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PREFACE 

Plasma created by intense radiation from 

source was first observed with the advent 

Q-switched Ruby lasers by Maker et si in 1960. 

a focussed laser 

of 'gaint pulse' 

When the laser 

pulses of moderate power are focussed on an opaque surface 

can produce high heating rates and very high temperatures. 

they 

At 

lower laser energies heating without phase change occurs l whereas 

with higher intensity pulses l ionization occurs which leads to the 

plasma formation. Spectroscopic studies of optical emission of 

a laser induced plasma is the most effective method for 

characterizing both the laser target interaction and the resulting 

plasma. The generation of the plasma from a solid target by 

irradiating it with laser pulse is an interesting problem from the 

point of view of not only the plasma physics but also of the 

practical application of it to spectrochemical analy~is. Plasma 

produced by this method is important for several applications as 

in the surface microanalysis l fabrication of materials l deposition 

of thin filml ion source for beam lines and in controlled fusion 

devices l in addition to it use as tool for plasma diagnostics. 

The work presented in this thesis concerns with 

experimental studies on the plasma produced with moderately 

the 

high 

power lasers. The characterization of laser induced plasma from 

different solid target materials like metals (Aluminium and 

Copper) I polymers (Polytetrafluoroethylene) I graphite and high T c 
superconductors (YBa2Cu30 7 & GdBa2Cu30 7 ) using pulsed Q-switched 

Nd:YAG laser has been carried out. Here the spectroscopic as 

well as time resolved analysis of the plasma obtained from the 

above materials is reported. The spectroscopic study of laser 

induced plasma is a very convenient method to identify the 

neutral l ionic and oxide species in the plasma. Identification 

of these species is important in understanding the complicated 

ablation and deposition processes. In order to understand the 

detailed aspects of laser beam interaction with the target 
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material and recombination processes following the laser ablation. 

the time resolved studies of the spectral emission from the plasma 

offer the most logical approach. 

The present thesis is organized into nine chapters. A brief 

description of the contents of each chapter is given below. 

The chapter I is divided into two sections A & B. Section 

A includes. general introduction and the basic theory underlying 

the processes of interactions of laser beam with materials which 

leads to the formation of plasma. In the second section 

different techniques used in the diagnostics of laser induced 

plasma and their applications are described. 

A brief overview of the some of the important previous work 

in the field of laser induced plasma is attempted in the chapter 

II. The emphasis is given to the characterization of the plasma 

rather than its applications. 

The chapter III outlines the general experimental methods 

followed in this study. Details of the experimental set up used 

for the measurement of spectroscopic as well as time resolved 

analysis are discussed separately. The various subsystems like 

plasma chamber. 

boxcar aver&ger 

spectrograph. 

and storage 

monochromator. microdensitometer. 

oscilloscope used for the above 

measurements and their specific features are also discussed. 

Chapter IV presents the spatial and temporal analysis of 

laser induced plasma from polymer sample Teflon 

(Polytetrafluoroethylene). Detailed study of the spatially 

resolved emission spectra corresponding to different regions in 

the plasma at various distance from the target shows distinctly 

different characteristics. The emission line due to higher 

ionization states of carbon (CI.CII. CIII and CIV) are clearly 

seen in the core and mid region of the plasma. Molecular bands 

of C2 (swan bands) and CH are predominant in the spectrum of 

extended region of the plasma. From the relative intensities of 

the above bands the vibrational temperatures of these species are 

calculated and their variation with laser energy are also 

II 



obtained. Froll the tille resolved analysis of the different 

species in the plaslla and froll the variation of the tille delay as 

ReIl as decay tille of ellission at different regions of the plaslla~ 

several interesting conclusions related to the structure and 

composition of the plaslla have been obtained. 

