of laser plasma to generate 

microstructures on the glass surface decreases with the increase of target-to-substrate 

distance. However, laser plasma can be used to fabricate microstructures on the glass surface 

placed up to several hundred micrometers away from its ignition point. Our results 
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demonstrate that both the laser fluence and target-to-substrate distance can be used to 

regulate the size of ablated micro-structure on the glass surface. We believe that these 

experimental results will provide valuable insight into LIPAA process and are quite useful 

for various applications. 
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Chapter 5 

THE ROLE OF SACRIFICIAL TARGET MATERIAL IN 

MICROMACHINING OF GLASS USING LASER-INDUCED PLASMA-

ASSISTED ABLATION (LIPAA) 

The experimental results presented in this chapter are accepted for publication in the 

journal ―Radiation Effects and Defects in solid‖ (T. U. Rahman et al., 2021. DOI: 

10.1080/10420150.2021.1903895).  

5.1. ABSTRACT 

Laser produced metal plasma was used to fabricate micro-craters on the surface of the 

soda lime glass. The glass micro-crater machined by a single laser pulse is the first step 

towards the fabrication of a complex optical component and an elongated channel for the 

microfluidic devices. In this study, the role of the type of sacrificial material plasma on the 

structure of glass micro-craters was explored. For this purpose, aluminum and tungsten were 

used as the sacrificial target materials. The laser fluence and the gap distance between glass 

and metal target were varied in the range of 27-970 J/cm
2
 and 0-500 μm, respectively. The 

optical microscope and surface profilometer were used to analyze the structure of micro-

craters. The size of glass micro-crater was observed to depend on the laser fluence for both 

Al and W plasmas. However, the size of glass micro-crater fabricated by Al plasma was 

much bigger than that of the W plasma. Moreover, the structure of the micro-crater also 

depends on the gap distance. The measured ablation yield of metal targets, size of expanding 

plasma and the physical processes occurring at the plasma-glass interface were used to 
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explain the observed difference in the structure of glass micro-craters fabricated by Al and W 

plasmas. 

5.2. INTRODUCTION 

Nowadays micro- and nano-fabrication of transparent materials is a vigorously 

studied research area due to its variety of applications in micro-optics, microfluidics, 

optoelectronics and lab-on-chip technologies (Liu et al., 2012; Nieto et al., 2015; Sima et al., 

2018). As compared to the conventional chemical and photolithography techniques (Chen, 

2015; Knotter, 2000; Ko et al., 2014; Vieu et al., 2000), the laser micro-structuring of glass is 

comparatively simple process and have some desirable aspects, such as a single-step 

procedure, greater control over the morphology of microstructures and it can be conveniently 

inserted into the production line. But it is difficult to directly imprint the glass because 

glasses are nearly transparent to Vis-IR laser radiation. Therefore several indirect laser 

micro-machining methods have been proposed that involve the deposition of an absorbing 

layer on the glass surface such as the laser induced front side etching (LIFE)  (Nieto, 

Cambronero, Flores-Arias, Farid, & O‘Connor, 2017), laser induced backside dry etching 

(LIBDE) (B Hopp et al., 2008; B Hopp, Vass, & Smausz, 2007) and laser etching using self-

regulating absorbed layer (LESAL) (Böhme, Hirsch, & Zimmer, 2006; Böhme & Zimmer, 

2004). The laser energy thus absorbed at the glass-absorber interface cause melting and 

evaporation of the glass. These techniques are quite effective for glass etching but require 

first the deposition and later removal of the absorbing layer from glass by some chemical 

etching methods. In contrast, laser induced plasma assisted ablation (LIPAA) is a more 

robust and relatively simple technique to fabricate microstructures on the transparent 

materials (Hanada, Sugioka, Miyamoto, & Midorikawa, 2005; Zhang, Sugioka, & 
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Midorikawa, 1999). In LIPAA technique, a metal target is placed at about zero to a few 

hundred micrometers behind a transparent substrate, and the laser is focused on the metal 

target. Laser fluence is kept higher than the target material‘s ablation threshold but far lower 

than the damage threshold of the transparent substrate. The laser plasma created at the metal 

target moves in backward direction and etches the rear surface of the glass. Recently, LIPAA 

has been successfully used for the patterning and micromachining of different glasses, and 

the fabrication of glass electrofluidic devices (Y. Hanada, K. Sugioka, & K. Midorikawa, 

2006; Sarma & Joshi, 2020). A micro-crater created by a single laser pulse is the first stage in 

constructing an elongated micro-channel. So, the study of the influence of laser and target 

material parameters on the structure of a micro-crater is vital to fabricate microchannel of the 

required dimensions. 

Generally, the effect of laser fluence on the structure of glass micro-crater have been 

reported for IR laser beam (Y. Hanada et al., 2006; Hong, Sugioka, Lu, Midorikawa, & 

Chong, 2002; Lu et al., 2017; Sarma & Joshi, 2020). In rare instances, UV laser beams have 

also been used for the LIPAA of fused quartz. But comparative study to investigate the 

influence of laser wavelength on the LIPAA of glass is not available. Similarly, different 

types of sacrificial materials such as copper (Hanada et al., 2005; M. H. Hong et al., 2002), 

silver (Y Hanada, K Sugioka, & K Midorikawa, 2006), aluminum (T. U. Rahman, 2019) and 

tin (Béla Hopp et al., 2010) have been used to generate micro-channel on the surface of the 

glass using LIPAA. However, a solely devoted investigation to explore the role of sacrificial 

material on the structure of glass micro-crater is non-extant. It is worth mentioning that the 

IR laser beam ablation of aluminum (Torrisi, Ando, Gammino, Krasa, & Laska, 2001) and 

tungsten (Torrisi, Andò, Ciavola, Gammino, & Barna, 2001)have been rigorously 
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investigated. 

Here aluminum and tungsten targets, which have quite different physical and thermal 

properties, were employed as a sacrificial material to fabricate micro-craters on the soda lime 

glass surface using LIPAA. The structure of the micro-craters was investigated by means of 

an optical microscope and surface profilometer. The structure of glass micro-crater fabricated 

by the aluminum and tungsten plasmas were compared. The measured ablation yields of 

aluminum and tungsten targets were used to explain the observed disparity in the structure of 

micro-craters.  

5.3. EXPERIMENTAL SETUP 

The plan of experimental setup is given in Chapter 3 (see Fig. 3.12) and its detailed 

description is given in Chapter 4 (4.3).  Briefly, the high purity (99.99 %) aluminum and 

tungsten targets, with the dimension of 25×25×3 mm
3
, were used as the sacrificial material. 

The relevant physical and thermal parameters of the aluminum and tungsten targets are listed 

in Table 5.1.  

Table 5.1: The relevant parameters of the target materials. 

Parameter Aluminum Tungsten 

Purity 99.99% 99.99% 

Density 2.70 g cm
-3

 19.30 g cm
-3

 

Melting point 

Boiling point 

660 
o
C 

2470 
o
C 

3,422 
o
C 

5330 
o
C 

Thermal conductivity 237 W m
-1

 K
-1

 173 W m
-1

 K
-1

 

Heat of vaporization 293 kJ mol
-1

 800 kJ mol
-1

 

 

The soda lime glass microscope slides (SCHOTT Advance Optics), having dimension 
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of 25×25×1 mm
3
, were used as the substrate. The chemical composition and physical 

properties of soda lime glass are listed in Table 5.2 and Table 5.3, respectively.  Prior to the 

experiment both metal targets and glass substrates were wiped with the detergent, rinsed in 

water and IPA in an ultrasonic cleaner.  

Table 5.2: Chemical composition of the employed soda lime glass slide. 

Compound Weight (%) 

SiO2 72.60 

Na2O 13.09 

CaO 8.40 

MgO 3.90 

Al2O3 1.10 

K2O 0.60 

SO3 0.20 

Fe2O3 0.11 

 

Table 5.3: Optical and physical properties of the soda lime glass slide. 

Property Value 

Thickness 

Transmission at 1064 nm 

1 mm 

91% 

Refractive index 1.51 

Density 2500 kg/m
3
 

Thermal conductivity 0.937 W/(m K) 

Softening temperature 715 °C 

Specific heat 0.88 kJ/(kg K) 

 

The glass substrate was fixed on a 3-dimensional translational stage in front of the 

metal target. The metal target was mounted on a separate 2-dimensional translational stage. 

In order to remove metal deposits on the glass surface, the glass substrates were etched in the 

solution of hydrochloric and nitric acids for 30 minutes after the plasma exposure. The 
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structure of glass micro-craters was investigated using a LEICA optical microscope and 

optical surface profilometer. 

5.4. DESCRIPTION OF GLASS MICRO-CRATERS GENERATED BY AL AND 

W PLASMAS 

Figure 5.1 shows plots of the diameter of glass craters versus laser fluence when Al 

and W were used as the sacrificial material. The glass surface and the target (Al or W) was in 

soft contact during this measurement. The inset shows two typical glass crater micrographs 

fabricated by single laser shot ablation of Al and W with the fluence of 431 J/cm
2
. The 

optical micrographs demonstrate that almost circular shaped craters were formed on the glass 

surface. The barely measurable crater on the glass was appeared at the fluence of 27 J/cm
2
 

and 219 J/cm
2
 for Al and W plasmas, respectively. Subsequently, the glass crater diameter 

increases monotonically with fluence of both plasmas and tends to saturate at higher fluence 

levels. In case of the Al plasma the crater diameter is consistently larger as compared to that 

of the W plasma.  Moreover, in case of the Al plasma, the glass crater diameter is larger than 

the laser beam diameter even at the lowest fluence (27 J/cm
2
) used here. Whereas for the W 

plasma, the crater of slightly smaller diameter than the laser beam diameter was also 

observed at 219 J/cm
2
 laser fluence. Most probably the metal deposits at these positions were 

relatively thick, which could not be removed by the chemical etching of 30 min time 

duration. 

A surface profilometer was used to measure the depth of glass craters. The inset of 

Fig. 5.2 shows two typical profilometer trace of the glass craters fabricated by single shot 

laser ablation of Al and W targets with 870 J/cm
2
 laser fluence.    
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Figure 5.1: The diameter of glass micro-craters manufactured by Al and W plasmas versus 

laser fluence. Inset shows distinctive optical micrographs of the glass micro-craters 

manufactured by Al and W plasmas at 431 J/cm
2
 laser fluence. 

 

Fig. 5.2 shows the plot of glass micro-craters depth versus laser fluence. For the laser 

fluence of less than ~618 J/cm
2
, the depth of glass micro-crater was not measurable in case of 

the W plasma because such small depth cannot be measured with the help of employed 

surface profilometer. 

 

Figure 5.2: The depth of glass micro-crater versus laser fluence for Al and W plasmas. Inset 

shows cross sections of the glass micro-craters fabricated by Al and W plasmas at 870 J/cm
2
 

laser fluence. 
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For the given laser fluence, the depth of glass micro-crater fabricated by the Al 

plasma was much greater than that of the W plasma. However, both material plasmas caused 

a similar trend concerning the evolution of glass micro-crater depth with the rise of laser 

fluence i.e. the crater depth rises more or less linearly with the fluence. Fig. 5.3 shows the 

dependence of glass micro-crater diameter and depth on the gap distance between metal 

target and glass.  

The laser focus point was always maintained on the surface of the metal target during 

these measurements. It can be seen that for both Al and W plasmas, the depth and diameter 

of glass crater reduces with the increase of gap distance. These results again demonstrate that 

the size of glass micro-crater fabricated by Al plasma is larger than that of the W plasma. 

