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ABSTRACT 

Lasers have proven to be among the most promising tools for micromachining 

because they can process features down to the size of the laser wavelength (smaller than 1 

micrometer) and they provide a non-contact technology for machining. The demand for 

incorporating in-situ diagnostics technology into the micromachining environment is driven 

by the increasing need for producing micro-parts of high quality and accuracy. Laser 

interferometry can be used as an on-line monitoring tool and it is the aim of this work to 

enhance the understanding and application of Michelson interferometry principle for the in­

situ diagnostics of the machining depth on the sub-micron and micron scales. 

Micromachining is done on two different materials and a comprehensive investigation 

is done to control the width and depth of the machined feature. To control the width of the 

feature, laser micromachining is done on copper and a detailed analysis is performed. The 

objective of this experiment is to make a precision mask for sputtering with an array of holes 

on it using an Nd:YAG laser of 532 nm wavelength. The diameter of the hole is 50 !lm and 

the spacing between holes (the distance between the centers) is 100 !lm. 

Michelson interferometer is integrated with a laser machining system to control the 

depth of machining. An excimer laser of 308 nm wavelength is used for micromachining. A 

He-Ne laser of 632.8 nm wavelength is used as the light source for the interferometer. 

Interference patterns are created due to the change in the path length between the two 

interferometer arms. The machined depth information is obtained from the interference 

patterns on an oscilloscope detected by a photodiode. To compare the predicted depth by the 

interferometer with the true machining depth, a surface profilometer is used to measure the 



xii 

actual machining depth on the silicon. It is observed that the depths of machining obtained by 

the surface profile measurement are in accordance with the interferometer measurements 

with a very high accuracy. 

The experimental results demonstrate the feasibility of applying this system in industries 

that require precise measurements where cost of making as well as accuracy both cannot be 

compromised. 



CHAPTER 1 

INTRODUCTION 

1.1 Lasers for Materials Processing 

The development of lasers has been an exciting chapter in the history of science and 

engineering because the laser has potential for application in an extremely wide variety of 

scientific and engineering fields. As a light source, a laser beam offers several unique 

features for materials processing. Monochromaticity is one of the unique characteristics of 

laser light. Perfectly monochromatic light cannot be produced even by a laser, but laser light 

is many times more monochromatic than the light from any other source. Since the 

absorption coefficient of different materials is highly wavelength dependent, by selecting the 

laser beam wavelength from deep ultra-violet (UV) to infrared (IR), one can precisely control 

the material processing. Moreover, the processing depth can be controlled because the optical 

penetration depth, L depends on the wavelength, according to 
'P 

A L =--, 
'P 4nk 

(Ll) 

where 2 is the wavelength and k is the extinction coefficient of the solid material (Duley, 

1983). This wavelength effect in beam focusing can be utilized to obtain a better focus of the 

laser beam without compromising the depth of focus (Born and Wolf, 1980). 

Coherent light waves all travel the same direction (spatial coherence) at the same 

frequency and in phase (temporal coherence). This gives rise to a very narrow beam arid 

intense, pure light that characterizes laser. The spatial coherence allows one to focus the 

beam very tightly. For a high-powered laser, this results in a very high energy density for 
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laser ablation and thin film deposition (Zhang et aI., 1996) or material redistribution (Wood 

et aI., 1984). The ability to focus the laser beam down to micron level provides the means for 

precise laser processing in extremely small dimensions (Zergioti et aI., 1998, Park et aI., 

1993). This is fully utilized in bioengineering applications to minimize the damage to the 

surrounding tissue (Vogel et aI., 1990). For a low power probing laser beam, tighter focusing 

makes it possible to achieve "point detection" in surface diagnostics, providing a fine spatial 

resolution (Williams, 1994). 

Another important characteristic of the laser beam is its very small divergence in the 

order of milliradians. The beam divergence determines the spot size. Higher the divergence 

higher is the spot size and vice versa. Arrangements of lenses are usually used to minimize 

divergence. The spot size is given by, 

S=8f (1.2) 

where S is the spot size, 8 is the beam divergence, and f is the focal length of the lens. 

Moreover, the laser materials interaction process is non-invasive. The non-contact nature 

eliminates the possible contamination from machining tools and measurement errors due to 

the contacting elements (Kitai et aI., 1991, Tam et aI., 1992). 

Due to these unique features of a laser beam, laser processing of materials has 

become a field of growing importance with applications in mechanical engineering, such as 

drilling, cutting, bending, welding, cleaning, hardening, alloying and surface treatment; in 

electrical engineering and materials science, such as photolithography, ablation, thin film 

deposition, doping, annealing, recrystallization, defect scanning/mapping; in chemical 

engineering such as laser induced reaction, dissociation, photo-ionization; and in 
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bioengineering, such as tissue cleaning and tissue removal. Success of the process relies 

mainly on fundamental understanding oflaser material processing. 

1.2 In-situ Diagnostics of Laser Material Processing 

As the drive toward more flexibility and higher level of automation in semiconductor 

manufacturing hastens, it is becoming increasingly apparent that real-time, in-situ monitoring 

is a necessity to achieve these goals. The in-situ diagnostics technology provides a means of 

maintaining the required finish and accuracy during manufacture, either by in-process or in­

cycle measurement methods. It also provides the necessary information on critical process 

parameters fast and accurately (e.g. machining depth information, wafer temperature, 

deposited fihn thickness and thickness uniformity, and fihn resistivity in an epitaxial silicon 

chemical vapor deposition process). Simply put, real-time in-situ monitors provide current 

process conditions, using which the process can be controlled. 

Chen et al. (1999) has developed a novel photothermal displacement method to probe 

nanometer scale surface deformation using a He-Ne laser with rnicrometer-spatial-resolution. 

This technique has been used as an on-line monitoring tool for laser zone texturing of 

computer hard disk substrates for high-density recording. The variety of the laser pulse 

width, ranging from continuous wave (CW) to millisecond, nanosecond, picosecond and 

even femtosecond, makes it possible for laser applications with various purposes. A CW 

laser beam can be used for continuous detection of transient phenomenon of material 

processing. Nanosecond laser texturing of a hard disc substrate offers a high throughput for 

mass production in a manufacturing environment (park et aI., 1998). Picosecond and 
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femtosecond lasers have been applied to study the electron dynamics III semiconductor 

materials (Qiu et aI., 1993, Brorson et aI., 1987). 

A null laser interferometer capable of picometer resolution in fringe division has been 

devised with special attention to the effects of diffraction to avoid the measurement 

uncertainty (Bergamin et aI., 1997). In-situ measurement of etch rate of single crystal silicon 

by laser interferometry is reported (Steinsland et aI., 1997). A project to investigate and 

demonstrate the use of real-time, in-situ monitors and feed-back control for flexible 

integrated circuit (re) manufacturing is presented (Yu et aI., 1992). 

Michelson interferometers are widely used for surface roughness measurement and 

other linear displacement measurements with nanometer-resolution (Yu, 1998, Bradley, et aI., 

1998, Kidd, et aI., 1996). A more basic and broader perspective in the field of interferometry, 

including additional references is provided in the review by Hariharan (1987). Many aspects 

of interferometry, including general metrology and alignment errors, as well as path length 

errors caused by changes in orientation of optical components such as cube comers are 

discussed (Bobroff, 1993). Both homodyne as well as heterodyne interferometers are subject 

to nonlinearities from optics and electronics. A detailed attention has been given to the 

problem in heterodyne interferometers. It should be remembered that laser interferometry is 

not always restricted to a point measurement on the surface, but allows us to measure two­

dimensional vibrations normal to the surface if a fine laser beam is made to scan the surface 

(Mezrich et aI., 1976). 

Though a lot of work has been done on this non-contact measurement process, 

research is less copious in applying this simple interferometric technique in a 

micromachining environment for in-situ diagnostics. Moreover, integrating the 
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interferometry principle and micromachining teclmologies will enhance the further 

development in laser micromachining as well as information discovery for manufacturing. 