As in the case of Teflon target~ the spatial variation of the 

spectroscopic features and tille resolved analysis of plaslla 

obtained froll the carbon (graphite) plaslla are described in 

chapter V. The plaslla ellission spectrull shows sOllewhat sillilar 

characteristics as that obtained froll the Teflon plaslla. The 

plasma ellission spectrull in the central core region of the plaslla 

is found to be dominated by the higher ionized state of carbon 

lines (up to CV)~ while the spectrull in the extended region is 

dominated by the Ilolecular bands of C2 and CH Ilolecules. Froll 

the tille delays measured for different species in the plaslla the 

expansion velocities of the various species are calculated and 

their variation with respect to laser energy is also obtained. 

Froll the relative intensities of the Ilolecular bands~ the 

vibrational tellperature of the above Ilolecules are obtained and 

these are found to be in good agreellent with each other. 

The results obtained froll the analysis on the characteristics 

of plaslla froll high Tc superconductors are presented in the 

chapter VI. Most of the earlier spectroscopic studies do not 

clearly reveal the presence of Cu and CuD. But here~ the 

characteristics spectral ellissions froll GdD~ YD. BaD. CuD along 

Rith the ellission lines of ions and neutral atolls froll these 

samples are clearly observed. The tille resolved spectroscopic 

studies on these species have also been done. Illportant 

parameters such as electron tellperature and velocity of the ionic 

species are evaluated from the ion probe technique. 

The spatially resolved plaslla ellission spectra of Iletal 

targets (Alullinium and Copper) are discussed in the chapter VII. 

The plaslla ellission spectrull at various regions of the plaslla 

ShORS distinct characteristics. The spectrull of Alullinium plaslla 

in the outer region of the plaslla plulle is dOllinated by AID bands 
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with AV = +2, +1, 0, -1,and -2 due to the transitions from 

B2L---> X2L. The vibrational temperature of these bands 

the 

are 

calculated and their variation with laser energy is discussed. 

From the Langmuir probe studies of the Aluminium plasma the 

parameters such as probe characteristics, plasma temperature, and 

the velocity of positive as well as negative ions are calculated. 

An experimental set up for the preparation of the thin films 

by the laser ablation technique is described in the chapter VIII. 

As a preliminary study, metal films (Aluminium and Copper) have 

been prepared by this technique and the optical transmission 

characteristics of the films thus obtained in relation to 

different parameters such as laser energy, number of pulses, 

substrate temperature and the distance between the target and the 

substrate are investigated. In order to obtain a better and 

uniform film a modified substrate heater has been used and the 

design details of this set up have been discussed in this chapter. 

Chapter IX gives general conclusions obtained from the 

present investigations which have been carried out by the author 

during the past five years in the laser division, at the 

department of physics, Cochin University of Science' Technology. 

Part of the investigations have been published in the form of 

following papers. 

1. Spectral features of laser induced plasma from Y-Ba-Cu-O and 

Gd-Ba-Cu-O high T superconductors 
c 

{; IPA\ID!HA\J)A\, .A V Ravi Ku.ar, V Vidyalal, P Radhakrishnan, V P N 

Na.poori and C P G Vallabhan, Pramana, az, L693, (1989). 

2. Time evolution of laser induced plasma from Gd-Ba-Cu-O high T 
c 

superconductors 

~ IPA\ID01A\JJA\, A V Ravi Ku.ar, V Vidyalal, P Radhkrishnan, V P N 

Na.poori and CP G Vallabhan, J.Phys.D: CAppl Phys), 2.2., 1558, 

(1989) . 

IV 



3. Detection of oxide species in the laser ablated plasma of high 

T superconducting sample 
c 

4. 

er; !P~[)01~J)~ .. A Y Ravi KU6Jar .. Y Yidyalal .. P Radhkrishnan .. V P N 

Na6Jpoori and C P G Yallabhan, Proc. IEEE National Seminar on 

lasers in Engineering and Kedicine (IEEE-LASEK-89), page 

124-126, (1989). 