 

Figure 5.3: The diameter and depth of glass micro-crater versus gap distance between metal 

target and glass substrate. 
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5.5. MEASUREMENT OF THE LASER ABLATION YIELD OF AL AND W 

TARGETS 

The ablation yield of Al and W targets can be estimated from the volume of the 

corresponding crater formed on these targets. Fig. 5.4 shows typical depth profile of a crater 

formed on the Al target with the laser fluence of 870 J/cm
2
. It can be seen that the parabolic 

curve provides nice fit to the experimental data. As the laser beam has a Gaussian profile, 

one can safely assume that the crater is a paraboloid whose volume is given as   

(  ⁄ )   , where h is the height and r is the radius of the fitted parabolic curve. The mass of 

ablated material and the corresponding number of atoms were estimated from the volume of 

the crater.  

 

Figure 5.4: A typical depth profile of the ablated crater on the Al surface at 870 J/cm
2
 laser 

fluence. Here r and h are the radius and height of the parabolic curve fitted on the 

experimental data. 

Fig. 5.5 shows the ablation yield of Al and W targets as a function of laser fluence. 

Firstly, the number of ablated atoms increases with the rise of laser fluence for both targets. 
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Secondly, at a given fluence, the number of ablated atoms from the Al target are 

approximately an order of magnitude higher than the W target, which is due to the 

substantially lower melting temperature of the Al target. For example, at the fluence of 870 

J/cm
2
, aluminum has higher ablation yield of about 2.0×10

16
 atoms/shot, corresponding to 

3.5×10
15

 tungsten atoms/shot. As it is already reported (Torrisi, Borrielli, & Margarone, 

2007) the observed difference in ablation yield of Al and W is attributed to their quite 

different physical and thermal properties (see Table 5.1). Previously, the ablation yield of Al 

and W measured at the fluence of 14.6 J/cm
2
 in vacuum and at an incident angle of 45° are 

1.14×10
16

 atoms/shot (Torrisi et al., 2000) and 3.17×10
15 

atoms/shot (Torrisi et al., 2000; 

Torrisi, Andò, Ciavola, Gammino, & Barna, 2001), respectively. In these studies, the ablation 

yield per shot was measured by means of the target mass difference before and after 1000 

laser pulses. Whereas, we measured in air environment with the incident angle of 90° and 

data was extracted from the surface crater produced by a single laser shot. So, the direct 

comparison of our measured ablation yield to the literature is not feasible, nevertheless, 

literature data also indicates that ablation yield of Al is higher than that of W. 

 

Figure 5.5: The ablation yield of Al and W targets versus laser fluence. 
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5.6. DISCUSSION 

According to the recently reported literature (Pan et al., 2017; T. U. Rahman, 2019; 

Xu et al., 2017), the formation of crater on glass surface using LIPAA can be explained with 

the help of the sequence of physical processes illustrated in Fig. 5.6. After passing through 

the glass, laser beam impinges on the metal target. As the leading edge of the laser pulse 

interacts with the metal target, it initiates a series of physical processes such as heating, 

melting and vaporizing the target material. The target material plasma is generated, and it 

starts propagating to the back surface of the glass. The lagging section of the laser pulse is 

thus soak up in the plasma through the inverse bremsstrahlung (IB) process, as a result 

isothermal plasma expansion takes place (Singh & Narayan, 1990). As the sizzling plasma 

interact with the rear glass surface, heating of the plasma-glass interaction zone takes place. 

Simultaneously, the expanding plasma generates a shockwave that applies a recoil pressure 

on the melted glass surface. The major part of the molten glass is ejected by the impact of 

shockwave, therefore, a crater is generated on the rear glass surface. 

At the initial stage, the laser plasma has an elliptical shape having its major axis in the 

laser beam direction because plasma expands predominantly in the direction of surface 

normal. The radial dimension of the plasma, however, depends on the diameter of laser beam 

and value of the fluence at the target. It has been reported that for the given laser beam 

diameter, the radial extent of the plasma depends on the laser fluence (Conesa, Palanco, & 

Laserna, 2004; Hussein, Diwakar, Harilal, & Hassanein, 2013). Because with the rise of 

fluence, laser energy at the periphery of beam spot gradually increases and become sufficient 

for the target ablation. For both plasmas, the initial increase of the glass crater diameter with 

the fluence (see Fig. 5.1) is thus attributed to growth in the radial extent of the plasma. The 
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saturation of glass crater diameter at higher fluence levels is likely because of the laser 

energy absorption in the plasma by IB process. Consequently, the laser energy supplied to the 

metal target is decreased. The saturation of target ablation due to the IB absorption has been 

thoroughly discussed in Chapter 4 (T. U. Rahman, 2019). 

 

Figure 5.6: Schematic illustration of the LIPPA of glass (a) laser ablation of target material 

causing the creation of plasma, (b) isothermal expansion of plasma plume and its interaction 

with the glass substrate, (c) ejection of molten glass debris and the creation of micro-crater 

on the glass surface. 
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The relatively large crater diameter on the glass produced by Al plasma as compared 

to the W plasma (Fig. 5.1), can be attributed to the two factors. First, as the laser beam has a 

Gaussian profile, only central part of the beam spot has high enough temperature for ablation 

to take place in case of the W target. Whereas, the fluence on the edges/shoulders of the laser 

spot is not enough to ablate W, resulting in the plasma plume of smaller radial dimension. 

Unlike the W target, the temperature in the whole beam spot was enough to ablate Al target 

even at the lowest laser fluence used here (see very different thermal properties of Al and W 

in Table 5.1). Therefore, the diameter of glass crater in case of Al plasma is always greater 

than of the crater produced by the W plasma.  Secondly, as it is already reported (Torrisi, 

Andò, Ciavola, Gammino, & Barna, 2001), the angular distribution of the ablated metal 

particles that struck the glass surface have large angular distribution in case of the Al as 

compared to the W target. The isotropic, smooth and clean micro-craters are required for 

some practical applications like microfluidic devices. The debris deposition along the micro-

craters is one of the drawbacks of short pulse laser micromachining. The chemical etching 

can be employed to remove the debris deposited along the micro-craters fabricated by 

LIPAA technique. 

The increase of glass crater depth (Fig. 5.2), for both Al and W plasmas, with the rise 

of laser fluence is credited to the rise in the number of ablated Al and W atoms that struck on 

the glass surface (Fig. 5.5). And consistently larger depth of glass craters, in case of the Al 

plasma as compared to W plasma (Fig. 5.2), is most probably due to the availability of an 

order of magnitude higher number of Al atoms that impact on the glass surface. The observed 

decrease of the glass crater diameter (Fig. 5.3) with the rise of gap distance is related to the 

lower plasma impact at prolonged distances from the plasma ignition point. It has been 
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reported that the plasma cools down and its density decreases as it expands,
 
and also the 

kinetic energy of ablated particle is mitigated due to their interaction with the air particulates 

(Harilal, Bindhu, Issac, Nampoori, & Vallabhan, 1997; Harilal, Bindhu, Nampoori, & 

Vallabhan, 1998).
 
 

5.7. CONCLUSION 

Nanosecond pulsed laser produced Al and W plasmas have been utilized to fabricate 

micro-craters on the glass surface. The ablation yields of Al and W targets have been 

measured to elaborate the role of two different type of plasmas on the crater structure. The 

main experimental findings of this work are as follows: 

1. The threshold for the formation of glass micro-crater by Al plasma is about at an order of 

magnitude lower value of the laser fluence as compared to the W plasma. 

2. The size (depth and diameter) of glass micro-crater gets bigger with the growth of laser 

fluence for both type of plasmas. 

3. For the given fluence, the size of glass micro-crater generated by Al plasma is always larger 

than that of the micro-crater generated by the W plasma. 

4. For both plasmas, the size of glass micro-crater decreases with the gap distance. 

5. Laser plasma can effectively create micro-crater on the glass up to the distance of several 

hundred micrometers from the place of its ignition. 

6. The sacrificial material, laser fluence and gap distance may be employed to tailor the size of 

glass micro-crater. 

We conclude that the experimental findings reported here offer important insight of the 

LIPAA mechanism and are beneficial for numerous glass micromachining applications such 

as the micro-optics, microfluidics, optoelectronics and lab-on-chip technologies. 
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Chapter 6 

ENHANCEMENT OF PULSED LASER-INDUCED SILICON PLASMA-

ASSISTED QUARTZ ABLATION BY CONTINUOUS WAVE (CW) 

LASER IRRADIATION 

The results presented in this Chapter have been published in the Journal of Laser 

Applications (Rahman et al., 2019. DOI: 10.2351/7.0000014). 

6.1. ABSTRACT 

The effect of cw laser irradiation on micromachining of quartz by LIPAA is studied. 

The significant enhancement in quartz ablation due to cw laser irradiation is observed. The 

fiber laser operating at 1064 nm wavelength and 5 ns pulse width is utilized to produce 

silicon plasma for micromachining of quartz whereas a cw laser (λ=808 nm) is used for 

ablation enhancement. The gap distance between target and substrate is 20 µm. The 

microfeatures and silicon craters are characterized with the help of an optical microscope and 

a surface profiler. It is observed that, the diameter, depth, and volume of the microfeatures 

increase linearly with the fluence of cw laser in the range of 3.5-10.2 µJ/cm
2
.  Below the 

fluence of 3.5 µJ/cm
2
 there is no significant enhancement in the quartz ablation. The 

maximum increase in the diameter, depth, and volume of microfeatures due to cw laser 

irradiation is 35±6.4%, 198±11.9%, and 443±48.8%, respectively. The analysis of 

corresponding silicon craters reveal that the silicon ablation rate also increases with the 

fluence of cw laser. The variation in size (diameter & depth) and volume of the quartz 
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microfeatures as a function of the cw laser fluence is quite identical to the change in the size 

of silicon craters. The enhancement of quartz ablation is explained by the physical 

mechanism resulting due to the interaction of cw laser with silicon target.  

 6.2. INTRODUCTION 

Laser ablation is one of the important techniques to produce micro-structures on 

transparent materials (Al-Halhouli, Al-Faqheri, Alhamarneh, Hecht, & Dietzel, 2018; Ji, 

Yan, & Ma, 2019; Kostyuk, Sergeev, Zakoldaev, & Yakovlev, 2015; Sen, Doloi, & 

Bhattacharyya, 2018; Wang et al., 2018; Williams & Lavery, 2017). Glass micro-structuring 

has extensive applications in different fields of science and technology. The micro-fluidic 

devices or lab-on-chips are fabricated by micromachining of glasses using different methods. 

These micro-fluidic devices are extensively used in fluid mechanics, biology, electronics and 

mechanical engineering (Italia et al., 2018; Nieto et al., 2015; Nieto, McGlynn, de la Fuente, 

Lopez-Lopez, & O‘connor, 2017). Different sophisticated methods, like electro-chemical 

discharge machining (ECDM), micro-milling, photolithography, wet and dry etching, deep 

plasma etching, and glass moulding are versatile for the fabrication of micro-structures on 

transparent materials (Dietrich, Ehrfeld, Lacher, Krämer, & Speit, 1996; Ichiki, Sugiyama, 

Ujiie, & Horiike, 2003; Kobayashi, Zhou, Shimada, Mizutani, & Kuriyagawa, 2013; 

Mourzina, Steffen, & Offenhäusser, 2005; Zhu, Holl, Ray, Bhushan, & Meldrum, 2009). 

Microfeature fabricated on the glass surfaces by laser ablation offers many advantages over 

these conventional and non-conventional micro-machining techniques. 