1.3 Thesis Organization 

Controlling the process parameters of any process is of extreme importance in the 

research field of close-limits measurement and control. This thesis is aimed at enhancing the 

understanding and providing comprehensive investigations on the control of the machining 

process parameters to obtain the critical dimensions in the order of a few micrometers. First a 

detailed discussion on controlling the diameter of the machined feature (a 50 /lm hole in this 

case) is presented. Then a detailed discussion on controlling the depth of machined feature is 

given. For this, optical interferometry, which is highly sensitive to changes in path difference, 

is used for the noncontact detection of depth information with a sub-micron resolution. 

In chapter 2, a precision mask, which is to be used for sputtering is made by using an 

Nd:YAG laser of 532 nm for drilling through holes. The sample material is copper and the 

diameter of the holes to be drilled is 50 /lm. A total of nine holes arranged in three rows and 

three columns with a spacing of 100 /lm between the centers are drilled. An optical 

microscope is used to view the size of the holes. The process parameters for getting the 

critical dimensions are presented. This is to explain the controlling of features in the lateral 

direction. 

Chapter 3 deals with the in-situ monitoring of excimer laser micromachining with a 

dual-beam interferometry. A simple Michelson interferometer is used to obtain the on-line 

depth information. An excimer laser is used for the micromachining and a He-Ne laser is 

used for the interferometry. The interferometer setup consists of a beam splitter, beam 
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expander and other optics. The interference patterns caused due to the path difference 

between the two interferometer arms is captured by using a photodiode connected to an 

oscilloscope. All the vibration and noise affecting the signal are filtered. Any change in the 

resulting signal gives the increase in the depth of the feature due to machining. The outcome 

of this work is a high resolution setup with the capability of measuring depths on the micron 

and sub-micron scales. 

Chapter 4 summarizes and highlights the conclusions of the present study and 

suggests directions for future research. 
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CHAPTER 2 

MICROMACHINING OF COPPER USING Nd:YAG LASER 

In this chapter, drilling minute holes of specified size using laser micromachining 

technology is discussed. The material to be machined is copper and a frequency doubled 

Nd:YAG laser of 532 nm is used for drilling. A He-Ne laser of632.8 nm is used for the beam 

alignment and to spot the location where the holes are to be drilled. An optical microscope is 

used for viewing the shape, size and finish of the holes. Accordingly various key laser 

parameters like beam intensity, energy, and focal length of the lens are varied to obtain high 

quality holes of the required size (50 flm). A detailed description of the factors affecting the 

shape and finish of the hole is presented. 

2.1 Introduction 

Lasers are often used for precision machining and with the growth of activity in 

microengineering, the development of laser micromachining techniques has accelerated. At 

the simplest level, lasers are widely used in metal drilling applications due to the high 

processing speeds, high tolerance, repeatability and minute dimensions achievable. Laser 

drilling can be performed through continuous drilling, with the use of a continuous-wave 

beam, or percussion drilling, with the use of a pulsed beam. In continuous drilling, material 

removal occurs through melting with some vaporization. The molten material is ejected out 

of the bottom of the hole with the aid of a gas jet. In percussion drilling, a pulsed beam 

removes material through melting and localized detonation or explosion. In this case, about 

90% of the material is removed through detonation effects. Additionally, a reactive gas jet 
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can be used to remove material through oxidation, chemical reactions. Laser hole drilling in 

ceramic, silicon and polymer substrates is widely used in electronics industry. Laser drilling 

of metals is used to produce tiny orifices for nozzles, cooling channels in air turbine blades, 

via drilling of circuit board, etc. 

New lithographic, deposition, and etching tools for micro fabrication on planar silicon 

substrates have led to remarkable advances in miniaturization of silicon devices. However, it 

is often desirable to fabricate microstructures in other materials as well. Metals like copper 

are needed as structural components and electrical conductors. Glass finds application in 

optics, sensors, and fluid control devices. Diamond is often useful for its high strength and 

resistance to wear. And ceramics are needed in actuators, high temperature components and 

harsh atmospheres. New, special tools are needed for this work, and lasers can play an 

important role. As feature sizes fall below one thousandth of an inch, mechanical approaches 

to cutting, drilling and shaping these materials must be replaced with photon or particle beam 

techniques. Lasers are particularly useful, and a variety of highly localized, laser-controlled 

process have been developed for material deposition and removal. Laser ablation, 

photopolymerization and laser microchemistry are examples ofthese. 

The effects of changing process variables such as gas jet pressure and lens/workpiece 

distance in laser drilling are studied by Yilbas (1996) using a pulsed Nd:Glass laser for 

stainless steel, titanium and nickel. Changes in gas pressure are brought about by the use of a 

vacuum on the hole exit side. Changes in lens/workpiece distance affect plasma formation 

inside the hole, which in turn affects the geometry and size of the melting front. Plasma 

formation is also affected by changes in pressure for the assist gas, which regulates the 

amount of high-temperature oxidation occurring in the hole. As the workpiece thickness 
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decreases, the lens/workpiece distance required to achieve the best surface condition or the 

least amount of dross also decreases. For workpiece thickness less than 0.3 mm, the 

lens/workpiece distance is greater than the lens focal length. These observations are verified 

by an experimental study of the effects of changing parameters on surface debris, dross 

formation, and hole taper. 

One means of achieving precise optical processing of materials on micrometer scale 

is to use laser pulses with a sufficiently short pulse duration and a corresponding high 

intensity. The rationale for the use of shorter pulses in the nanosecond to femtosecond range 

is to reduce the melt component of material removal and to lower the heat input to adjacent 

parts of material (Kupfer et aI., 1990, Bergmann et aI., 1991, 1994, Chang et aI., 1994). It is 

also known, however that the use of laser pulses of high intensity (> 10 10 W /cm 2 ) increases 

the mechanical load placed on the material because of the high ablation and plasma pressures 

(Devaux et aI., 1993, Bergmann et aI., 1994). 

The thermal and mechanical effects on materials induced by laser drilling with a wide 

range of pulse widths (50 ns to 200 fs) and power densities (lO S W/cm 2 to 10I5 W/cm 2) is 

analyzed and compared (Luft et aI., 1996). The ablation process of thin copper films by 

picosecond laser pulses is investigated (Jandeleit et aI., 1996). It is found that picosecond 

laser pulses cause a much lower heat load and reduced heat affected zone (HAZ) compared 

to nano and microsecond laser pulses. Because of the short pulse length, higher intensities 

can be reached and rapid heating can possibly lead to an earlier evaporation of the material 

and to a reduction of the molten zone, which resolidifies after the end of the laser pulse at the 

edges of the ablated area. 
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It is the aim of this work to make 50 J.LIIl holes on a copper sheet of thickness 200 11m. 

A pulsed Nd:Y AG (for more details see Appendix F) laser of 532 nm is used for the drilling 

purpose and a He-Ne laser of wavelength 632.8 nm is used for aligning the Nd:YAG laser 

beam. After the holes are made, they are observed using an optical microscope, and the key 

laser parameters are changed for getting the desired shape, size and finish of the holes. A 

detailed discussion on the factors affecting the machining process is presented. The sample 

made is later to be used as a precision mask for sputtering. 

2.2 Gaussiau Beam Optics 

The Gaussian intensity distribution of a coherent laser beam is given by 

r 
f(r) = fo exp[ -2(-)'], (2.1) 

Wo 

The beam waist at the focal point can be obtained as 

Wo 
2 f =--- (2.2) 

where wO ' WI are the beam radii at the focal plane and before the focal lens respectively, 

and f is the focal length. The beam radius is defmed as the point at which the beam intensity 

falls to lie 2 of its maximum value. For the same initial laser beam radius and same focal 

length, a green laser beam has tighter focus than an IR beam. 

The depth of focus of the beam is determined from (Duley, 1983), 

, 
d =ffWo ~r'_l, 

dof 22 ., (2.3) 
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where, d dof is the depth of field, Wo is the beam waist radius and A is the wavelength of the 

laser beam. The depth of focus of a Gaussian beam is proportional to Wo 2 / A, . For the same 

beam radius Wo ' a green beam has a longer depth of focus compared with an IR beam. 