Characteristics of laser induced plasma from high 

~uperconductors 

T 
c 

er; !P~[)01~JJ~ .. A Y Ravi KU6Jar .. Y Yidyalal .. P Radhkrishnan .. V P N 

Na6Jpoori and C P G Yallabhan, Bull. Mat. SeL, ~ 545, (1991). 

5. Evaluation of laser ablation threshold in polymer samples using 

pulsed photoacoustic technique 

6, 

A Y Ravi KU6Jar .. er; !P~[)01~JJ~ .. P Radhakrishnan .. V P N Na6Jpoori 

and C P G Yallabhan, Pramana-J.of Physics, 3L 345, (1991). 

Determination of laser damage threshold using pulsed 

photoacoustics 

A Y Ravi KU6Jar .. er; !P~ID01~J)~ .. P Radhakrishnan.. Y P N Na6Jpoori 

and C P G Yallabhan, J.Acoust.Soc.lnd., l6., (1991). 

7. Pulsed photoacoustic technique for the measurement of laser 

damage threshold in bulk polymers 

A Y Ravi KU6Jar .. er; !P~[)01~J)~ .. P Radhakrishnan .. Y P N Na6Jpoori 

and C P G Yallabhan.. In the book ' Photoacoustics and 

Photothermal Phenomena Ill', Edited by Dane Bicanic, 

Springer-Verlag ( Heidelberg ), (in press), (1992). 

8. Spatial and Temporal studies of laser induced plasma from a 

polymer 

er; !P~[)01~J)~ .. A Y Ravi KU6Jar, P Radhkrishnan.. V P N NaJlpoori 
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CHAPTER I 

I NTRODUCTI ON TO LASER I NDUCED PLASMA 

ABSTRACT 

This chapter is divided into t~o parts. Part A includes l 

general introduction and the basic theory underlying the processes 

of interaction of laser beaa ~ith aaterials ~hich lead to the 

plas.a foraation. Part B presents the different techniques used 

in the laser plasaa di~nostics. 
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PART A 

THE FOURTH STATE OF MATTER - PLASMA : AN OVERVI EW 

1. 1. GENERAL I NTRODUCTI ON. HI STORY 

Hatter Ilanifests itself generally in three distinct states viz, 

solid, liquid and gaseous. In recent years, however aore and 

more attention has been directed to the properties of Ilatter in a 

fourth and unique state, which is called plasaa. In solid 

bodies, atoms and molecules are arranged usually in a regular 

order and are constrained to a rigid order. In liquid states, 

they can move, but their freedoll of movellent is limited. In a 

gas, molecules and atoms move freely. But in the case of plasma, 

the electrons are liberated froll the atolls and acquire complete 

freedoll of Ilotion. With the loss of sOlle of their electrons, 

atoms and Ilolecule acquire a positive electric charge, and they 

are then called ions. Thus a plasma is a gas consisting of 

positively and negatively charged particles in such proportions 

that the total charge is equal to zero. Freely moving electrons 

can transport electric current and thus, plaslla 

gas. 

is a conducting 

In a 

molecules 

the action 

plasma, the electrons are separated from atoms or 

by forces produced by the fast motion of hot particles. 

of light or an electrical dischar~e. The special 

properties of plasllas give some scope for technological 

applications both as electrical conductors as well as a possible 

high temperature medium. In electrical applications, plasma has 

an advantage over Iletals in the sense that it is about a Ilillion 

times lighter. The electrons within the atoll perforll a harllonic 

dance whereas in a plaslla they exist without any order, like the 

molecules in a gas. It is an illPortant property of plasmas that 

their motion can be ordered. The particles can be forced to move 

in a regular fashion. The agency that forces the free electrons 

to subllit to rigid discipline is the magnetic field. Unlike 

atoms or in a solids, electrons and nuclei Ilove collectively in 
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cohesive groups. The motion of plasma particles is constrained 

in a magnetic field. In a hot plasma, the particles pass each 

other quickly without much interference. Such a plasma offers 

virtually no resistance to electric currents since its 

conductivity is very high. In a cold plasma with low 

conductivity on the other hand, interactions between particles due 

to collisions allow the magnetic field to leak throu~h the plasma. 