The glass micro-structuring via laser ablation is one-step process and does not require 

sophisticated equipment and clean environment. Non-conventional method such as ECDM, 
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involves several steps like electrolysis, hydrogen gas bubble formation & accumulation, gas 

film formation, and high sparks (Singh & Dvivedi, 2016). The laser processing of transparent 

materials whereas is facile and time saving as compared to the ECDM. 

The major issue with the laser processing of glass is its transparency, which can be 

overcome by using different methods to enhance the absorption of laser energy into the 

transparent materials. For this purpose several methods, like laser induced front side etching 

(LIFE), laser induced backside dry etching (LIBDE), laser induced plasma assisted ablation 

(LIPAA), laser etching by using self-regulating absorber layer (LESAL), and laser induced 

backside wet etching (LIBWE), have been developed (Böhme, Hirsch, & Zimmer, 2006; 

Ehrhardt, Lorenz, Bayer, Han, & Zimmer, 2018; Jiang et al., 2017; Lai et al., 2019; Long, 

Zhou, Cao, Xie, & Hu, 2019; Pissadakis, Böhme, & Zimmer, 2007; Xie, Zhou, Wei, Hu, & 

Ren, 2019; Zhang, Sugioka, & Midorikawa, 1998). The process of LIPAA is relatively 

simple and straightforward as compared to other glass processing techniques. LIFE and 

LIBDE involve the deposition of a thin film on glass substrates to increase the coupling of 

laser energy and then chemical treatment is also required to remove the thin film after laser 

processing. While for LIBWE and LESAL, liquid absorbing layers are used to enhance laser 

beam absorption in the transparent materials. The liquids and absorbing materials used in 

LIBWE and LESAL are mostly hydrocarbon layers and organic liquids which are toxic.  

Glass micro-structuring using LIPAA does not require any toxic material to enhance 

laser energy absorption or post sample cleaning. LIPAA has already been used to fabricate 

micro-channels on the transparent materials. For instance, (Pan et al., 2017) and (Xu et al., 

2017) utilized LIPAA to fabricate micro-texture channels and graphite patterns on glass for 

microfluidic and electrofluidic devices, respectively. The microfeature generated on glass 
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surface by using laser benefits fabrication of lengthy channel on glass. Most of the researches 

related to glass micro-processing using LIBDE, LIBWE, LIFE, LESAL and LIPAA are 

devoted to test different target materials to enhance the ablation of transparent materials.  

This research work is mainly focused to enhance laser-induced silicon plasma-

assisted quartz ablation by employing an additional continuous wave laser. As far as we 

know, the impact of cw laser irradiation on glass micro-structuring using LIPAA is not 

previously reported. Also, metals are commonly used as a target material in LIPPA studies. 

Previously, copper (Hanada et al., 2004; M. H. Hong et al., 2003), silver (Hanada, Sugioka, 

& Midorikawa, 2006), aluminum (T. U. Rahman, 2019) and tin (Hopp et al., 2010) have been 

used as target for glass micro-structuring using LIPAA. Furthermore, to the best of our 

knowledge, LIPAA of transparent material using a semiconductor target is also nonexistent. 

As the semiconductors have quite different physical and thermal properties as compared to 

metals, the comparison of the LIPAA of glass using metal and semiconductor targets will be 

quite interesting. 

In this work, a nanosecond pulsed laser beam passing through quartz is used to 

produce silicon plasma. Another cw laser of variable intensity is employed to irradiate the 

silicon plasma. In particular, we have investigated the effect of cw laser irradiation of silicon 

plasma to enhance the quartz ablation. The microfeatures produced on the quartz surface and 

the craters formed on silicon surface due to the combined effect of pulsed and cw lasers are 

analysed by using an optical microscope and a surface profiler. The effects of the variation of 

cw laser fluence on the diameter, depth, and volume of microfeatures are studied. The 

significant increase in the diameter, depth and volume of the microfeatures was achieved due 

to the cw laser irradiation.  
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 6.3. EXPERIMENTAL SETUP 

The details of the experiment conditions are given in Chapter 3, section 3.4.2 (see 

Fig. 3.13). The fiber laser beam was focused on silicon surface by a lens of 20 cm focal 

length. The maximum average power of the pulsed laser was around 10 W. The front side 

polished silicon samples (20×20 mm) are ultrasonically cleaned in DI water for five minutes 

before laser irradiation. The effective diameter of Gaussian laser beam was around 28.8 µm. 

The cw laser (Model: LSR-808NL, Lasever) with the maximum power of 2 W and 5 mm 

diameter was utilized to heat silicon plasma. The processing parameters of the cw and pulsed 

lasers are given in Table 5.1. The cw and pulsed laser beam were incident at 45° and 90° to 

the silicon surface, respectively (see Fig. 6.1a). A galvanometer was used to achieve fine 

adjustment to locate the pulsed laser focused at the centre of the cw beam spot. The sketch of 

cw and pulsed laser beam spots, geometry and their overlap is shown in Fig. 6.1(a). The gap 

between the silicon and quartz was 20 µm. Three experimental trials were performed at each 

fluence of cw laser. The microstructures on the quartz and silicon samples were analysed 

using an optical microscope (Model: LV100ND, Nikon Eclipse). The surface profiler 

(Model: AS-500, Tencor) was utilized to measure the depth of quartz microfeatures and 

silicon craters. 

Table 6.1: Processing parameters of cw and pulsed laser 

Processing parameter Pulsed laser CW laser 

Wavelength 1064 nm 808 nm 

Pulse duration 5 ns N/A 

Repetition rate 100 kHz N/A 

Maximum power 10 W 2 W 

Focus spot 28.8 µm 5 mm 

Incidence angle 90° 45° 
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Figure 6.1: Experimental setup (a); Microscopic images (b, c) and surface profiles (d, e) of 

microfeatures generated on quartz using silicon plasma produced at a laser fluence of 4.1 

J/cm
2
, 200 pulses, without cw laser irradiation (b, d) and 6.4 µJ/cm

2
  cw laser irradiation (c, 

e). 

6.4. EFFECTS OF CW LASER IRRADIATION ON SILICON PLASMA- 

ASSISTED QUARTZ ABLATION  

The experiments are firstly performed to find the optimum value of laser fluence, and 

number of pulses to ablate quartz without cw laser irradiation. The maximum achievable 

laser fluence on silicon target for our experimental setup is about 4.1 J/cm
2 

corresponding to 

the highest measured pulse energy (106.6 µJ) of fiber laser. It is found that there is no laser 

induced silicon plasma assisted quartz ablation at the laser fluence of 4.1 J/cm
2
 below 200 

pulses. This is because the silicon plasma is not strong enough to achieve LIPAA of quartz. It 

is observed that the silicon plasma produced by the laser fluence of 4.1 J/cm
2

 and 200 pulses 

generates a shallow microfeature on quartz surface without cw laser irradiation (Figs. 6.1(b) 
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and (d)). The employment of cw laser resulted in comparatively wide and deep microfeature 

on quartz surface (Figs. 6.1 (c) and (e)). This provides a clear evidence of the enhancement in 

LIPAA of quartz due to cw laser irradiation. The light black region and black dots around the 

microfeatures shown in Figs. 6.1(b) and (c) are heat-affected zone (HAZ) and silicon 

deposition, respectively.  

6.4.1. Enhancement in Diameter of Quartz Microfeatures due to CW Laser Irradiation 

 To study the effects of the variation of cw laser fluence on the quartz ablation, 

microfeatures are generated using silicon plasma produced at a laser fluence of 4.1 J/cm
2
, 

200 pulses, and various cw laser fluences. The micrographs of these microfeatures are shown 

in Fig. 6.2.  

 

Figure 6.2: Micrographs of microfeatures generated on quartz surfaces using silicon plasma 

produced at a laser fluence of 4.1 J/cm
2
, 200 laser pulses, and different cw laser fluences. 

 The shape of the microfeatures shown in Fig. 6.2 is almost circular. The slight change 

in shapes of the microfeatures is observed with the cw laser irradiation. The diameter of 

microfeatures remains almost unchanged up to cw laser fluence of 3 µJ/cm
2
. The average 
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diameter of microfeatures generated at 0 to 3 µJ/cm
2
 cw laser fluence is measured as 

57.7±6.8 µm. This shows that cw laser fluence up to 3 µJ/cm
2
 is insufficient to achieve 

ablation enhancement. The cw laser fluence in the range of 3.5 to 10.2 µJ/cm
2
 resulted in a 

significant increase in the diameter of the microfeatures produced on quartz surface. The 

diameter of microfeatures increased from 57.7±6.8 µm to 77.9±5.3 µm due to cw laser 

irradiation at the fluence of 10.2 µJ/cm
2
. 

The percentage increase in the diameter of microfeatures due to the cw laser 

irradiation is calculated and plotted as a function of the cw laser fluence in Fig. 6.3. It is 

observed that the percentage increase in the diameter of microfeatures rises linearly due to 

the cw laser irradiation. There is about 35±6.4 percent enhancement in the diameter of 

microfeatures due to 10.2 µJ/cm
2
 cw laser irradiation. The physical process responsible for 

the diameter enhancement due to the cw laser irradiation is discussed in the next section. 

 

Figure 6.3: Percentage increase of the diameter of microfeatures as a function of the cw laser 

fluence. 
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6.4.2. Enhancement in Depth and Volume of Quartz Microfeatures due to CW Laser 

Irradiation 

The depth profiles of microfeatures generated on quartz via silicon plasma produced 

by 4.1 J/cm
2
 laser fluence, 200 pulses and various cw laser fluences are shown in Fig. 6.4. 

All the depth profiles are more or less Gaussian in shape with hills and valleys at the bottom. 

Gaussian fitting is applied to find out depth of the microfeatures. Moreover, Figs. 6.2 and 6.4 

also show that the silicon redeposit amount on quartz increases with the increase of the cw 

laser fluence. 

 

Figure 6.4: Depth profiles of microfeatures generated on quartz surface using silicon plasma 

produced by 4.1 J/cm
2
 laser fluence, 200 pulses and at various values of the cw laser fluence. 
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There is no clear increase in the depth of microfeatures produced on quartz surface up 

to 3 µJ/cm
2
 cw laser irradiation. For the range of cw laser irradiation 0 to 3 µJ/cm

2
, the 

average depth of microfeatures is 107.4±14.7 nm. It is clear from the surface profiles shown 

in Fig. 4 that there is strong impact of cw laser irradiation on the depth and diameter of 

microfeatures in the range of 3.5-10.2 µJ/cm
2
. 

The analysis of microscopic images and depth profiles reveal that microfeatures 

produced on quartz surface are more or less like the segment of a sphere. The volume of the 

spherical segment is given by the relation (Polyanin & Manzhirov, 2006). 

 223
6

1
hahV   ,                         (6.1) 

where a is the radius and h is the height of spherical segment. The depth and radius of 

microfeatures are obtained from the surface profiles and microscopic images, respectively. It 

is important to point out that previously the estimation of crater volume by the depth profiles 

has been reported. (Gonzalez, Liu, Wen, Mao, & Russo, 2007), estimated the volume of laser 

induced Zn and Al craters by triangle fitting of the depth profiles, whereas (Zhou et al., 2018) 

calculated the volume of silicon craters by the product of crater rim area and cross-sectional 

surface area. 

Figs. 6.5(a) and 6.5(b) show the percentage increase in the depth and volume of 

microfeatures produced on quartz surface using silicon plasma produced by 4.1 J/cm
2
 laser 

fluence and 200 pulses as a function of cw laser fluence, respectively. The error in 

percentage increase in the volume of the microfeatures attributes to the uncertainties in the 

diameter and depth measurements. 
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Figure 6.5: Percentage increase in (a) depth and (b) volume of microfeatures as functions of 

cw laser fluence. 