2.3 Theoretical Background 

Ablation and drilling using short pulsed solid state lasers are becoming increasingly 

important technologies for micro-machining, micro-structuring, and micro-drilling since 

commercially available nanosecond solid state lasers achieve power densities well above 

lO" W/cm 2). Despite the various experimental works carried out on laser ablation of metals, 

the physical processes involved in laser beam interaction with metallic targets and the gas 

dynamics of the plume are not yet satisfactorily explained. In a laser ablation process, the 

coupling mechanism of the incident laser radiation to the target and to the dense vapor in the 

vicinity of the sample surface plays a significant role. Moreover, such a mechanism can be 

very complex due to the variation of the optical and thermal properties of the sample during 

laser irradiation. In particular, for ns laser ablation of metals, plasma effects become 

significant even at low laser fluence (2 J/cm 2) and plasma formation and interaction with the 

laser beam must be carefully considered. 

Laser ablation is the easiest machining process to implement and, with proper choice 

of laser, can be used for cutting, drilling, and marking a wide range of materials. Best results 

are achieved when a pulsed laser beam is strongly absorbed near the surface of the substrate 

material to be machined. Absorption of laser energy can vaporize the surface material by 

either thermal or photochemical means. The vaporized material is released in a plume. 
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Composition of the plume is complex and often includes substrate species, particles, ions, 

and reaction products between the substrate material and the surrounding atmosphere. 

Almost all laser ablation results in some localized heating of the illuminated area. If the 

duration of the laser pulse is long and the substrate is a good thermal conductor, heat can 

spread into the surrounding zone of material. The size of this heat affected zone typically 

ranges from less than one micron to tens of microns. 

Machining a material depends on the properties of the material. Reflectivity and 

absorptivity of the material are the most important factors. In general, the normal reflectivity 

of any material is given by, 

(n-l)'+k' 
p= , 

(n+l)'+k' 
(2.4) 

where p is the normal reflectivity of the material, n is the refractive index of the material, 

and k is the extinction coefficient. In this case, the material used is copper. The values of the 

optical constants n and k for copper at 532 nm is listed in Table 2.1. So the reflectivity of 

copper while using a Nd:YAG laser beam for machining is about 60 %. In general for higher 

reflectivity of the material for that wavelength, it is hard to machine the material. The general 

atomic, crystallographic properties and features of copper are listed in Table 2.2. 

Machining or material removal by a laser beam involves the following basic steps: 

absorption of the laser radiation by the material, re-distribution of the absorbed energy within 

the target material, and material removal by evaporation and/or melt ejection. At the start of 

the laser pulse, the solid material is absorbing the laser radiation. Absorption takes place in a 

thin top layer. Then heat is conducted into the material. As temperature increases, the solid 

material may undergo one or more crystallographic phase transformations. The latent heat 
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Table 2.1 Optical constants for copper 

Wavelength (nrn) n k 

532 1.04 2.59 

Table 2.2 Properties of copper 

Atomic number 29 

Atomic weight 63.546 

Crystal structure Face-centered cubic 

Number of atoms in unit cell 4 

Boiling point 2868 K 

Melting point 1356 K 

Density 8.94 x 103 kg/m3 

Heat of fusion 134 Jig 

Heat of vaporization 3630 Jig 

will be supplied by the laser radiation. As soon as the melting point is reached, heat will also 

be transported by convection. The material surface will become curved, as soon as 

evaporation starts. The vapor will affect the beam by attenuation, scattering, and secondary 

emission. With increasing time depending on the power density, the vapor will become 

excited or even ionized. Therefore, key laser parameters that affect the process are: beam 

intensity, pulse width and energy, and wavelength. Lower pulse frequencies are typically 

used as metal thickness increases. It is shown that the shortening of pulse length and the. 
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subsequent increase in beam intensity result in much thinner recast layers and heat affected 

zones (HAZ), less micro cracking or delamination of materials, and much better geometry 

stability. Lens focal length selected is determined by material thickness. Longer focal length 

lenses are used with thicker material, to a region where power density drops below the level 

required to overcome surface reflectivity. 

Laser hole drilling can be achieved either by single pulse drilling or multiple pulse 

drilling. Single pulse drilling involves the phenomenon of using a single pulse for drilling. 

Multiple pulse drilling hole drilling shapes the hole by means of applying a train of identical 

laser pulses of given energy and duration. Multiple pulse processing causes the crater depth 

to grow gradually owing to the layer by layer vaporization by each pulse. The final hole 

depth is determined by the total energy of the pulse train, while the hole diameter depends on 

the average parameters of the separate pulses. The removal depth per pulse has a maximum 

value at a material specific energy density. After that the amount of removed material 

decreases. But the best results are achieved at lower intensities, because higher intensities 

cause a damage of the surrounding material. But the energy density at the focal position 

influences the maximum diameter, the removal depth per pulse respectively the time for 

drilling through the material and the maximum depth of a hole. The energy density can be 

easily varied by the pulse repetition rate. At higher pulse repetition rates the pulse energy 

decreases. 

Laser drilled holes usually have tapers, i.e. the hole is not perfectly straight. Also a 

redeposition area may exist around the hole, because laser drilling is realized through violent 

phase change, the material becomes melted, then ablated, then cool down and become solid 

state again. Redeposition is serious for long pulses (pulse duration> 10 nanosecond). It was 
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Table 2.3 Comparison ofEDM drilling, laser drilling and mechanical drilling 

EDM Mechanical Laser 
Drilling Drilling Drilling 

No taper, Large diameter, High throughput, 

Advantages Large depth, Large depth, No drill wear, 
Low equipment Low equipment Noncontact, 
cost. cost. SmaliHAZ, 

Wide range of 
materials, 
Low operating cost 

Slow drilling rate, Drill wearlbreakage, Hole taper, 

Disadvantages 
Long setup time, Low throughput, Limited depth, 
High operating cost, Difficult to drill Limited diameter, 
Limited range of small holes, Recast layer 
materials. Limited materials 

found that tapering and redeposition can be lowered by suitably choose shorter wavelengths 

and pulse duration. Taper in a Nd:YAG laser drilled hole is estimated to be approximately 

0.02" x (metal thickness). 

Table 2.3 compares the laser drilling with electrical discharge machining (EDM) and 

traditional mechanical drilling. EDM is limited to electrically conductive materials, while 

drill wear and breakage is a big concern in mechanical drilling. Laser drilling is effective for 

small hole drilling and they can be flexibly automated. 

2.4 Experimental Setup 

A layout diagram of the holes to be drilled on the copper sheet is shown in Figure 2.1. 

A total of nine, minute holes are to be drilled. The diameter of the holes is 50 f.lm. The 
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Figure 2.1 Layout sketch of the holes to be drilled 

spacing between the holes is 100 f.lm i.e. the distance between the centers of the adjacent 

holes if 100 f.lm. 

The schematic diagram of the experimental setup is shown in Figure 2.2. A Q-

switched, frequency doubled Nd:YAG laser of 532 nm is used for drilling the 50 f.lm holes. 

The beam from the Nd:Y AG laser passes through a beam splitter. This beam splitter divides 

the Nd:Y AG laser beam into two beams. 90 % of this beam is transmitted through the beam 

splitter and the remaining 10 % is reflected by the beam splitter. This reflected beam is used 

for measuring the laser energy. The transmitted beam is focused on to the sample stage using 



17 

He-Ne laser 

Energy meter 

Nd: Y AG laser 

Focusing Mirror Beam Splitter 
Sample lens 

stage 

Figure 2.2 Schematic diagram of the experimental setup for copper drilling 

a focusing lens. The sample is mounted on high resolution micrometers which has a 

minimum incremental motion of2 /lm. The sample stage is a two directional one capable of 

motion on both the X and Y axes. Another laser, a He-Ne laser of wavelength 632.8 nm is 

used for aligrunent of the Nd:Y AG laser beam. The He-Ne laser is a highly coherent and 

monochromatic light source, which is red in color. This He-Ne laser is integrated with the 

Nd:Y AG laser to enable us to position the target at the right location with respect to the laser 

beam. 