In a 'cold' plasma, the temperature will be of the order of 

electron volts, where as in a 'hot' plasma, the temperature is of 

the order of a few hundred electron volts. If the plasma 

particles do not hit the walls they must move in a regular manner 

within the magnetic trap. But due to some instabilities, the 

ions and electrons move around in all directions and strike the 

walls and thus waste their energies. Plasma in a magnetic field 

is capable of a large variety of modes of oscillations, with 

emissions from x-rays to radio-waves. Random oscillations 

we call noise have also been observed. Plasma resonators 

which 

and 

wave guides can be constructed which can force the plasma to 

oscillate at predetermined frequencies. 

Plasma can be considered as a dielectric medium whose 

dielectric constant is a function of frequency, wavenumber and 

direction of propagation. A plasma can be thought of as any 

collection of charged particles sufficiently dense that 

space-charge effects can result in strongly coherent behaviour. 

The charged particles in a plasma interact with each other in a 

coherent way by long range forces. The electric field due to a 

point charge decreases only as a inverse square of distances, 

whereas at a given density, the total number of charges increases 

as cube of linear dimension. Thus it is possible for an electric 

field, an assembly of charged particles to add together in a 

coherent way. This feature give rise to collective modes of 

plasma behaviour which do not exist in ordinary gases, where 

molecules interact with short range force. Plasma physics is 

thus a many body problem. 

Consider two parallel plane conducting surfaces which are 

3 



separated by a distance 2x and are held at the same potential ~. 

Let the space between these surfaces be occupied by a uniform 

number density n of particles carrying an identical charge q each. 

The potential at the middle plane is ~ = ~+ 2nnq2x2 so that 

energy required to transfer a particle from the surface to the mid 

plane is q (~-~)= 2nnq2x2 . The particles have thermal motion 

characterized by a temperature T. The collective motion effects 

then dominate over the particle's random behaviour if the above 

energy is larger than the one dimensional mean energy of the 

particles random motion~ 1/2 iT ie~ if 

x 

The quantity AD is the most fundamental unit length 

physics. As it appeared in the theory of electrolytes 

by P Debye~ it has been given by the name Debye length. 

.. (1.1) 

in plasma 

developed 

It is 

then obvious that an ionized gas can be called a plasma only if 

its dimensions L are much larger than Debye length. 

L » AD (1.2) 

when q = e~ the electron charge~ 

= 740 ( n
iT )1/2 

(1.3) 

where iT is the energy of random motion in eV~ n is the 
3 electron number per cm and AD is independent of particle aass. 

The Debye length can also be expressed in the following aanner~ 

where H ~ 
o 

temperature and 

Tc and 
charge 

e 

of 

are the 

electrons 

4 

equilibrium 

and k is 

(1.4 ) 

concentration~ 

the Boltzmann 



Constant. 

When charges of both signs were present in the plasma. these 

are strongly attracted to each other and are forced to intermix 

intimately. This tendency grow towards neutrality is 

particularly striking in all ionized gases which are satisfied by 

the condition (equation 1. 2) in which the charged particles do 

not deviate drastically frOIl statistical equilibrium. In all 

such cases the difference in potential energy of particles at 

different points in the space charge field can at Ilost be of the 

order of the mean random energy. In a plaslla. the electrons and 

ions are constrained to Ilove without separating appreciably and 

they are bound to each other collectively by space charge forces. 

If there are large nUllber of charged particles in the Oebye 

sphere. RO and if the plasma description is to be statistically 

meaningful. we must require that. 