6.5. PHYSICAL MECHANISM RESPONSIBLE FOR SILICON PLASMA-

ASSISTED QUARTZ ABLATION ENHANCEMENT  

The LIPAA model is elaborated to understand the enhancement of quartz ablation due 

to cw laser irradiation. 
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6.5.1. LIPAA Model   

The ablation of transparent materials by LIPAA has been reported by many 

researchers (Hanada et al., 2004; Yasutaka Hanada et al., 2006; MH Hong, Sugioka, Lu, 

Midorikawa, & Chong, 2002; Minghui Hong et al., 2001). LIPAA is an indirect laser 

ablation method in which the pulsed laser beam is focused on target after passing through the 

transparent material. The laser beam imparts most of its energy to the target material, which 

results in heating, melting, vaporization, and ionization. The target ablation takes place when 

the laser fluence is higher than the ablation threshold of the material. The highly dense and 

energetic plasma is produced just after a few picoseconds of pulsed laser interaction with 

target. The plasma particles (electrons and ions) along with the ablated material expand 

perpendicularly to the target surface and interact with the backside of glass which is put 

dozens microns away. 

The interaction of plasma with the quartz surface results in various physical 

processes. The temperature, kinetic energy and momentum of plasma particles are 

responsible for glass ablation.  The electrons and ions in the leading part of the plasma heat 

up the quartz. The heating of quartz generate molten glass pool within plasma-glass 

interaction zone. The trailing plasma particles strike at the molten glass and transfer their 

kinetic energy and momentum to glass surface that leads to the removal of glass material 

from the interaction zone. The ejection of glass material from plasma-glass interaction zone 

results in the generation of microfeature on the glass surface. Different steps involve in 

quartz micro-structuring by LIPAA are illustrated in Chapter 1 (see Fig. 1.5). LIPAA differs 

from the direct laser ablation method as in this technique laser produced plasma is utilized 

for fabrication of microfeatures on transparent dielectrics. The extent of glass micro-
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structuring by LIPAA depends on the rate of target ablation and the plasma parameters like 

electron density and temperature. 

As described earlier, this work is mainly focused to study influence of cw laser 

irradiation on quartz ablation using LIPAA. In this case silicon plasma produced by a pulsed 

laser is non-reflecting to cw laser beam. The reflection of cw laser beam from the silicon 

plasma depends on the frequency of incident laser ωL and silicon plasma ωp. The cw laser 

photons may be reflected by the pulsed laser produced silicon plasma if their frequency is 

less than the plasma itself. The plasma that reflects the incident electromagnetic waves is said 

to be in the over-dense regime.  The frequency of cw laser photons ωL at a wavelength 808 

nm is about 3.712×10
14

 Hz. The plasma frequency is given by the relation ωp = 8.9×10
3
 ne

0.5
 

Hz, where ne is plasma density (Harilal, Bindhu, Issac, Nampoori, & Vallabhan, 1997). The 

limiting value of plasma density that results in the reflection of cw laser photons in our case 

is thus given as 1.738×10
21

 cm
-3

. The plasma density is dependent on the pulsed laser 

irradiance. The plasma density of silicon at the high laser irradiance is reported far below the 

calculated limiting value. H. Shakeel et al determined the silicon plasma density of 3.42 × 

10
16

 cm
−3

 to 4.44 × 10
16

 cm
−3

 for the laser irradiance of 3–16 GWcm
−2

 at a laser wavelength 

of 1064 nm (Shakeel, Mumtaz, Shahzada, Nadeem, & Haq, 2014). In our present study, 

silicon plasma is produced by the laser irradiance of 0.41 MW/cm
-2

 which is far less than the 

reported irradiance values. Therefore, the reflection of cw laser photons from pulsed laser 

produced silicon plasma is not possible. So, the cw laser beam is transmitted to the silicon 

target even in presence of silicon plasma.  Also, the resonant absorption of cw laser photons 

by silicon plasma that requires ωL=ωp, may not occur because the excitation potential of 

silicon (173.0 eV) is much higher than the cw laser photon energy (1.535 eV). 
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6.5.2. Effect of CW Laser Irradiation on Target (silicon) Ablation 

The craters produced on the silicon surface are analyzed to understand the 

enhancement mechanism of quartz ablation due to the cw laser irradiation. Fig. 6.6(a) shows 

the depth profiles of silicon craters produced by 200 pulses of 4.1 J/cm
2
 laser fluence and at 

different cw laser fluence values. Fig. 6.6(b) shows the typical depth profile at 3.5 µJ/cm
2
 cw 

laser fluence.   

 

 

Fig. 6.6: (a) Depth profiles of silicon craters at various cw laser fluences, (b) Typical depth 

profile of silicon crater presenting crater diameter and depth. 
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The depth profiles are like the Gaussian beam shape of the pulsed laser. The diameter 

and depth of silicon craters at various cw laser fluences are estimated as it is shown in Fig. 

6.6(b). The silicon ablation rate at various cw laser fluences is estimated from corresponding 

depth values. It can be seen in Fig. 6.6(a) that the diameter and depth of silicon craters 

increases with the cw laser fluence in the range of 3.5 µJ/cm
2
 to 10.2 µJ/cm

2
. Below the cw 

laser fluence of 3.5 µJ/cm
2
 there is no clear increase in the depth of the silicon craters. 

The diameter and depth of silicon crater, and percentage increase in the ablation rate 

of silicon as a function of the cw laser fluence are plotted in Figs. 6.7(a) and 6.7(b), 

respectively. The diameter, depth, and percentage increase in ablation rate rise linearly with 

cw laser fluence. It is quite interesting to note that the increase in diameter, depth, and 

volume of quartz microfeatures are fairly identical to that of silicon microcraters. At the cw 

laser fluence of 10.2 µJ/cm
2
, there is about 217±17% increase in the ablation rate of the 

silicon.  

The increase in ablation rate of silicon indicates that the additional energy that cw 

laser bring in to the system acts as a catalyst for ablation process. The increase in the amount 

of silicon deposit, around the quartz microfeatures, with the rise of cw laser fluence is a clear 

evidence of this fact. As it has been reported earlier, the glass micro-structuring using LIPAA 

is highly dependent on the number of electrons and ions reaching the glass surface (T. U. 

Rahman et al., 2019). So, the increase in the silicon ablation rate or number of silicon plasma 

particles due to the cw laser irradiation is most probably responsible for the enhancement of 

quartz ablation. 
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Fig. 6.7: (a) Silicon craters diameter & depth and (b) percentage increase in ablation rate of 

silicon as functions of cw laser fluence. 

6.6. CONCLUSION  

  The effect of the cw laser irradiation on LIPAA of quartz using silicon as a target is 

investigated. The silicon plasma is generated by fiber laser (λ=1064 nm, η=5 ns) whereas a 

cw laser (λ=808 nm) is used for ablation enhancement. The microfeatures produced on quartz 
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using LIPAA and the silicon craters are analyzed with an optical microscope and a surface 

profiler. The significant enhancement in the diameter and depth of quartz microfeatures due 

to cw laser irradiation is observed. The analysis of silicon target unveils significant increase 

in size of silicon craters and ablation rate of silicon due to cw laser irradiation. The increase 

in the number of silicon plasma particles that are available to interact with the quartz surface 

are thus responsible for its ablation enhancement. Our results demonstrate that during LIPPA, 

the employment of cw laser significantly enhance the ablation rate of the quartz. These 

experimental results are quite useful for the scientists and engineers working on the glass 

micro-structuring. 
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Chapter 7   

CHARACTERIZATION OF MICROCRATERS FABRICATED ON THE 

SILICON SURFACE BY SINGLE AND MULTI-PULSE LASER 

ABLATION AT VARIOUS LASER INTENSITIES 

 The results presented in this Chapter have been published in the Nuclear Instruments 

and Methods in Physics Research, B. (Rahman et al., 2021 DOI: 

10.1016/j.nimb.2020.11.011) 

7.1. ABSTRACT 

Microcraters on the silicon surface were fabricated with the help of a nanosecond 

pulsed laser. The features of microcraters fabricated with single laser pulse and pulse trains 

of various laser intensities were analyzed. In case of single pulse, the diameter and depth of 

micro-crater rise with the laser fluence and achieve saturation at higher laser intensities. For 

the range of fluence 62-122 J/cm
2
, the mass of ablated material was in the range of 0.27×10

-

9
-2.69×10

-9
 g/pulse. Numerically simulated temperature trends were compared with the 

measured crater depths. The influence of laser intensity on the target temperature and onset 

time to melt/boil were also investigated. In case of pulse trains, the reduction in material 

removal efficiency is attributed to the plume shielding and accumulation of ablated material 

on the crater walls. We demonstrated that the laser intensity and number of laser pulses can 

be used to control the morphology of a microcrater. 

7.2. INTRODUCTION 

High quality microcraters (or microcavities) fabricated on the silicon surface are 

crucial to many techniques and devices in atomic physics, optoelectronics, chemistry, and 

biosensing. As the concave structure of the microcrater can acts a microscopic lens, like the 
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optical tweezers, it has been used to trap and manipulate (Arai et al., 2001; Enger, Goksör, 

Ramser, Hagberg, & Hanstorp, 2004) and sort (MacDonald, Spalding, & Dholakia, 2003; M. 

M. Wang et al., 2005) or guide (Gaugiran et al., 2005) micron-sized synthetic as well as 

biological particles within microfluidic devices. In addition, optical microcavities are used to 

harness quantum effects for applications in quantum information science (Haroche, 2003; 

Mabuchi & Doherty, 2002), and as a variable optical attenuator in micro-electro-mechanical-

systems (Lin, Wen, & Hsu, 2004). In the context of the microfluidic devices, a micro-crater 

generated by a single laser shot is the first step towards the fabrication of a long micro-

channel. Therefore, the parameters of a micro-channel such as width, depth, surface 

roughness, depends critically on the morphology of the microcrater. 

Previously, various techniques have been proposed to fabricate microcraters on 

different materials such as the standard photolithography followed by large area ion beam 

irradiation and electrochemical anodization (Ow, Breese, & Azimi, 2010), novel gas-bubble 

technique combined with the molecular-beam epitaxy (MBE) (Cui et al., 2006), ion beam 

exchange/diffusion (Aoki, Shimada, & Iga, 2000) and the melting of a spherical shape 

photoresist disk on the chemical vapor deposited film followed by ion beam etching 

(Matinaga et al., 1993). These techniques require expensive equipment and the involved 

processes are very complex and also generate toxic waste. As compared to the above 

indicated micromachining methods, the laser micromachining has variety of attractive 

features. For instance, thanks to the convenience of precise control over laser energy and 

beam diameter, the laser micromachining offers better control over the material removal rate 

and size of the kerf. So, the laser micromachining has special significance when delicate 

structures and precious materials are involved. Moreover, laser micromachining is easily 
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adopted for various type of materials, like semiconductors, ceramics, polymers, etc., without 

changing the tool or fabrication methodology. Another advantage of laser micromachining 

over mechanical and chemical processes is that it can be quickly incorporated into the 

manufacturing line due to ease of the laser beam maneuverability. Picosecond and 

femtosecond lasers offer exceptionally high machining accuracy but have a poor material 

removal rate and demand expensive equipment. In contrast, when the scale of the 

microstructure is larger than 10 μm, the nanosecond pulse lasers have a thorough benefit of 

accuracy, efficiency and economics because nanosecond pulse lasers are much cheaper and 

easy to handle as compared to the picosecond and femtosecond lasers. 