The sample is machined with various energies and different number of pulses. First 

the energy is kept constant and the machining is done for different number of pulses. Then 

the number of pulses is kept constant and the energy of the laser beam is varied. Machining is 
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done on the copper sample by changing the parameters. To study the effect of the beam size 

on the size and finish of the hole, machining is done by changing the beam size. Even a 

quarter wave plate is introduced between the beam delivery and the target to introduce a 

phase difference of one quarter-cycle between the ordinary and the extraordinary components 

of light passing through. Quarter-wave plates are used to turn plane-polarized light into 

circularly polarized light and vice versa. To do this, we must orient the wave plate so that 

equal amounts of fast and slow waves are excited. We may do this by orienting an incident 

plane-polarized wave at 45° to the fast (or slow) axis. We can use a quarter-wave plate as an 

optical isolator, that is, a device that eliminates undesired reflections. Such a device uses a 

quarter-wave plate and a polarizing beamsplitter cube. Even the effect of changing the 

polarization on the machining process is reported. 

The machined samples are then viewed usmg an optical mICroscope. For easier 

measurement of the diameters, the microscope is connected to a charge coupled device 

(CCD) camera, which in turn is connected to a monitor. The machined hole is magnified 

several times so that the features of the hole are clearly visible and the flaws due to thermal 

redistribution are seen. Measurement of the machined hole diameter is also made easy and 

accurate because of the much enlarged view provided by the use of the CCD camera with 

monitor. 

2.5 Results aud Discussion 

Holes of 50 flm diameter are drilled on the copper sample, and the machined features 

are observed using a high magnification microscope. Based on the observations made, the 

parameters are changed for getting the exact hole dimensions. Since the thickness of the 
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sample is 200 llm, holes of 50 llm diameter are easier to make. In general holes with low 

aspect ratio for copper can be achieved, either with a single pulse or with a train of multiple 

pulses. So both single pulse drilling and multiple pulse drilling techniques are used for this. 

Reproducibility is the important factor in deciding the use of a single pulse or 

multiple pulses. The main factor affecting the reproducibility of the holes in a single pulse 

drilling can be attributed to the various light parameters (pulse energy and duration, beam 

divergence, and beam temporal and spatial structures). With the increase in energy, it is 

observed that the HAZ and the diameter of the holes increased proportionally. Since 50 flm 

diameter is big enough for micromachining applications, we do not need a very stringent 

setup and the required hole size is easily obtained by changing the focal length of the lens. A 

5 to 10 % fluctuation in pulse energy increases the pulse duration by a factor of 5 to 10 %, 

whereas the divergence increases only by 2 to 3%. Identical holes can be obtained after the 

end of the transient period when the laser operates in a stationary mode. The longer the pulse, 

the bigger the melt volume and, therefore, the larger the hole size scatter. The decrease of the 

flux density due to gradual beam focusing with the hole-depth growth, the blurring of the 

light-spot edges have an adverse effect on the hole feature if the depth of the hole is larger 

than the depth of focus. 

The second group of factors influencing the reproducibility comprises the various 

inaccuracies of sample motion and positioning relative to the zone under irradiation. This 

effect can is reduced by the proper positioning of the sample stages. The third group of 

factors is related to inhomogeneities of the structure and properties of copper sample. This is 

very insignificant because of the relatively large holes we are drilling. To improve the quality 
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of the drill and to raise the repeatability and accuracy, multiple hole drilling is better 

compared to single pulse drilling. 

The best results are achieved at lower intensities, because higher intensities cause a 

damage of the surrounding material. But the energy density at the focal position influences 

the maximum diameter, the removal depth per pulse respectively the time for drilling through 

the material and the maximum depth of a hole. The energy density is easily varied by the 

pulse repetition rate. At higher pulse repetition rates the pulse energy decreases and fmer 

holes are drilled. 

The minimum diameter required on the bottom surface is 50 11m. Processing with a 

converging light beam produces a conical crater profile, while a diverging beam yields a 

cylindrically shaped crater. In the converging beam case, the walls of the hole formed 

virtually do not absorb the light flux propagating parallel to them; vaporization is the main 

mechanism responsible for material destruction (the walls melt a little owing to heat 

conduction). In contrast, irradiation by a diverging beam of sufficient density causes 

extensive melting of the walls and, although the total amount of material removed increases 

somewhat at the expense of the liquid phase, the hole depth decreases as a result of the beam 

defocusing. 

Since the Nd:Y AG beam follows a Gaussian distribution, the edges of the holes are 

not sharp. This improves if we use only the center portion of the beam for processing. But if 

the beam size is large, it is much easier to focus the beam tight. 
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2.6 Summary 

A series of holes, each of 50 !-Lm diameter, with a spacing of 100 !-Lm between them 

were drilled successfully using a Nd:Y AG laser of wavelength 532 run. The holes were made 

on a copper sample. The factors affecting the depth, size and shape of the hole were analyzed 

and presented in detail. It was found that using a train of multiple pulses instead of a single 

pulse for processing improves the features of the hole. By using shorter pulses, the hole size 

scatter was reduced. The best results were achieved at lower intensities, because higher 

intensities cause a damage of the surrounding material. The heat affected zone was reduced 

by using low intensity pulses at high repetition rates. The correct choice of the processing 

regime allows the transition from rough hole formation to obtaining precision holes with high 

dimensional and shape precision. 
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CHAPTER 3 

EXCIMER LASER MICROMACHINING OF SILICON AND ON-LINE 

MACHINING DEPTH DISCOVERY USING LASER INTERFEROMETRY 

In this paper a parametric study on the excimer laser micromachining of silicon (Si) is 

conducted and a Michelson interferometer is used for the in-situ diagnostics of the machining 

depth on the sub-micron and micron scales. An excimer laser of wavelength 308 nm is used 

for the micromachining process. A He-Ne laser of 632.8 nm wavelength is used as the light 

source for the interferometer and the setup consists of a beam splitter, beam expander and 

other optics. The interference patterns caused due to the change in the path length between 

the two interferometer arms gives the machined depth information. These interference 

patterns are captured by using a photodiode and an oscilloscope. Results from the 

interferometer are compared with the actual depth measurements obtained by using a surface 

profilometer. It is observed that the depths of machining obtained by the surface profile 

measurement are in accordance with the interferometer measurements with a very high 

accuracy. The experimental results demonstrate the feasibility of applying this system for the 

in-situ monitoring of the micromachining process. 

3.1 Introduction 

The unique features like monochromaticity, spatial coherence, variety of wavelength 

and pulse width, and high power of excimer lasers (for more details see Appendix H) make 

them an efficient and environment-conscious tool in industrial material processing, data 

storage, etc. It is in the micro-world that laser micro machining offers tremendous advantages 
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over conventional manufacturing technologies: non-contact clean process, minimum heat 

affected zone (HAZ), single-step processing, high precision and repeatability, flexible feature 

size and shape, no requirement of expensive vacuum equipment, and the ability to remove 

material selectively (Slusher, 1999). Excimer laser micromachining applications have gained 

more and more interest in fabrication of commercial microstructure products such as multi 

chip modules, printed circuit boards, and excirner laser stripped wires (Ogura, et aI., 1998, 

Ricciardi, et aI., 1998). 

The short wavelength of excirner laser makes it easy to achieve very high peak laser 

intensity with low pulse energies. The short wavelength also means that the hydrodynamic 

motion of the matter under laser irradiation can be ignored, and there is essentially no fluid 

dynamics to consider during the laser-matter interaction - the reason why excirner laser 

micromachining process is also called "cold milling" process. The unique properties of the 

pulsed excimer laser radiation - the UV wavelength, photochemical interaction with the 

target material and the high peak power result in direct bond breaking of the material for high 

precision micromachining. 

As the area of micro machining matures, techniques for monitoring and controlling the 

associated manufacturing processes become increasingly important. The demand for 

incorporating in-situ diagnostics technology into the micromachining environment is driven 

by the increasing need for producing micro-parts of high quality and accuracy. Chen et al. 

(1999) has developed a novel photothermal displacement method to probe nanometer scale 

surface deformation using a He-Ne laser (for more details see Appendix G) with micrometer­

spatial-resolution. This technique has been used as an on-line monitoring tool for laser zone 

texturing of computer hard disk substrates for high-density recording. 