= (1. 5) 

The above equation can be written in terms of the mean kinetic and 

inter particle potential ener~ as • 

<I.E.) 
<P.E.) .... [llf ] _ 4TlA2 n 2/ 3 = 

- q2nt/3 - D » 1 (1.6) 

If the ionized gas is not to recombine. then we must have I.B. 
) P.E. Introducing the critical distance rc = q2/kT. ie. the 

distance at which the potential energy equals to kinetic energy 
2 -t 

and the sillple Rutherford scattering path A = (4rrr n) . then the 
c 

Debye length is given by. 

AD = A r c c (1. 7) 

So generally. a gaseous plaslla will have. 

r « -1/3 « AD « A n c c 
(1.8) 

So that 
A = AD/rc = Ac/AD (1.9) 
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Which is a dimensionless parameter describing the statistical 

quality of the plasma. 

we can construct a fundamental frequency, 

w = v/AD p ( 1.10) 

[ 4 2] 1/2 w = nnq 
p m (1.11) 

This the so called plasma frequency. This quantity is the 

characteristics oscillation rate for electrostatic disturbances in 

the plasma [1]. In the laboratory plasmas, this frequency 

usually lies in the microwave region. The plasma frequency is of 

such fundamental importance that the plasma density is frequently 

described by the quantity wp rather than n itself. 

In order to convert a gas in to a plasma state it is necessary 

to remove at least some of the electrons from the atoms, thus 

converting these atoms into ions. This detachment of electrons 

from atoms is called ionization. In a dense plasma, ionization 

occurs through electron collisions, whereas in a rarefied plasma, 

ionization occurs by the action of radiation (UV to X-raY). 

Ionization can also be accomplished by atom-atom as well as 

atom-ion collisions, but considerable energies are then necessary. 

The inverse process to ionization is called recombination, which 

is essentially the combining of ions and electrons to form neutral 

atoms or molecules. Of the various elementary processes in 

plasma physics, the charge exchange is one of the most important 

processes. In this case, an ion colliding with an atom acquires 

electrons from the atom so that the ion becomes an atom and the 

atom an ion. In a dense, partially ionized plasma, an atom can 

capture an extra electron and be converted into a negative ion. 

1 • 2. DI FFERENT TYPES OF PLASMA 

In nature and in the laboratory, ionization can be produced by 

various methods. The most important of these are, 
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1. ionization by heat 

2. ionization by radiation 

3 ionization by electric discharge 

Based on the method of ionization~ plasma can be divided 

the following different types [2]. 

1.2.1. NATURAL PLASMA 

All naturally occurring plasma3 are produced hy heating. 

substances become ionized if they are heated to sufficiently 

temperatures. This process is called thermal ionization. 

into 

All 

high 

It is 

necessary that the temperature be close to that corresponding to 

the energy of the most weakly bound electrons~ ie~ the lowest 

ionization energy of the atom or molecule. The most weakly bound 

electrons are in the case of alkali metals and the most firmly 

bound electrons are in the case of inert gases. In order to 

obtain a fully ionized plasma by thermal means~ it is necessary 

for the temperature to reach several tens of thousand degrees. 

Stars consist entirely of thermal plasma. Weakly ionized 

plasmas with high densities and relatively low temperatures can be 

obtained thermally through the use of easily ionizable additive. 

The electrical conductivity of the plasma enhances with the 

presence of the alkali-metal additive. Ionization by radiation 

becomes significant in a very tenuous gases~ where any significant 

density collisions between particles are not much important than 

the action of radiation. This means that ionization is important 

in astrophysics~ the UV radiation from hot stars causes ionization 

in the surrounding gaseous vapours and interstellar gas. The 

radiation of sun gives-rise to ionization in the outer layers of 

earth's atmosphere. Attempts to use radiation ionization in 

technology have not been very successful because typical densities 

are such that inverse processes of recombination of electrons with 

ions proceeds very rapidly and leads to condition of equilibrium. 