For nanosecond laser intensities exceeding ~10
6
 W/cm

2
, laser interaction with 

material causes melting, evaporation, and ejection of the plume of material plasma out of the 

surface. As a result, a microcrater is generated on the surface of the target, which is the 

smallest unit of material removal in laser machining. The features of the microcrater 

(diameter, depth, geometrical shape, and dimension of rim) depend on thermal and optical 

properties of the target material, ambient conditions and various parameters of the applied 

laser pulse such as wavelength, pulse duration, angle of incident and fluence. The precise 

removal of the material during machining is closely linked to the crater morphology. 

Therefore, the investigation of the influence of material and laser parameters on the crater 

morphology is important to control the size of the crater. Previously, several studies have 

been conducted to examine the influence of laser parameters on the morphology of 

microcraters generated on the surface of different materials. For instance, (X. Wang, Huang, 

Li, & Xu, 2020) recently reported that the diameter and depth of microcrater generated on the 

stainless-steel surface, by 532 nm wavelength laser, increases with the laser fluence (5.97-



118 

 

18.4 J/cm
2
). It was also noted that the depth of microcrater varies with the number of pulses, 

but its diameter remains unchanged. (Mahdieh, Nikbakht, Moghadam, & Sobhani, 2010) 

showed that the size of crater fabricated on the aluminum surface depends on the ambient 

condition, fluence (150-480 J/cm
2
) and number of pulses of 532 nm wavelength laser beam. 

These findings were described in terms of the plasma shielding and ablation threshold. 

Musaev et al. (Musaev, Alharby, & Rulis, 2020) noted that the size of microcrater fabricated 

on the BiSn target using a 351 nm excimer laser (at 45 J/cm
2
) initially increases with pulse 

number but got saturated after about 20 pulses. The hydrodynamic laser ablation model was 

utilized to explain the observed morphology of the crater. (Chen, Xie, & Xiao, 2019) 

observed that the depth of aluminum microcrater fabricated by 1064 nm wavelength laser 

initially increases but got saturated at higher laser intensities. 

As regards the fabrication of microcrater on the silicon surface, (Yoo, Jeong, Greif, & 

Russo, 2000) investigated the morphology of microcrater fabricated by 266 nm wavelength 

laser beam in the broad range of laser fluence (3-300 J/cm
2
) and noted strong nonlinearity in 

the variation of crater size at the laser irradiance of about 70 J/cm
2
. Similarly, (Karimzadeh, 

Anvari, & Mansour, 2009) also observed nonlinear variation in the size of silicon microcrater 

with the increase of fluence (4-11 J/cm
2
) and number of pulses of 532 nm wavelength laser 

beam. The observed nonlinearity was credited to the explosive melt ejection from the 

irradiated surface area. (Schwarz-Selinger, Cahill, Chen, Moon, & Grigoropoulos, 2001) 

reported linear change in the diameter and depth of silicon microcrater fabricated with 532 

nm wavelength laser in the range of laser fluence (0.5-2 J/cm
2
). Recently, (Shaheen, Gagnon, 

& Fryer, 2019) noted that the depth of silicon microcrater varies buts its diameter remains 

unchanged with the pulse number in case of 193 nm wavelength laser at the fluence of 6.75 
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J/cm
2
. The clear-cut role of a laser parameter on the crater morphology cannot be extracted 

from the reported literature because these studies are conducted with dissimilar laser 

parameters and in variety of ambient conditions. Nevertheless, it shows that the experimental 

data in this regard is very limited. Furthermore, even less information is available on the 

influence of the multi-pulses and pulse trains on the microcrater morphology. The extensive 

experimental studies are therefore required to have a deep understanding of the ablation 

mechanism and to select optimal laser parameters for a specific micromachining application.  

In this work, the effect of laser fluence on the morphology of microcrater fabricated 

on the silicon surface by single and trains of 30, 40, 50 infrared pulses were investigated. 

Silicon was selected as a target because of its wide-ranging industrial applications. The 

ablation yield for single and pulse trains were estimated from the microcrater geometry. The 

heat conduction equation was numerically solved to generated time-based temperature 

profiles along target depth and results were compared with the measured crater depths. The 

experimental findings were discussed in the context of existing laser ablation models. 

7.3. EXPERIMENTAL SETUP 

A crystalline silicon (100) target, with the dimension of 25×25×1 mm
3
, was used as 

the target.  The target was ultrasonically cleaned in DI water for about ten minutes prior to 

the experiment and then mounted on a 2-axis translational stage. The microcraters on the 

silicon target were fabricated with the help of normally incident fiber. The laser beam was 

focused on to target by an optical lens of 5 cm focal length. The diameter of beam spot at the 

target was 10 μm (1/e
2
 value). The details of experimental arrangements are given in Chapter 

3. The laser fluence at the target was varied in the range of 62-122 J/cm
2
, which correspond 

to the irradiance of 3×10
11

-6×10
11

 W/cm
2
. The distance between the centers of two adjacent 
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microcraters was about 2 mm. To record the laser beam energy of each pulse, a small portion 

of laser beam was reflected onto the Coherent Top Max II energy meter. The silicon 

microcraters produced by various laser pulse energies and numbers of shots were analysed 

using optical microscope (LEICA) and surface profiler (Tencor). The ablation yield was 

estimated from the size of the microcrater.  

7.4. NUMERICAL CALCULATION OF TEMPERATURE 

The temporal temperature profiles at the surface and along depth of the silicon target 

irradiated with various laser intensities were simulated. The details of the model are given 

elsewhere (Qayyum et al., 2019). The model parameters of the incident laser beam and 

silicon target used in this simulation are given Table 7.1. 

Table 7.1: Laser and target parameters used in the simulation. 

Parameter Value 

Laser pulse 

  wavelength 

  duration 

  shape 

  fluence 

 

1064 nm 

5 ns (FWHM) 

Gaussian in space and time 

62 J/cm
2
, 84 J/cm

2
, 122 J/cm

2 

Silicon target 

  thickness 

  melting temperature 

  boiling temperature 

  absorption coefficient 

  latent heat of fusion 

 

5 mm 

1687 K 

3538 K 

1000 cm
-1

 (Aspnes & Studna, 1983) 

1650 J/g (Darif, Semmar, & Orléans Cedex, 2008) 

  density Solid - 2320 kg/m
3
, liquid - 2500 kg/m

3
 (Darif et al., 

2008; Steinbeck et al., 1985) 

  reflectivity Solid - 0.35, liquid - 0.7 (Steinbeck et al., 1985) 

  thermal conductivity 

 

  specific heat capacity 

Solid - 148 W/m.K, liquid - 200 W/m.K (Darif et al., 

2008) 

Solid - 700 J/kg.K, liquid - 680 J/kg.K (Darif et al., 

2008; Zhang et al., 2017) 

 

The interaction of laser light with silicon target is supposed to follow Beer-lambert 
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law. The time dependent heat conduction equation can be expressed as (Steinbeck, 

Braunstein, Dresselhaus, Venkatesan, & Jacobson, 1985), 

   
  

  
  (    )               (7.1) 

where ρ, Cp, k respectively is the density, specific heat capacity and thermal conductivity of 

the target material.  The heat source, Q, is the energy density of the incident laser pulse. The 

heat source was supposed to have Gaussian distribution in time and space. Beer-lambert law 

is used to model the distribution of Q along the target depth as (BAEK, HAAS, KAY, 

KESSLER, & SANGER, 2004; Gavrylyuk et al., 2014), 

 (   )   ( )[   ]
 
  
  

  
     (7.2) 

Where I(t) is the temporal distribution of laser intensity, R is the specular reflectivity of the 

silicon target and δa the penetration depth of laser light in silicon. The δa is related to 

absorption coefficient as       ⁄ . The α is used in Beer-lambert relation as, 

 ( )     
         (7.3) 

where I0 and I(z) are the incident laser pulse intensities at the surface and along target depth, 

respectively. The boundary condition for upper and bottom surface of the irradiated areas is 

given as (Li et al., 2008; Zhang et al., 2017), 

 ⃗ (   )      (      )    (       
 )  (7.4) 

where  ⃗  is the outer perpendicular vector, q0 the heat flux at the surface, h the convective 

heat transfer coefficient, Tamb the ambient temperature, ζ the Stefan-Boltzmann constant and 

ε the surface emissivity. The remaining target surfaces (the upper and bottom portion of the 

un-irradiated surfaces and lateral surface of the target) are presumed thermally insulated that 

means, 

 ⃗ (   )           (7.5) 
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The initial thermal condition is taken as, 

               (7.6) 

The system of Equations (7.2-7.6), which describes nanosecond pulsed laser heating of a 

silicon target, is solved by numerical finite element method.  

7.5. CHARACTERIZATION OF MICROCRATERS  

The evolution of microcrater‘s morphology with the increase of laser fluence is 

shown Fig. 7.1. The bright dot at the center is due to the reflection of light from the bottom of 

crater and the bright ring indicates light reflection from apex of the protruded crater rim.  

              62 J/cm
2   

             69 J/cm
2
  77 J/cm

2
       84 J/cm

2
           

                          
            91 J/cm

2          
99 J/cm

2        
107 J/cm

2
               115 J/cm

2
 

           
             122 J/cm

2
 

                           

Figure 7.1: Optical micrographs of the silicon microcraters fabricated with the single laser at 

various values of the fluence. The red arrow on the first micrograph shows the direction of 

profilometer line scan (see Fig. 7.2). The blue arrows r1 and r2, on the last micrograph, 

indicate the position of two concentric rings. 

r1 

r2 
50 µm 
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For the fluence ≥ 77 J/cm
2
, the gray shaded region outside the crater rim is attributed 

to the deposition of evaporated Si debris. The diameter of protruded crater rim and region of 

Si deposits appear to expand systematically with the laser fluence. For the microcraters 

produced by the fluence of ≥ 91 J/cm
2
, another concentric bright ring also appeared. The blue 

arrows r1 and r2, on the last micrograph, indicate the position of two concentric rings. It is 

important to point out that the microcraters with two concentric rims has been previously 

observed during the laser ablation of Si and metals targets (Schwarz-Selinger et al., 2001; 

Shaheen et al., 2019). The depth profiles of the microcraters, the optical micrographs of 

whom are shown in Fig. 7.1, are given in Fig. 7.2.  

 

Figure 7.2: The cross-section profiles of the microcraters measured by the surface 

profilometer. Double arrow headlines ―a‖ and ―b‖ indicate, respectively, the microcrater 

diameter and rim diameter fabricated with the laser fluence of 62 J/cm
2
. 

For 62 J/cm
2
 fluence, the diameter and depth of microcrater is approximately 10 μm 

and 3 μm, respectively. In this case, the micro-crater diameter is almost same as the diameter 

of laser beam spot at the target. For the highest fluence employed here (122 J/cm
2
), the 
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diameter and depth of microcrater increases to approximately 22 μm and 6.1 μm, 

respectively. 

Fig. 7.3 shows that the diameter and depth of microcraters gradually increases with 

rise of laser fluence. Fig. 7.2 also shows that the diameter of protruded rim is much larger 

than the actual crater diameter. For instance, at the lowest laser fluence (62 J/cm
2
), the 

diameter of rim is approximately 15.4 μm as compared to the actual crater diameter of 10 

μm. Similarly, at the highest laser fluence (122 J/cm
2
), the diameter of rim is approximately 

40 μm as compared to the actual crater diameter of 22 μm. 

Figure 7.3: The diameter and depth of microcraters versus laser fluence. 