24 

The micromachining is done on the silicon sample by an excimer laser and a He-Ne 

laser is used for the interferometry. A Michelson interferometer (see Appendix A), which is 

based on the interference (see Appendix B) effect of two mutually coherent beams is used as 

the in-situ diagnostics tool. The in-situ diagnostics technology provides a means of 

maintaining the required finish and accuracy during manufacture, either by in-process or in­

cycle measurement methods. Michelson interferometers are widely used for surface 

roughness measurement and other linear displacement measurements with nanometer­

resolution (Yu, 1998, Bradley, et aI., 1998, Kidd, et aI., 1996). A more basic and broader 

perspective in the field of interferometry, including additional references is provided in the 

review by Hariharan (1987). Many aspects of interferometry, including general metrology 

and alignment errors, as well as path length errors caused by changes in orientation of optical 

components such as cube comers are discussed (Bobroff, 1993). Though a lot of work has 

been done on this non-contact measurement process, research is less copious in applying this 

simple interferometric technique in a micromachining environment for in-situ diagnostics. 

The objective of the work is to develop a high-resolution setup for the online depth 

measurement of the micromachining process using a dual beam interferometry. It is desired 

that the setup should have the capability of measuring the depth on the micron and sub­

micron scale and is able to deliver a cost-effective solution for on-line monitoring of 

micromachining process. Moreover, integrating the interferometry principle and 

micromachining technologies will enhance the further development in laser micromachining 

as well as information discovery for manufacturing. An example of applying this technique 

lies in the in-situ diagnostics of CD-ROM manufacturing, as it will help avoid the wastage of 

CD-ROMs after spending considerable amount of effort and money in its manufacturing. 
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3.3 Theoretical Background 

The tenns "interferometry" and "interferometer" are both derived from the word 

interference. Interference is a phenomenon that occurs when one has waves of any kind -

sound waves, light waves, ocean waves, seismic waves from earthquakes - it makes no 

difference. Whenever two waves come together at the same time and place, interference 

occurs. Resonance, beat frequencies, hetrodyning, dissonance, are also all interference 

phenomena. Interference can be visualized as the adding together of two waves with each 

other. Depending on wave size ( amplitude) and the degree to which they are in or out of step 

with each other (phase), they will either add together or cancel. 

Interferometry is the use of interference phenomena for measurement purposes, either 

for very small angles or for tiny distance increments (the displacement of two objects relative 

to one another). An interferometer is a device to make such measurements. Though there are 

many different types and designs of interferometers, virtually all of them operate on the same 

basic principle. From a beam of light coming from a single source (a star, a laser, a lamp, 

etc.), two or more flat mirrors are used to split off (or "pick off') different light beams. These 

beams are then combined so as to interfere with each other. What is looked for are alternating 

bands of light and dark, called fringes. One fringe corresponds to one full cycle of light 

intensity variation. If both waves are in step or in phase, that is, the crest of both waves 

coincide, the two will add together to fonn a single wave. This combined wave will have a 

higher crest and deeper trough (or larger amplitude). In the case oflight waves, two dimmer 

light beams will add together to fonn a brighter beam - this is called constructive 

interference. On the other hand, destructive interference occurs when the two waves are out 

of step with each other, that is, the crest of one coincides with the trough of the other. Here, 
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although the waves are still adding together, they cancel each other out. So, the amount of 

interference that occurs depends on both the amplitudes of the two waves and the degree to 

which their respective crests and troughs are in phase with each other.. 

One well-known basic design for an interferometer is the Michelson interferometer, 

invented by the American physicist, Albert Michelson (1853-1931), famous for the 

Michelson-More1y Experiment which supports the Theory of Relativity by Einstein. 

Michelson also performed experiments at Mount Wilson measuring the speed of light. 

Basically, in the Michelson interferometer, one is looking "down" along the axis of two 

combined beams towards the light source. A beam splitter mirror is used to bring the beams 

together from the two flat mirrors. It has a deliberately thin reflective coating to permit about 

one-half of the light to pass through. If the light is of a single wavelength, fringes will form 

all along the optical axis of the combined beams, oriented perpendicular to this axis and will 

appear to stand still, even though the beams are traveling at the speed of light - a standing 

wave phenomenon. To the eye, the fringes appear as alternating small rings of light and dark 

surrounding the central images of the light source. 

Michelson interferometry is a technique based on the interference effect of two 

mutually coherent beams, also called as "Amplitude-division" principle. Amplitude division 

refers to the process by which the beam is divided into two, each of which utilizes the whole 

extent of the wavefront of the initial beam, but with reduced amplitude. This is achieved by 

using a beam-splitter, part of the incident light is transmitted and the other is reflected. In 

other words, an interferometer is an optical instrument that splits a wave into two waves 

using a beam splitter, delays them by unequal distances, redirects them using mirrors, 

recombines them using the same beam splitter. Interference occurs and fringes are formed at 



27 

the recombined region. The character of the fringes is directly related to the different optical 

path lengths traveled by the two beams and therefore is related to whatever causes a 

difference in the optical path lengths. The interference equation is given by 

(3.1) 

Where rP = rP, -rPJ and rPl,rP2 are the phases of the two waves;!pI2 are the intensities of the 

constituent waves and I is the total intensity of the wave. If the intensity of both the waves 

traveling in z direction is equal to I 0 and if one wave is delayed by a distance 'd' with 

respect to the other so that 

U J=I o
l12 exp( - jkz), and 

U 2 = 10112 exp[ - jk (z - d)] 

(3.2) 

(3.3) 

Where U J and U 2 are the complex amplitudes of the two monochromatic waves. The 

intensity I ofthe sum of the two waves is given by, 

1= 210[1 + cos( 2n:d I/L)] (3.4) 

Where [ I = I, = 10 and ¢ = kd = 2n:d I/L and d is the difference between the distances 

traveled by the two waves. The intensity I is sensitive to the phase 

rP = 2n:nd I/L = 2n:nd v leo (3.5) 

Where n is the refractive index, v is the frequency, Co is the velocity of light, and II. is the 

wavelength of the monochromatic waves. The light intensity variation is proportional to the 

precise difference in the distance traveled by the two waves. 

In one interferometer arm is moved by a distance equal to Y. th of the wavelength of 

the light source, the round-trip distance traversed by the light in the measurement arm will 

change by Yz of the wavelength and the fringe pattern will change. The distance measurement 
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thus consists of counting the number of fringe variations as the interferometer arm moves. 

Each fringe corresponds to a phase variation of 2 7r . The maximum measurement that can be 

measured by this interferometric principle is given by, 

(3.6) 

Where Llv is the line width of the light source i.e. He-Ne laser. 

What makes the interferometer such a precise measuring instrument is that these 

fringes are only one light-wavelength apart. In visible light (about 590 nm), that corresponds 

to 1I43,000th of an inch. Any movement along the optical axis by either flat mirror will cause 

the fringes to shift an equal amount in lockstep. The measurement of this movement is made 

by literally counting the number of fringes - each dimming and brightening of light - one 

wavelength at a time. Thus by employing the principle of using light interference values to 

measure the distance d, the depth of the material machined can be found out accurately with 

sub-micron resolution. Such a precise system is also incredibly sensitive - so much so that 

any vibration, movement, thermal expansion, etc. is picked up as welL In fact, Michelson's 

early experiments were affected by street traffic vibrations up to 1000 feet away. Using 

shorter wavelengths of light allow greater precision, but are much more difficult to work with 

(the fringes are closer together). 

3.3 Experimental Setup 

A schematic diagram of the experimental setup is shown in Figure 3.1. An excimer 

laser (for more details see Appendix), with Xe-CI as active medium and a wavelength of 308 

nm is used for micromachining. The specifications of the excimer laser (Lambda Physik, 
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Figure 3.1 Schematic diagram of the experimental setup for the in-situ diagnostics of 

silicon micromachining 
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Model EMG-lOl) used for the experiments are given in Table 3.1. The output of the excimer 

laser beam is rectangular in shape and channel type microstructures can be produced on the 

material sample. The excimer beam is reflected by a dichroic mirror (M2) and focused by a 

convex lens onto the silicon sample. The focal length of the convex lens used is large to have 

a larger depth of field. The bottom surface of the machined area should be flat without much 

surface roughness for the interferometry. 