In nature, plasma produced by electric discharge is in 

lightning. In technology~ typical examples of gas discharge 
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plasmas are electric sparks~ electric arcs~ gaseous flash lamps 

and other gas discharge devices. 

1.2.2. ELECTRODE PLASMA 

Ionization in a discharge tube provided with electrodes 

(cathode and anode) depends on the production of avalanche. In 

order to produce avalanche it is necessary that the electric field 

to the gas be large enough to so that energy imparted to the 

electrons in their mean free paths is sufficient to knock out at 

least one electron from an atom on impact. These secondary 

events are sufficient even if there is only a small number of free 

electrons since they can liberate new electrons after being 

accelerated by the field. In this way electron multiplication 

proceeds in a geometrical progression. The electrodes establish 

m electric field in the plasma. The charge separation caused by 

this field produces polarization of the plasma. In order to have 

stationary current flow through the plasma the space charge that 

arises in the plasma must be compensated by electrons that come 

from external sources. 

Since the negative electrons are much more mobile than that of 

the positive ions~ in the presence of applied field~ they move to 

the positive electrodes (anode) and the plasma columns between the 

the electrodes become positively charged. In order for the 

current flow to occur under these conditions~ it is necessary that 

negative electrode inject electrons into the plasma. The 

injection of electrons by a solid body is called emission. 

Special means for exciting cathode emission must be employed in 

order to obtain a discharge at low voltage. It is possible to 

shine light with a sufficiently short wavelength on the electrode 

for knocking electrons out of it (photoelectric effect). or 

cathode can be heated to a high temperature {thermal emission}. 

Such a discharge aaintained by external means is called a 

nonself-sustaining discharge. If the voltage between the 

electrodes is high enough~ then the cathode can emit electrons 
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wi thout any external agency. This type of discharge is called 

self-sustaining discharge. 

There are a variety of emission mechanisms. In a dense gas, 

at very high voltages the cathode is simply heated by ions that 

strike its surface. In this case the emission is thermal, as in 

the nonself-sustaining discharge with a hot cathode. Such a 

discharge are called arcs (electric arcs). In rarefied gas at 

moderate voltages, various forDs of cold or glow discharges are 

possible. Here cathode eDits electrons by a Dechanism called 

field ellission. The electric field near the cathode surface 

extract electrons directly from the metals. 

c~ be played by secondary electron eDission. 

An additional role 

If the emission is 

unlimited, the plasDa polarization can be cODpletely cancelled by 

the electron current froD the cathode. In a self-sustained 

discharge this eDission is not unlimited so that the plasma column 

far away from the cathode retains a positive charge. It is 

called the positive coluDn. The application of voltage priDarily 

affects the region near the cathode, where it facilitates electron 

emission. This region is called the cathode fall. 

1 • 2. 3. I NDUCTI VELY COUPLED PLASMA (I CP) 

In a direct current (dc) arc or in an inductively coupled 

plasma (Iep), the energy is absorbed through ohDic heating 

produced by the low frequency or direct current flowing in the 

plasma. The electrical conductivity of an ideal plasDa is given 

by, 

( 1.12) 

Where n is the electron density, e the electronic charge, m the 

mass of electron, w the radiant frequency of the applied electric 

field, v the effective collision frequency for electrons and i the 

square root of -1. In the inductively coupled plasma the 

currents are induced into the plasma from alternating currents 
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flowing in the surrounding solenoidal coil. The arc is sustained 

within a container that determines the plasma diameter~ where as 

the length of the plasma is determined by the length of the 

solenoid. 

The inductively coupled plasma operates at frequencies 

well below the plasma frequency 

w 
p = ( 2/ )1/2 ne mc o (1.13 ) 

where &0 is the permitivity of free space. In this frequency 

range, the electromagnetic field does not propagate as a wave 

within the plasma~ but is attenuated as an evanescent wave over 

distances of the order of skin depth~ 

= c 
( 1.14) 

Where c is the speed of the light. Thus plasma is sustained 

by energy absorbed within a small layer near its outer 

that produces a rather flat temperature profile within the 

and limits the maximum temperature that can be obtained. 