In general, the height and width of rim gradually increases with the rise of applied 

fluence. In accordance with the optical micrographs of Fig. 7.1, a second rim is also visible in 

some cases especially on the right side of the microcrater. The discrepancy in the height of 

rim on two sides of the microcrater is due to the slight miss alignment of the laser beam 

direction with respect to target surface normal, which was corrected later on (see Fig. 7.8). 

Typical morphologies of the two laser-produced craters measured with the help of a 
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scanning electron microscope are shown in Fig. 7.4a and 7.4b.  

 

Figure 7.4: SEM images of the craters produced using single laser pulse at the fluence of: (a) 

84 J/cm
2
, (b) 122 J/cm

2
. (c) and (d) are magnified images of the interior of craters shown in 

(a) and (b), respectively. 

The craters are produced by the laser fluence of 84 J/cm
2
 and 122 J/cm

2
, respectively. 

Both craters are slightly elliptical in shape having wide and high rims of re-solidified molten 

material. The irregular outer edge of the craters indicates the sprawling out of the molten 

material. The scattered large droplets of the molten material can also be seen around the 

craters. Some details of the inner region of the craters are shown at higher magnification in 

Fig. 4c and 4d. It is worth noting the large number of the round-shaped cavities, especially in 
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the craters produced at lower value of the laser fluence (Fig. 7.4c). The round-shaped cavities 

most probably are the sites of bubble nucleation initiated by the boiling, which afterward 

escape from the molten liquid. Fig. 7.4d also show some trapped bubbles that could not 

escape the liquid before it solidified. The presence of cavities and trapped bubble sites 

indicates that the explosive melt expulsion can be a dominant process. 

The surface roughness of crater walls, which is an important parameter for variety of 

photonics and optoelectronics applications, could not be measured due to our experimental 

limitations. But it is important to point out that the roughness of crater walls increases with 

the laser fluence, whereas there are conflicting reports about the dependence of crater 

roughness on the number of laser pulses (Krachler & Bulgheroni, 2020; Petrović et al., 

2012). For the range laser fluence and number of laser pulses used in this study, the reported 

average roughness of the crater walls is in the range of 0.06-5 μm (Karnakis et al., 2006; 

Kim, Lee, In, Lee, & Jeong, 2013; Petrović et al., 2012). 

7.6. NUMERICAL SIMULATION OF SURFACE TEMPERARURE AT VARIOUS 

TIMES  

The simulated temperature at the surface verses time, for three representative levels 

of the laser fluence (62 J/cm
2
, 84 J/cm

2
 and 122 J/cm

2
), is plotted in Fig. 7.5. The surface 

temperature immediately starts rising, after the laser interact with the target at time   = 0, 

from ambient to a maximum value (Tmax) that is depending on the applied laser fluence. 

Afterward surface temperature slowly decreases as a result of the heat flow from the 

irradiated surface area into the target bulk and ambient. The surface temperature ultimately 

drops down to ambient temperature after few tens of the microsecond (not shown here). Fig. 

7.5 also shows that the surface melting begins during the laser pulse interaction with the 



127 

 

target (cf. pulse width = 5 ns FWHM). For the applied fluence of 62 J/cm
2
, 84 J/cm

2
 and 122 

J/cm
2
, the maximum surface temperature that could be achieved is 3560 K, 4164 K and 5620 

K, respectively. The surface temperature well above the melting point implies extensive 

heating of the liquid silicon. 

 

Figure 7.5: Simulated surface temperature versus time for the fluence of 62 J/cm
2
, 84 J/cm

2
 

and 122 J/cm
2
. The Horizontal dotted lines Tm and Tb indicate melting and boiling 

temperature of silicon, respectively. 

The intensity maximum of the applied Gaussian laser pulse is at about 7.5 ns, whereas 

Tmax is achieved slightly after the intensity maxima of the heating source (see Fig. 7.5). The 

boiling temperature at the surface is achieved approximately in 9.2 ns, 6.4 ns and 5 ns for the 

fluence of 62 J/cm
2
, 84 J/cm

2
 and 122 J/cm

2
, respectively. It is clear that higher is the laser 

intensity, less time is required to achieve surface melting or boiling. These trends are in line 

with the previously reported laser heating simulations of different materials. For example: 

(Darif et al., 2008) reported that the surface melting takes place during the interaction of 

excimer laser (248 nm, 27 ns) with the silicon target and Tmax depends on the laser flunence; 
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(Steinbeck et al., 1985) noted that the surface temperature increases with the applied fluence 

in Ruby laser (694 nm, 30 ns) heating of graphite and the melting temperature at the surface 

is achieved during the laser pulse; (S. Lee & Na, 1999) showed that time required to start 

melting at the chromium surface decreases and Tmax increases with the rise in fluence of the 

excimer laser (248 nm, 22 ns). 

7.7. NUMERICAL SIMULATION OF TEMPORAL TEMPERARURE AT 

VARIOUS ABLATION DEPTHS  

Like the surface temperature, the temporal temperatures curves for various depths 

inside the silicon was simulated and Tmax obtained from these temperature curves is plotted 

versus target depth in Fig. 7.6.  

 

Figure 7.6: Simulated maximal temperature versus target depth for the fluence of 62 J/cm
2
, 

84 J/cm
2
 and 122 J/cm

2
. The Horizontal dotted lines Tm and Tb indicate melting and boiling 

temperature of silicon, respectively. 

At the fluence of 62 J/cm
2
, melting takes place up to the depth of approximately 20 

μm. The melt depth for the fluence of 84 J/cm
2
 and 122 J/cm

2
 is higher than 20 μm. As 
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regard the boiling temperature, it is achieved up to the depth of approximately 1.6 μm, 4 μm 

and 8.4 μm for the fluence of 62 J/cm
2
, 84 J/cm

2
 and 122 J/cm

2
, respectively. The measured 

depths of the ablated craters at these three laser intensities were 2.9 μm, 4.6 μm and 6.3 μm 

(see Fig. 7.3), respectively. This shows that simulated temperature trends are in good 

qualitative agreement with the variation of measured crater depths as a function of the laser 

fluence. The formation of crater is due to the explosive vapor ejection from the laser 

irradiated area. The vapor ejection exerts a recoil pressure on the outer molten silicon layer. 

As a result, the molten silicon moves in radial direction and re-solidify by the reduction of 

material temperature. The target surface temperature   
  and recoil pressure Pr are usually 

related as (J. Y. Lee, Ko, Farson, & Yoo, 2002; Tsibidis, Barberoglou, Loukakos, Stratakis, 

& Fotakis, 2012), 

            (  
  
    

   
   

)    (7.7) 

where P0 is the atmospheric pressure, R is the gas constant, Lv and Tb are the latent heat of 

vaporization and boiling temperature of silicon, respectively. For the fluence of 62 J/cm
2
, 84 

J/cm
2
 and 122 J/cm

2
, the estimated recoil pressure on the molten silicon layer are 9.51×10

4
 

Pa, 5.91×10
5
 Pa and 6.79×10

6
 Pa, respectively. The huge recoil pressure is responsible for 

the melt flow in radial direction, which produces a rim around the irradiated target area. 

Therefore, the rise in height and width of crater rim with the laser fluence (see Fig. 7.2) is 

attributed to the increased quantity of silicon melt expelled by the recoil pressure.   

7.8. ESTIMATION OF ABLATION YIELD AT SINGLE PULSE 

The ablation yield can be estimated from the volume of the microcrater. Fig. 7.2 

shows that the depths profile curves are nicely parabolic in shape. As the laser beam has a 

Gaussian profile, one can safely assume that the crater is a paraboloid whose volume is given 
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as   (  ⁄ )   , where h is the height and r is the radius of parabola fitted to the depth 

profile curve. The mass of ablated material estimated from the volume of the crater is plotted 

versus laser fluence in Fig. 7.7.  

 

Figure 7.7: The measured single laser pulse ablation yield of silicon versus laser fluence. 

Solid line shows Boltzmann fit to the experimental data. 

The ablation yield initially increases from about 0.27×10
-9

 g at 62 J/cm
2
 and appears 

to achieve saturation at the higher laser fluences. The initial increase of ablation yield is 

obviously related to the rise of laser energy deposited in the target. The saturation of ablation 

yield at higher values of the laser fluence is because of the inverse bremsstrahlung (IB) 

absorption of laser energy in the plasma. As it has been shown by (Harilal, Bindhu, Issac, 

Nampoori, & Vallabhan, 1997) and Jordan (Jordan & Lunney, 1998), the absorption via IB 

process become significant at higher laser intensities due to rise of the plasma density. 

Consequently, at higher intensities a significant amount of laser energy in the straggling part 

of the laser pulse is utilized in the plasma heating. As a result, the laser energy delivered to 

the silicon target is reduced. The saturation of target ablation due to the IB absorption of laser 
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energy into the plasma has been thoroughly discussed in our previous paper (Rahman et al., 

2019). 

7.9. ESTIMATION OF ABLATION YIELD AT MULTIPLE LASER PULSES 

Fig. 7.8 shows typical depth profiles of the micro-craters produced by the single laser 

pulse and the trains of 30, 40 and 50 laser pulses at the fluence of 84 J/cm
2
. The diameter of 

the crater does not seem to depend on the number of laser pulses. Whereas, the depth of 

crater increases with the number of pulses: it is about 4.6 μm for 1 pulse; 6.2 μm for 30 

pulses; 7.6 μm for 40 pulses; and 9.7 μm for 50 pulses. Clearly the crater depth per laser 

pulse is much less in case of multiple laser pulses. These results are in line with the recently 

reported studies, for instance, (Mahdieh et al., 2010) and (Musaev et al., 2020) have shown 

that crater depth initially increases with the number of pulses and gets saturated at higher 

number of pulses.  

 

Figure 7.8: Typical cross-section profiles of the microcraters fabricated with single pulse and 

trains of 30, 40 and 50 pulses at the fluence of 84 J/cm
2
. 

The ablation yield per pulse for the range of laser fluence is plotted in Fig. 7.9. The 
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ablation yield per pulse in case of 30, 40 and 50 pulses are about an order of magnitude lower 

than the single pulse ablation, which can be due to the following two reasons. Firstly, the 

ablation process starts with the arrival of first laser pulse on the target and the plume front 

move in backward. The vapor density and length of the plume in the crater builds up with the 

rise of the number of pulses. Therefore, the increased amount of laser energy absorption in 

the ablated vapor is one of the reasons for suppression of the ablation yield in case of the 

higher number of laser pluses. Secondly, the experiment result shows that the depth drilled 

by first laser pulse of even the lowest laser fluence used here is about 3 μm (Fig. 7.2). The 

subsequent laser pulses will therefore fall on the curved surface of the crater. As it has been 

reported by (Svendsen, Schou, Hansen, & Ellegaard, 1998) and (Konomi, Motohiro, & 

Asaoka, 2009), the ablated material moves predominantly in the direction of surface normal. 

Consequently, most of the ablated material will end up on the opposite curved surface of the 

crater, resulting in the decrease of ablation yield per pulse in case of the higher number of 

laser pulses. 