Table 3.1 Specifications of the excimer laser used 

Medium Wavelength Pulse Energy Repetition Rate Pulse Width Beam Size 

Xe-CI 308nm 150mJ 1-30 Hz 10 ns 10x20 mm 

A Helium Neon (He-Ne) laser of632.8 nm wavelength is used as the light source for 

the interferometer. The coherence length of the He-Ne laser used is in the range of 20 to 30 

cm. For applications in holography and interferometry, the high quality stable beam of a He­

Ne laser is unmatched. In particular, the coherence length and monochromicity of the He-Ne 

laser are excellent and the beam profile is circular and nearly ideal GaussianTEMoo so that 

simple spherical optics can be used for beam manipulation. 

The He-Ne laser beam passes through the beam expander, using which the beam can 

be expanded to certain desired amount (typical expansion ratios are lOx, 15x, and 20x) 

without losing the beam quality. Then the expanded He-Ne beam coming out of the beam 

expander is passed through the beam splitter. The beam splitter splits the incident beam 

50150 at 45° angle of incidence i.e. it divides the incident beam into two coherent waves 
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(same frequency, polarization and phase) reflecting one wave and transmitting the other. The 

reflected beam forms the reference beam of the interferometer setup and is reflected by a 

mirror M,. The transmitted beam is reflected by the silicon sample that is to be machined. 

The distance of mirror M, and sample from the beam splitter are roughly equal. Due to the 

coherence of the He-Ne laser slight difference in the distance doesn't affect the interference 

pattern. The reflected beams pass through the beam splitter again and are recombined and 

focused using a convex lens. This convex lens focuses the recombined beam on to a highly 

sensitive photodiode. A photodiode is a semiconductor diode that produces photo-voltage as 

a result of the absorption of photons. The photo diode detects the reflected He-Ne beams and 

the signals are captured as waveforms using a digital phosphor oscilloscope. The 

oscilloscope has a minimum resolution of 1 ns and can acquire up to 5000 waveforms per 

second. A filter is used to prevent the excimer laser beam from reflecting back and damaging 

the detector. This filter has a center wavelength of 633.14 nm and allows only the He-Ne 

beam to pass through. 

The interferometer is calibrated by using an electrostrictive actuator for moving the 

sample for creating a path difference between the two beams. The work piece (silicon 

sample) is mounted on the ultra-resolution electrostrictive actuator, which has a minimum 

incremental motion of 0.06 11m. A path difference is created between the two He-Ne beams 

by providing very little incremental motion (such as 0.5 11m) to the work piece. This change 

in path difference results in a change in the intensity of the detected beam, depending on 

whether the interference is constructive or destructive. The resulting waveform is captured 

using the oscilloscope. By counting the number of constructive and destructive interference 
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patterns, the distance moved or the path difference between the two He-Ne beams can be 

obtained. The value obtained by counting the interference fringes is equal to the motion 

provided to the work piece by the actuator. 

After the system is calibrated, instead of providing motion, machining is done on the 

silicon sample using the excimer laser beam. The He-Ne beam used for the measurement is 

aligned collinearly with the machining beam (excimer laser beam). Due to the machining of 

the sample, the transmitted He-Ne beams travels more distance than the reference beam. 

Thus there exists a path difference between the two He-Ne beams, because of which there is 

a change in the intensity. The photo detector detects the resulting beam, and by counting the 

number of fringes, the depth of machining can thus be obtained. Care is taken to ensure that 

all the vibrations and noise are reduced so that the waveform captured by the oscilloscope is 

only that of the interference patterns. 

3.4 Results and Discussion 

The silicon samples are machined using the excimer laser. For constant laser energy, 

the depth of machining is varied by changing the number of pulses. Higher the number of 

pulses, the greater is the depth of machining. The graph between the depth of machining and 

number of pulses is shown in Figure 3.2. Then the number of pulses are set at a constant 

value and the energy ofthe laser beam is varied. The results are shown in Figure 3.3. 

At higher energies, though the depth of machining is more, thermal damage around 

the edges are observed. Thus by varying the number of pulses and the laser energy, the depth 

of machining can be controlled. The dependence of the depth of machining on the number of 
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pulses and energy is demonstrated in Figure 3.2 and Figure 3.3. Using the interferometric 

system described above, as the silicon samples are machined, the depth of machining is 

calculated by counting the number of constructive and destructive interference patterns. The 

waveforms captured by the oscilloscope are shown in Figure 3.4 (a, b) and Figure 3.5 (a, b). 

Constructive interference occurs when the path difference between the two interferometer 

beams is an integer multiple of ;t and the intensity is maximum. If the delay between the two 

beams is an odd integer multiple of ;t 12, complete destructive interference occurs and the 

resulting intensity, 1= o. The experiment is repeated with the same setup for different depths 

of machining from 0.5 f.Lm to 5 f.Lm. In order to verify the accuracy of the interferometer, the 

obtained results were compared with the actual depths. The actual depths are measured by 

using a profilometer in combination with an optical microscope. The comparison is shown in 

Figure 3.6. It is observed that the interferometer measurements agree very well with the 

actual machined depths. 

It is found that the performance of the interferometer can be enhanced by improved 

control of the measuring environment including the temperature and humidity of the air. 

Direct improvements to interferometer optical systems and phase measuring electronics will 

also contribute to improved measurement accuracy and repeatability. Another important 

factor is the proper focusing of the excimer beam, so that the bottom surface of the machined 

area is flat. Any bumps in the machined surface might contribute towards erratic results, for 

the He-Ne beam is reflected by the machined surface of the sample. The collinear alignment 

of the excimer and He-Ne laser beams are very important for the repeatability of the results 

with good accuracy. 
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(a) 

Figure 3.4 Observed wave pattern using the oscilloscope - before machining 
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(b) 

Figure 3.4 (Continued) 
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(a) 

Figure 3.5 Observed wave pattern using the oscilloscope - after machining 
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(b) 

Figure 3.5 Observed wave pattern using the oscilloscope - after machining 
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Figure 3.6 Comparison of the actual machined depth values with the predicted values 

3.5 System Error Sources 

Environmental errors are the largest contributor to most interferometer systems. 

Controlling or monitoring the environment or minimizing the measurement time will reduce 

environmentally induced errors. Geometric errors can be minimized by following a stringent 

setup and system alignment procedure and using a optically flat target mirror. The target 

uniformity error represents the error caused by non-uniformity in the target mirror. Typically, 

target mirror non-uniformity is the largest geometrical error source. The target mirror must 

be flat to fractions of a wavelength in applications that require multiple axes of travel. A 

target mirror with a surface figure of 1110 can contribute up to 63 nm of error as the stage 

travels along the axis parallel to the clear aperture of the mirror. The target mirror normal 

must be aligned parallel to the axis of the stage travel to minimize tilt error. Tilt of the plane 

target mirror induces a change in the optical path difference. This error is proportional to the 
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spacing between the interferometer and the target and is nonlinear with the tilt angle. The 

magnitude of this error can run from negligible up to a few hundred nanometers, depending 

upon the implementation. Cosine error (Appendix C) results from an angular misalignment 

between the laser beam and the axis of motion. Abbe errOr (Appendix D) results from an 

offset between the measurement laser beam and the axis of motion of the part under test. 

Instrumentation are based on the supplier's system parameters. The contribution of 

the electronic uncertainty to the error analysis is a product of the electronic accuracy of the 

measurement board and the optical resolution of the interferometer. Polarization mixing 

errors are caused by imperfections in the optical components and their coatings. This error 

can be minimized by optimizing the rotation of the interferometer about the optical axis. The 

magnitude of the polarization mixing error will increase if the incident beam does not lie 

perpendicular to the plane of incidence. Optical components with dielectric coatings are very 

polarization sensitive and can induce additional errors ifnot aligned properly. 