 
Figure 7.9: The ablation yield per pulse versus laser fluence in case of single pulse and trains 

of 30, 40 and 50 laser pulses. 
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7.10. CONCLUSION 

Nanosecond pulse laser beam has been used to fabricate microcraters on the surface 

of a silicon target. The effect of laser fluence and number of laser pulses on the morphology 

of micro-crater and ablation yield have been investigated. It was observed that the size of 

microcrater fabricated using the single laser pulse and ablation yield increased with the laser 

fluence. The saturation of ablation yield at higher laser intensities was attributed to the 

inverse bremsstrahlung absorption of laser energy in the plasma plume. Similarly, the size of 

crater rim (diameter, height and width), which was formed due to the ejection of outer molten 

silicon layer, also varies with the laser fluence. The simulated temperature trends along target 

depth were consistent with the variation of measured crater depth as a function of the laser 

fluence. Furthermore, the simulation results indicated: (i) the surface melting begins during 

the laser pulse interaction with the target, (ii) the onset time to melt/boil decreases and (iii) 

the maximal surface temperature increases with the laser fluence. These results are essential 

to develop a comprehensive understanding of the laser ablation process. But the ultrafast 

nature of the process prohibits to accurately measure these parameters. Another significant 

result of this study is that in the case of a single pulse, the drilled depth and ablated mass per 

pulse are greater than that of the pulse train. These findings are useful for the fabrication of 

microfluidic channels, surface micro structuring, drilling and the variety of other applications 

in the field of optoelectronics. 
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Chapter 8 

THE OPTIMIZATION OF PROCESS PARAMETERS FOR THE 

FABRICATION OF CRACK-FREE MICRO-CHANNELS ON THE 

QUARTZ SURFACE BY LIPAA 

 

8.1. ABSTRACT 

 Quartz is widely employed to fabricate microfluidic devices due to its beneficial 

optical and chemical properties. In microfluidic devices, the working fluids are processed in 

micro-channels having the width ranging from few μm to several hundred μm. Here we 

optimize process parameters for the crack-free micro-channel fabrication on the quartz 

surface by LIPAA. For this purpose, power density, number of passes, scanning speed of 

nanosecond pulsed fiber laser and target to substrate distance was varied. The width and 

depth of micro-channels can be controlled by the laser power density and number of passes. 

The width of micro-channels gradually increases from about 26 µm to 36 µm, while depth 

rises from 0.7 µm to 7 µm with the increase of laser power density in the range of 225-400 

kW/cm
2

.  Similarly, width and depth of micro-channel also rises with the number of laser 

passes. However, the scanning speed has no well-defined impact on the width and depth of 

the micro-channels. The optimum condition to fabricate crack-free and smooth quartz micro-

channels are 316 kW/cm
2
 laser power density, 1000 number of passes, 30-45 mm/s scanning 

speed and 30 µm gap distance. The experimental results are discussed on the basis of plasma 

plume expansion dynamics and plasma overlapping.  
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8.2. INTRODUCTION 

The micro-channels on the surface of the transparent hard materials have variety of 

applications in microelectronics (Wei, Joshi, & Patterson, 2007; Yu et al., 2009), biomedical 

science (Hong et al., 2019), lab-on-chip systems (Brokmann, Milde, Rädlein, & Liefeith, 

2019), and micro-fluidics (Cheng, Xu, & Li, 2020; Sochol et al., 2018). The key component 

of a microfluidic device and lab-on-chip system is a micro-channel. These devices are made 

up of several micro-channels of the different size, shape and symmetry. Several techniques 

have been developed to fabricate micro-channels on the surface of different type of the 

glasses. The traditional glass micromachining methods like lithography (Faustino, Catarino, 

Lima, & Minas, 2016) and chemical etching (Prakash & Kumar, 2015) involve several steps, 

require dangerous chemicals, and dedicated clean rooms. In contrast, laser micromachining is 

a simple and straightforward method. In this regard, ultrashort pulsed lasers are front-runner 

due to their high pulse power (Roth, Esen, & Hellmann, 2020; Roth, Rung, Esen, & 

Hellmann, 2020). These lasers are capable to perform highly precise micro-channel 

fabrication without any heat-affected zone around the machined region. But these laser 

systems are quite expensive and difficult to handle.  

 The nanosecond pulsed LIPAA technique-based micromachining is an economical 

alternative to micromachining by ultrashort lasers. Presently, LIPAA method is under trial 

for micro-channel fabrication in the transparent material. A brief overview of this field is 

given in Chapter 2. To the best of our knowledge the micro-channel fabrication on the quartz 

surface by LIPAA using silicon as a sacrificial material is nonexistent in the literature. 

In this study nanosecond pulsed fiber laser is employed to fabricate micro-channels 
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on the quartz surface by LIPAA using silicon as sacrificial material. The parameters of the 

micro-channels are examined by the optical microscopy and surface profilometer. The 

influence of the laser power density, number of passes, scanning speed and target to substrate 

gap on the micro-channel‘s morphology is investigated. The optimum values of these process 

parameters for high-quality quartz micro-channel fabrication by LIPAA are determined.  

8.3. EXPERIMENTAL SETUP 

 The pulsed fiber laser marking machine (Model: YLP-R-0.3-A1-60-18, IPG 

Photonics) was employed for micro-channels fabrication on the quartz surface. While 

crystalline silicon (100) target, with the dimension of 25×25×1 mm
3 

is used as the sacrificial 

material. The details of the experimental arrangements are given in Chapter 3 and the 

schematic of setup is shown in Fig. 3.13. The laser beam (λ = 1064 nm, τ = 5 ns) was focused 

by a lens of 20 cm focal length on to the silicon surface through a quartz substrate. The laser 

beam was incident normal to the target surface. The laser repetition rate was kept at 300 kHz. 

The gap distance between the silicon and quartz was varied with the help of gauge blades 

(LJD19002). The silicon and quartz samples were ultrasonically cleaned in DI water for five 

minutes before the experiment. The laser has a Gaussian beam profile and the diameter of 

laser beam on the silicon surface was ~30 µm.  The laser processing parameters; power 

density, scanning speed, number of passes, and scanning length were controlled with the help 

of cyber-lase software. The micro-channel‘s morphology was analyzed with the help of an 

optical microscope (Nikon Eclipse, Model: LV100ND). The width of micro-channels was 

estimated from the optical micrographs, whereas the stylus-based surface profiler (TENSOR; 

Model: AS-500) was employed to measure the depth of micro-channels. 
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8.4. Micro-channel Fabrication
 
 

Initially, the silicon and quartz samples were placed in soft contact with each other 

(gap distance = 0) to optimize conditions for the good quality micro-channels fabrication. 

The micro-machining is performed at different scanning speeds and numbers of passes. The 

micro-channel machined on the quartz surface with the laser power density of 267.3 kW/cm
2
, 

scanning speed of 5 mm/s and various number of passes is shown in Fig. 8.1. 

 

Figure 8.1:  Fabrication of micro-channels on the quartz surface for the 0 µm silicon-quartz 

gap distance, 267.3 kW/cm
2
 laser power density, 5 mm/s scanning speed and different 

number of passes a)- 50, b)- 100,  c)- 150,  d)- 200,  e)- 250,  f)- 300. 

The channels sides are quite rough with a large amount of Si deposits on both sides of 

each channel. Furthermore, keeping the gap distance same, the micro-machining of the 

quartz is then carried out at different scanning speeds for the fixed power density of 267.3 

kW/cm
2
 and 100 numbers of passes. The micrographs of the machined channel under these 

conditions are shown in Fig. 8.2. The channel‘s quality did not seem to improve with the 

variation in scanning speeds for these beam scanning parameters and gap-distance. 

Furthermore, It was concluded that the micro-machining with a minimum gap distance i.e. 0 

µm resulted in the micro-channel formation but the channel quality was not up to the mark.  
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In light of the above-stated findings, the gap distances and the number of passes were 

increased.  Fig. 8.3 shows the micro-channels fabricated at various gap distances for the fixed 

power density,
 
number of passes, and scanning speed. Interestingly, the gap distance of 30 

µm resulted in smooth micro-channel fabrication. It was also observed that the micro-channel 

fabrication on quartz was not achievable for the gap distance higher than 40 µm. 

 

Figure 8.2:  Fabrication of micro-channels on the quartz surface for 0 µm silicon-quartz gap 

distance, 267.3 kW/cm
2
 laser power density, 100 number of passes, and scanning speed  of 

a)- 5 mm/s, b)- 10 mm/s,  c)- 15 mm/s,  d)- 20 mm/s,  e)- 25 mm/s. 

  

Figure 8.3: Micro-channel fabrication at 267.3 kW/cm
2
 laser power density, 2000 passes, 30 

mm/s scanning speed, and gap distance of a)- 0 µm, b)- 20 µm, c)- 30 µm, d)- 40 µm. 
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The gap between glass and target is an important parameter in LIPAA based 

micromachining. Its optimum value depends on the plasma expansion characteristics and the 

type of the glass. The plasma temperature and density are proved key factors in LIPAA 

process. The energy of plasma species is expected to decrease with plasma expansion due 

dissipation. The micro-channel fabrication beyond gap distance of 40 µm is not possible 

because the plasma energy becomes insufficient to ablate quartz. These results provided 

preliminary knowledge of appropriate experimental conditions for fabrication on micro-

channels on the quartz surface by LIPAA. The gap distance of 30 µm is selected for further 

investigations in view of these results. The value of appropriate gap distance for quartz 

micromachining using silicon as target material is in good agreement with our previously 

published results (Rahman, Huagang, Qayyum, & Hong, 2020).  

8.4.1. Effect of Power Density on the Morphology of Micro-channels  

Fig. 8.4 shows the micrographs of micro-channels fabricated at 1000 passes, 30 mm/s 

scanning speed, and various laser power densities.  

 

Figure 8.4: Microscopic images of the micro-channels fabricated by 1000 passes, 30 mm/s 

scanning speed, and power density a) 224.5 kW/cm
2
 b) 267.3 kW/cm

2
 c) 315.6 kW/cm

2
 d) 

349.9 kW/cm
2
 and e) 400.5 kW/cm

2
. 
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It was observed that the quality of micro-channels and the Si debris deposition 

strongly depend on the power density of the laser. The micro-channel fabricated by 315.6 

kW/cm
2
 laser power density is quite smooth as compared to the micro-channels fabricated at 

other power densities. It is also noticed that there is large Si debris deposition along the 

micro-channels for the higher laser power densities (˃315.6 kW/cm
2
). The depth profiles of 

micro-channels at various laser power densities are shown in Fig. 8.5. The depth profiles are 

more or less like a Gaussian beam profile of incident laser beam. The uplift and humps in 

depth profiles of micro-channels are noticed for the scan length of 90-135 µm and 160-210 

µm. This is due to recast layer of glass and Si debris deposition along the micro-channels. 

The analysis of depth profiles depicts that there is apparently increase in the depth of micro-

channels with rise in laser power density. 

  

Figure 8.5: Depth profiles of micro-channels at various laser power densities. 

The width and depth of micro-channels at various laser power densities are estimated 

using the micrographs and depth profiles of micro-channels shown in Fig. 8.4 and Fig. 8.5, 

respectively. Fig. 8.6 shows the plot of the width and depth of micro-channels as a function 
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of laser power density. The depth of micro-channels increases monotonically with the rise in 

laser power density in the range of 224.5-400.6 kW/cm
2
 while the width of micro-channels 

increase up to the laser power density of 315.6 kW/cm
2
 and then saturates. Beside width and 

depth of micro-channels, the Si deposition along the micro-channels also increases with rise 

in laser power density.   Substantial Si debris deposition and saturation of micro-channels 

width at high laser power densities (˃315.6 kW/cm
2
) provided an optimum value of power 

density as 315.6 kW/cm
2
. These results are in good agreement with previously reported 

results (Pan et al., 2017; Xu et al., 2017). 

 

Figure 8.6: Width and depth of micro-channels as a function of the laser power density. 

8.4.2. Effect of Number of Scanning Passes on the Morphology of Micro-channels 

 Likewise, the effect of variation in the number of laser beam scanning passes on the 

morphology of micro-channels was investigated. Fig. 8.7 shows the optical micrographs of 

micro-channels fabricated by different laser beam scanning passes and 30 mm/s scanning 

speed. The gap distance and pulse power density were 30 µm and 315.6 kW/cm
2
, 
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respectively. The quality and texture of micro-channels as depicted by Fig. 8.7 are observed 

to be improved for these beam scanning parameters. The bases as well as walls of micro-

channels for 1000-3000 passes are quite smooth and even. Although at high number of 

passes (≥2000) the Si debris deposition along the channels also increases. The non-normal 

laser irradiation can be employed to reduce debris deposition at high number of passes. 

Furthermore, it can be perceived from Fig. 8.7 that at high number of passes (≥3000) the base 

and walls of micro-channels come to be rough and uneven.   

 

Figure 8.7: Microscopic images of micro-channels fabricated on quartz by 315.6 kW/cm
2
 

laser power density, 30 mm/s scanning speed, and various scanning passes. 

The depth profiles of micro-channels shown in Fig. 8.7 are presented in Fig. 8.8. The 

depth profiles of micro-channels at high number of passes (≥3000) contain hills and valleys 

at the bottom while for 1000-3000 passes the profiles depict fabrication of smooth micro-

channels. The bottom of micro-channel fabricated at 1000 passes is relatively smooth and did 
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not contain any ups and downs. Therefore, for the given experimental conditions 1000 passes 

are appropriate for the smooth micromachining of quartz. The width and depth of micro-

channels at various number of passes estimated from the micrographs and depth profiles are 

plotted in Fig. 8.9. 

 

Figure 8.8: Depth profiles of micro-channels at various numbers of passes. 

 

Figure 8.9: Width and depth of micro-channels as a function of the number of passes. 
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There is a pragmatic rise in the width and depth of micro-channels with increasing 

number of passes up to 4000. For the further increase in the number of passes (˃4000) 

increment in the width of micro-channels is rather slow. Zhang et al (1998b), Pan et al., 2017 

and Xu et al., 2017 reported almost similar effect of number of passes on the size of micro-

channels. 

8.4.3. Effect of Scanning Speed on the Morphology of Micro-channels 

 The beam scanning speed is also an important laser micromachining parameter. Fig. 

8.10 shows the micrographs of micro-channels fabricated by 315.6 kW/cm
2
 laser power 

density, 1000 passes, and different scanning speeds. It is evident that low scanning speeds i.e. 

10, 15, and 20 mm/s lead to the machining failure. The micro-channels fabricated by these 

scanning speeds are very rough, uneven, and contains large Si debris deposition. Whereas the 

micro-channels fabricated by the 25 mm/s and 35 mm/s scanning speeds are comparatively 

smooth.  

 

Figure 8.10: Microscopic images of the micro-channels fabricated by 315.6 kW/cm
2
 laser 

power density, 1000 passes and at the scanning speeds a)- 10 mm/s b)- 15 mm/s c)- 20 mm/s 

d)- 25 mm/s and e)- 35 mm/s. 

The micro-channels fabricated with the scanning speeds in the range of 40-60 mm/s 
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are shown in Fig. 8.11 while the depth profiles of micro-channels shown in Fig. 8.10 and 

8.11 are presented in Fig. 8.12. It is obvious from these micrographs and depth profiles that 

micro-channel for 40-60 mm/s turned-out fairly effective and uniform. Although, the 

scanning speeds ≥ of 50 mm/s lead to the coarseness of the upper edge of micro-channels. 

Hence the scanning speed in the range of 30-45 mm/s is suitable for quartz micromachining 

by LIPAA using Si target.  

 

Figure 8.11: Microscopic images of the micro-channels fabricated by 315.6 kW/cm
2
 laser 

power density, 1000 passes and scanning speed a)- 40 mm/s b)- 45 mm/s c)- 50 mm/s d)- 55 

mm/s and e)- 60 mm/s. 

 

Figure 8.12: Depth profiles of micro-channels at various scanning speeds. 



146 

 

 Fig. 8.13 shows the plot of the width and depth of micro-channels as a function of 

scanning speed. The plot shown in Fig. 8.13 reveals that there is no well-defined impact of 

scanning speed variation on the width of micro-channels in the range of 25-60 mm/s. 

Whereas, the depth of micro-channels slightly increases first from 1.16±0.11 µm to 2.7±0.05 

µm for the scanning speed of 10-35 mm/s and then very slowly decreases with further 

increase in scanning speed.  

 

Figure 8.13: Width and depth of micro-channels as a function of the scanning speed. 

8.5. DISCUSSION 

 The LIPAA based machining of transparent materials is described in chapter 1 

(section 1.5.6.) while the literature review of this field is provided in chapter 2. The laser 

beam penetrates through the quartz sample and focus onto the surface of the Si target. The 

outcome is the ablation of sacrificial material and generation of plasma. The plasma expands 

isothermally, normal to the surface of target and reaches the quartz sample. The energy of 

plasma is then transferred to the glass that leads to the heating, melting, and vaporization. 

Consequently, a melt pool is produced on the quartz surface. The expanding plasma also 



147 

 

generates shockwaves which produce recoil pressure on the melt pool and subsequently the 

molten material is removed, and micro-channel is produced on the surface of quartz. The 

molten quartz rapid quenches and solidifies along the channel and forms a recast layer. The 

clusters of atoms and molecules are also detached from sacrificial material along plasma 

generation during ablation process. These clusters of sacrificial material form deposition 

layer along the micro-channels. 

 The width and depth of micro-channels fabricated by LIPAA process strongly 

depends on the size and shape of plasma. The shape of LPP is toroidal at initial stage of 

plasma formation that gradually deforms into the elliptical shape (Morsy & Chung, 2002; 

Shi, Hardalupas, & Taylor, 2019). With refrence to the incident laser beam, the major axis of 

plasma is in the axial direction of the incident laser beam while the minor axis is in radial 

direction (see Fig. 8.14). In this regard it is obvious that the width of micro-channels depends 

on the radial dimension of plasma at the glass surface while the depth depends on the 

parameters of plasma.  

 

Figure 8.14: The axial and radial direction of LPP. 

The dimension of plume and characteristic features of plasma depends on the incident 

laser beam parameters. The radial dimension of the plasma greatly depends on the laser 

power density. The radial dimension of the plasma is large at higher laser power densities 
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(Amoruso, 1999). So, the increase in width of micro-channels with laser power density is due 

to the increase in radial dimension of plasma (see Fig 8.6). At higher laser power densities 

the trailing part of laser beam cannot reach the target surface due to the inverse 

bremsstrahlung and consequently there is no further increase in radial dimension of the 

plume, consequently the width of glass micro-channel seems saturate at higher values of the 

laser power densities. As it is already reported (T. U. Rahman, 2019), the increase in depth of 

micro-structures with laser power density is attributed to the rise in the energy and number 

density of plasma particulates.  

 The slight increase of micro-channel width from 30 µm to 37 µm for the range of 

number of passes from 1000 to 6000 is most probably due to the repeated interaction of 

plasma with a specific glass surface (see Fig. 8.9). The width of micro-channels mainly 

depends on the power density so only a minute variation is observed that becomes slow when 

number of passes exceeds 4000. Once the quartz is ablated by LPP and an initial micro-

channel is produced, the further repetition of the scans enhanced the penetration of plasma 

particulates, as the outer layer of glass is removed. So, the enhanced plasma penetration with 

quartz and interaction with the inner layers resulted in gradual increase in micro-channel 

depth as the number of passes are increased (see Fig. 8.9).             

     The appropriate scanning speed is necessary for micro-channel fabrication by the 

LIPAA process. It was observed that improper scanning speeds (10-20 mm/s) resulted in 

machining failure (see Fig. 8.10). It is due to the fact that scanning speed defines the number 

of pulses per unit area and pulse overlap. The pulse overlap is an important parameter for 

pulsed laser based repeated machining process which is defined as the overlap between 

diameters of adjacent laser pulses. The pulse overlap under different overlapping conditions 
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is shown in Fig. 8.15. 

 

 

Figure 8.15: The pulse overlap under overlapping conditions. 

The pulse overlapping factor Of is given by (Gao, Liu, Zhang, & Zhang, 2014; Torkamany, 

Hamedi, Malek, & Sabbaghzadeh, 2006) as, 

   [  (  ⁄ ) (    )]       (8.1) 

where v, f, d, and η are scanning speed (mm/s), laser frequency (Hz), laser spot diameter, and 

pulse duration, respectively. It is quite evident from eq. 8.1 that the pulse and plasma 

overlapping is high at low scanning speeds. Therefore, excessive and exorbitant heating of 

glass occur at low scanning speeds (10-20 mm/s) that lead to the machining failure. The 

slight increase in depth of micro-channels at low scanning speed range i.e. 10-35 mm/s is due 

to high energy density because of a greater number of laser pulses per unit area. As at 

comparatively high scanning speeds (40-60 mm/s) the pulse overlap and hence laser energy 

density decreases that results in gradual reduction in depth of micro-channels. Furthermore, 

the radial dimension of plasma is invariable with scanning speed therefore there is no definite 

impact of scanning speed variation on the micro-channel width.         

8.7. CONCLUSION 

 The fabrication of micro-channels on the quartz surface by LIPAA using Si plasma 

has been demonstrated. The effect of gap distance, laser power density, and beam scanning 

No overlap Low overlap High overlap 
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parameters on the size and morphology of micro-channels is investigated. Following are the 

major conclusion drawn from this study: 

i. The crack-free and smooth micro-channels on the quartz surface can be fabricated by 

LIPAA using Si as a sacrificial material.  

ii. The gap distance, laser power density, and scanning parameters have a strong impact 

on the quartz micromachining.  

iii. The 30 µm gap distance and 315.6 kW/cm
2
 laser power density are proper conditions 

for micro-channel fabrication. Micro-channel fabrication for the gap distance of 40 

µm is not possible. 

iv. The appropriate scanning speed is necessary to avoid machining failure. The 

variation in scanning speed has no definite impact on the size of micro-channels.  

v. The width and depth of micro-channels can be controlled by the laser power density 

and number of passes. There is a gradual increase in the width and depth of micro-

channels with increase in the laser power density. The size of micro-channel also 

depends upon the number of passes.  

vi. The 1000 number of passes and 30-45 mm/s scanning speeds are the optimum values 

of the laser scanning parameters for smooth micro-channels fabrication on the quartz 

surface.  

The results presented in this study will help to optimize conditions for the laser micro-

machining and micro-structuring of the quartz by LIPAA. 
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FUTURE RECOMMENDATIONS 

The following aspects of the micromachining of transparent materials using LIPAA are 

proposed to be studied. 

i. Preliminary experimental investigation indicated that LIPAA is a promising 

technique for the fabrication of micro-structures and micro-channels in glass. It is 

strongly suggested to fully explore its potential to fabricate the microfluidic devices 

and lab-on-chip systems for various applications. 

ii. Similarly, the potential of LIPPA should be exploited to fabricate micro-lens array, 

micro-prisms, wave guides, micro-reflectors, optical gratings, etc.  

iii. The particulars of micro-machining using LIPAA, depends on the energetic of the 

plasma species. The application of electric and magnetic field to control the 

energetics of the plasma particulates and hence the micro-machining should be 

investigated.  

iv. The major shortcomings of LIPPA are the roughness of the machined kerf, deposing 

of debris and heat-affected zone around the kerf. The research may be initiated to 

work-out appropriate methods to reduce these drawbacks. 

v. Most importantly, the theoretical understanding of the LIPAA process is very 

rudimentary. The modelling and computer simulations are urgently required to have 

better control over the micro-machining process. 
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