3.6 Summary 

A Michelson interferometer has been integrated with an eXClmer laser 

micromachining technique. The system is capable of measuring the micromachining depths 

with a sub-micron resolution. The calculated machining depths from the interference patterns 

are compared with the actual values measured by a surface profilometer. Results show that 

the interferometer measurements agree very well with the actual machined depths. It is 

evident that this simple interferometry technique can be applied in industries that require 

precise measurements where cost of making as well as accuracy both cannot be 

compromised. 
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CHAPTER 4 

CONCLUSIONS 

This dissertation is developed to enhance the understanding and provide 

comprehensive investigations on laser micromachining. An extensive report on controlling 

the parameters affecting the machining process and the machined features is presented based 

on the experimental results on drilling 50 !lm holes on a copper sample. To measure the 

depth of machining on-line, a Michelson interferometer is integrated with excimer laser 

rnicromachining technique, and this setup is used as a gauge for adjusting the laser 

parameters required for controlling the machining depths. This in-situ diagnostics is very 

reliable and very small features have been measured accurately and precisely. 

4.1 Conclusions of Present Work 

The obj ective of the research done in Chapter 2 is to make nine 50 !lm holes at a 

spacing of 100 !lm on a thin copper sample. Micro holes were drilled on the sample, and the 

features were analyzed. Based on the results, an analysis was done on the factors affecting 

the features of the hole. Each parameter was varied and its relation to the outcome ofthe hole 

was recorded. The experiment was repeated until holes of the required shape and size were 

achieved. It was found from the results that while processing in single pulse mode, due to 

instabilities of various light parameters, identical holes could be obtained only after the end 

of the transient period when the laser operates in a stationary mode. Better holes were 

achieved with lower intensities, because higher intensities cause a damage of the surrounding 

material. At higher pulse repetition rates the pulse energy decreases and finer holes are 
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drilled. The original Nd:YAG beam size was reduced and better holes were obtained using 

the center ofthe Gaussian beam. 

In Chapter 3, a parametric study on the excimer laser micromachining of silicon was 

conducted and a Michelson interferometer was used for the in-situ diagnostics of the 

machining depths on the sub-micron and micron scales. An excimer laser of 308 nm was 

used for the micromachining and a He-Ne laser of 632.8 nm was used for the detection. The 

machined depths were measured by the interferometer arrangement. The interference patterns 

caused by the change in machining depths were captured by the photodiode connected to an 

oscilloscope. The measured depths were later compared with the actual depths obtained by 

using a profilometer. It was found that the measured depths very well agreed with the 

profilometer values. The net outcome of this research was a high resolution setup that was 

very cost effective and accurate. 

4.2 Recommendations for Future Research 

More work could be done on the system error sources part to mcrease the 

repeatability and resolution of the interferometer. The effect of environmental factors like 

temperature, humidity, pressure etc, mechanical factors like stiffness, vibration etc and 

optical uncertainties like polarization mixing on the performance of the interferometer could 

be done in detail. In this in-situ diagnostics, a photodiode and an oscilloscope were used to 

capture the signal. Instead, an automatic fringe counting device or a CCD camera could be 

used for making the experiment simpler. A software program could be used to increase the 

speed of data collection (depths) when this setup is used under high repetition rates. 
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APPENDIX A 

NUCHELSONINTERFEROMETER 

Michelson interferometer is an instrument for making precise measurements for 

beams of light of such factors as length, surface irregularities, and index of refraction. It 

divides a beam of light into a number of beams that travel unequal paths and whose 

intensities, when reunited, add or subtract (interfere with each other). This interference 

appears as a pattern of light and dark bands called interference fringes. Infonnation derived 

from fringe measurements is used for precise wavelength detenninations, measurement of 

very small distances and thickness, the study of spectrum lines, and detennination of 

refractive indices of transparent materials. In astronomy, interferometers are used to measure 

the distances between stars and the diameters of stars. 

In 1881, physicist A.A. Michelson constructed the interferometer used in the 

Michelson-Morley experiment. The Michelson interferometer was the crucial instrument for 

proving the non-existence of the ether. The Michelson interferometer and its modifications 

are used in the optical industry for testing lenses and prisms, for measuring index of 

refraction, and for examining minute details of surfaces (microtopographies). The instrument 

consists of a half-silvered mirror that divides a light beam into two equal parts, one of which 

is transmitted to a fixed mirror and the other of which is reflected to a movable mirror. By 

counting the fringes created as the mirror is moved, the amount of movement can be 

precisely detennined. Michelson also developed the stellar interferometer, capable of 
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measuring the diameters of stars in terms of the angle, as small as 0.01 of an arc, subtended 

by the extreme points of the star at the point of observation. 

The basic Michelson interferometer is shown in Figure I. Monochromatic light is 

directed at a half-silvered mirror that acts as a beam splitter. The beam splitter transmits half 

the beam to a movable mirror and reflects the remainder at 90 degrees to a fixed mirror. The 

reflections from the movable and fixed mirrors are recombined at the beam splitter where 

their interference is observed. With the mirrors exactly aligned and motionless, so that the 

recombined beams are parallel, an observer will see a constant intensity of light. 

In Figure A.l, OPL "I and OPL m,a, are the optical path lengths of the reference and 

measurement beams respectively. When one of the mirrors is displaced in a direction parallel 

to the incident beam the observer will see the intensity of the recombined beams increasing 

and decreasing as the light waves from the two paths constructively and destructively 

interfere. A cycle of intensity change of the interference of the recombined beams represents . . 

a half wavelength displacement of movable mirror travel (because the path of light 

corresponds to two times the displacement of the movable mirror). If the wavelength of the 

light is known the displacement ofthe movable mirror can be accurately determined. 

An important characteristic of interferometry is that only the displacement IS 

measured, not the absolute position. Therefore; the initial distance to the movable mirror is 

not measured, only the change in position of the mirrors with respect to each other can be 

determined. 



Monochromatic 
light source 

OPL "f 

46 

Fixed Mirror 

OPL meas 

To Detector 

Figure A.I Basic setup of a Michelson interferometer 

Movable Mirror 

, j'" , , , , 
~ , , 

I1J4 I1J4' , , 
-' ~ _I 

Displacement( s) 



47 

APPENDIXB 

INTERFERENCE 

Wave interference is the phenomenon which occurs when two waves meet while 

traveling along the same medium .. The waves reinforce each other, and the amplitude of the 

resulting wave is equal to the sum of the amplitudes of the interfering waves. The 

interference of waves causes the medium to take on a shape, which results from the net effect 

of the two individual waves upon the particles of the medium. Interference is a phenomenon 

that occurs when one has waves of any kind - sound waves, light waves, ocean waves, 

seismic waves from earthquakes - it makes no difference. Resonance, beat frequencies, 

heterodyning, dissonance, are also all interference phenomena. The interference phenomenon 

is explained in Figure B.l There are two types of interference - constructive interference and 

destructive interference. 

Constructive interference is a type of interference, which occurs at any location along 

the medium where the two interfering waves have a displacement in the same direction. This 

is the condition of maximum brightness. Constructive interference occurs when the path 

difference between the two interferometer beams is an integer multiple of A, and the intensity 

. . 
IS maxImum 

Destructive interference is a type of interference, which occurs at any location along 

the medium where the two interfering waves have a displacement in the opposite direction. 

This is the condition of complete extinction. If the delay between the two beams is an odd 

integer multiple of A, 12, complete destructive interference occurs and the resulting intensity, 

1=0. 
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APPENDIXC 

COSINE ERROR 

A cosine error results from an angular misalignment between the measurement laser 

beam and the axis of motion. The error is generally negligible until the angle becomes quite 

large. Besides degrading the optical signal, a cosine error will cause the interferometer to 

measure a displacement shorter than the actual distance traveled. Geometric errors can be 

minimized by following a stringent setup and system alignment procedure and using a 

optically flat target mirror. The cosine error is shown in Figure Cl. The cosine error can be 

calculated by using the formula 

M=Lcos9 (1) 

where, M is the measured displacement and L is the actual displacement of the target mirror. 

Measured displacement = M 

,-.. __ ---L"-__________ ----\ Axis of motion 

Actual displacement = L 

Figure C.1 Cosine error 
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APPENDIXD 

ABBE ERROR 

Abbe error results from an offset between the measurement laser beam and the axis of 

motion of the part under test. When the axis of measurement is offset from the axis of 

interest, Abbe errors will occur. This was first described by Dr. Ernst Abbe of Zeiss: "If 

errors of parallax are to be avoided, the measuring systems must be placed coaxially to the 

line in which displacement is to be measured on the work piece." This Abbe error is shown in 

Figure D.I 

Measurement along a parallel axis 
--<;: .......................................................................................................................................... > 

Distance moved 
Axis to be measured 

Axis of actual measurement 
Distance measured 

Figure D.I Abbe error 
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APPENDIXE 

OPTICAL ALIGNMENT 

In a single axis system the spot overlap can be minimal and still yield a sufficient 

measurement signal (minimum overlap is approximately 50%). As the number of axes 

increases and the efficiency of the interferometers decrease, the overlap must be near 100%. 

Alignment of the measurement beam parallel to the motion can be accomplished by 

observing the return spot of the measurement beam with respect to the reference beam. As 

the stage is moved, any angular error (cosine error) shows up as runout in the spot position. 

The spot overlap is shown in Figure E.I The alignment error is given by 

a = spot runout / (2 * range of motion) (4) 

where a is the alignment error. For example observing a I mm runout over a I m motion 

yields a 0.5 nrrad alignment error. 

............. ~~ ............ . . ............ ~ 

Near end of travel Far end of travel 

Figure E.l Optical alignment - spot overlap 
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APPENDIXF 

Nd:YAG LASERS 

The Nd:YAG laser is an optically pumped solid-state laser that can produce very high 

power emissions. This is a result of its lasing medium operating as a four level system. The 

lasing medium is the colorless, isotropic crystal Y, AlsO I' (Yttrium-Aluminum Gamet -

Y AG). When used in laser, about I % of the yttrium is replaced by Neodymium. The energy 

levels of the Nd 3+ ion are responsible for the fluorescent properties, i.e., active particles in 

the amplification process. Population inversion results from shining light on this crystal. If 

the light is intense enough, atoms within the crystal that absorb this light transition from 

ground state into the absorption bands. This is often done with a flash lamp - often a quartz 

tube filled with a noble gas through which high energy stored in a capacitor is discharged, 

emitting in the blue and ultra-violet. 

Atoms transition efficiently from their broad absorption bands to the upper energy 

levels. The radiative decays to the ground state from these bands have long lifetimes (t ), on 
'P 

the order of microseconds, as compared to the fast transitions to the upper energy levels (on 

the order of nanoseconds). Approximately 99% of the ions that are excited to the absorption 

band transfer to the upper energy levels. These levels are characterized by a relatively long 

lifetime, on the order of milliseconds. Due to this long lifetime, they de-excite almost solely 

due to spontaneous emission. 

The Nd:YAG laser used in our labs uses a cylindrical crystal. The crystal forms the 

laser cavity and has reflective ends - one coated so that it is 100% reflective. And the other is 
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either sufficiently reflective, or is coated to allow only part of the amplified light to pass -

enough feedback so that oscillation may occur. 

The output of a Nd:Y AG laser is of 1064 nm wavelength, which is in the infra red. 

Usually on such systems one or more harmonic resonators are used in conjunction with 

dichroic optics to generate shorter wavelength radiation. Using such frequency doublers, etc, 

wavelengths of532 nm, 355 nm and 266 nm can be produced, at the expense of power. 
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Figure F.! Energy diagram ofNd:YAG laser 
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APPENDIXG 

He-Ne LASER. 

The active medium is a gaseous mixture of helium and neon, in roughly 10: I 

proportion, contained in a closed quartz tube. A glow discharge is created in the gas by 

applying a high voltage of between I and 10 kV, between a pair of electrodes inserted at 

opposite ends of the tube. Once struck, a steady dc current of typically 3 to lOrnA is 

sufficient to keep the discharge established. The electric current, which flows, leads to 

excitation of the He atoms due to collisions with the energized electrons. The excited He 

atoms in turn transfer some of this energy through atomic collisions to the Ne atoms, which 

are thereby raised to their upper excitation levels. A population inversion is established in 

this level and thus laser action, at a wavelength of 632.8 nm, can take place. It is worth 

noting that the He atoms only provide the means to excite the Ne atoms, lasing action takes 

place in the Ne levels. The energy diagram ofaHe-Ne laser is shown in Figure G.I 

Laser action will continue as long as population inversion can be maintained and a 

continuous beam is emitted with powers in the range 0.5 to 50 mW. The gain of the He-Ne 

laser at this wavelength is low and only small cavity losses can be tolerated, implying the use 

of high quality mirrors with low scattering and absorption losses. Linewidths in gas lasers are 

much lower than for any other type of laser system. For the He-Ne laser in particular, 

linewidths are typically of the order of a few picometres. 

In cheap, low power He-Ne lasers of up to around I mW, the mirrors are usually 

fixed directly to the discharge tube. In higher power lasers the mirrors are usually external to 

the discharge tube to allow some flexibility in alignment. In this case, usually fitting 
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windows to it seals the tube, which are inclined at a specific angle to the optic axis, known as 

the Brewster angle. When depolarized light is incident on a piece of glass or quartz inclined 

at its Brewster angle only the components of light polarized in the plane of the window will 

be transmitted. Other components will be reflected and the light emerges as plane polarized. 
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APPENDIXH 

EXCIMER LASER 

The excimer laser is a rare gas laser which derives its name from a contraction of the 

words "excited dimer", since the lasing molecule, formed through condensation, is in its 

excited state for only a limited time. Some excimer lasers use xenon (Xe2) and fluorine (F2) 

as the lasing material, but the majority of excimer lasers use an excited complex (exciplex) of 

a noble gas and halogen atom as the actual lasant. Typical excimer complexes include argon 

fluoride (ArF), krypton fluoride (KiF), xenon fluoride (XeF), and xenon chloride (XeCl). 

These compounds only exist temporarily when the noble gas is in an excited electronic state. 

The bond is very strong but lasts only a few nanoseconds. When the noble gas atom is no 

longer excited, each compound molecule dissociates into its elemental components; this 

dissociation is accompanied by a release of the binding energy in the form of a photon. The 

output wavelengths of the excimer lasers vary from 0.193 to 0.351 microns in the ultraviolet 

to near-ultraviolet spectra (Figure H.l). 

Excimer lasers have three notable and important properties: (1) Since the transition 

occurs between different electronic states of a molecule, the corresponding transition 

wavelength generally falls in the UV spectral region. (2) Once the molecule reaches the 

ground state, having undergone stimulated emission, it rapidly dissociates due to the 

repulsive potential of this state. This means that the lower laser level can be considered 

empty, so the laser operates according to the four-level laser scheme. (3) Due to the lack of 

energy levels in the ground state, no rotational-vibrational transitions there exist and the 

transition is observed to be featureless and relatively broad. However, that, in some excimer 
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lasers, the energy curve of the ground state does not correspond to a pure repulsive state, but 

it features a (shallow) minimum. In this case the transition occurs between an upper bound 

state and a lower (weakly) bound state (bound- bound transition). However, since the ground 

state is only weakly bound, a molecule in this state undergoes rapid dissociation either by 

itself (a process referred to as predissociation) or as a result of the first collision with another 

species of the gas mixture. Thus, in this case also, light emission produces a continuous 

spectrum. 

Since the pressure of the gas mixture is above atmospheric pressure, Excimer lasers 

can be operated only in a pulsed regime. Furthermore, due to the shorter lifetime of the upper 

state and to avoid the onset of arc formation, faster pumping is usually provided for excimer 

lasers compared to TEA CO2 lasers. (pump duration of 10-20 ns is typical.) For standard 

systems, preionization is achieved by a row of sparks. For the largest systems, more complex 

preionization arrangements are adopted, which use either an auxiliary electron beam or a x-

ray source. 
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