1. 2. 4-. LASER I NDUCED PLASMA (LI P) 

surface 

plasma 

Plasma generated by radiation from focussed laser beams were 

first observed with the advent of "giant pulse" Q-switched ruby 

lasers by Maker et al [3]. A laser pulse focussed on an opaque 

surface can produce high heating rates and high temperatures. At 

low laser energies heating without change of phase occurs. With 

higher intensity pulses, ionization occurs which lead to the 

plasma formation. The optical emission from a laser induced 

plasma (LIP) is useful in characterizing both the laser target 

interaction and the resulting plasma [4]. Plasma produced by a 

focussed laser beam on a solid surface evolves in two phases. 

During the first phase, a plasma is initiated at the surface and 

in the surrounding medium. If the surrounding medium is air, the 
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plasma grows rapidly generating either 

detonation wave [5] or a laser supported 

a laser supported 

cODbustion wave [6], 

which absorbs the incident laser radiation and influences the 

coupling of incident laser energy to the surface. The nature of 

interaction depends on the incident laser irradiance and several 

possible regiDes have been identified [7]. The second phase of 

the plasDa evolution occurs after the laser pulse is over, when 

the plasDa begins to expand and cool. 

Several parameters of lasers like wavelength, pulse width, 

pulse rate and irradiance will effect the ablation process. Host 

frequently used lasers for plasDa production are solid state 

lasers like the ruby (695 nD), Rd:YAG or Rd:Glass (1064 nD) and 

gas lasers like CO2 (10.6 ~D), nitrogen (337 na) 

lasers (~ 300 nD) and dye lasers (220 nD-740 nD). 

suggest that among these lasers. those having shorter 

produce more ablated Daterial [3]. The dependence of 

on the absorption coefficient is given by, 

K = 

and exciDer 

Results 

wavelength 

wavelength 

(1.15) 

where K is the surface absorption coefficient, A the wavelen~th 

and ~ the solid state absorption index [4]. When the repetition 

rate of the laser increases, greater amount of aaterial is ablated 

which reduces the saDple inhoDogeneities and the effect of laser 

energy variation between the pulses. When the laser irradiance 

is greater than 109 W/cD2, and the pulse width > 100 nsec. the 

laser vapourization of the material takes place. Figure (1.1) 

shows the dependence of the laser absorption as a function of 

wavelength and irradiance. The wavelength of the laser often 

controls the Dode of evapouration. Long wavelength lasers 

usually induce a therDal evapouration process, in which the 

evapourated materials exhibit well defined translation and 

internal teDperatures in equilibrium with local surface 

temperatures [5]. Operation of the lasers at short wavelengths 

initiates processes that are non-therDal in nature. The 
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comparison of the laser interaction with the solid targets at 

different wavelengths show that short wavelengths are favourable 

for energy penetration in the solid because there will be large 

ablation rate at short wave lengths. The absorption also 

increases at short wavelengths. So short wavelength lasers are 

mainly used for fusion experiments. 

High power lasers are now widely used as energy sources to 

ch~ge the thermodynamic state of matter over wide range of 

temperatures. The advantage of laser source over the other 

conventional sources like electric discharges is its high speed of 

introducing a quantity of energy at desired time into matter at 

the selected location. Therefore lasers are used in experimental 

investigations such as plasma physics, thermonuclear physics, 

isotope separation, thermophysics, spectroscopy, surgery and 

industry. Helting, evapouration and ionization of matter by 

lasers has many practical applications. 

The temporal coherence of the laser, which is related to 

monochromaticity of the laser has got application in spectroscopy 

~d in optical fiber communications. The property of spatial 

coherence which is related with directionality of the laser is 

useful for focussing the laser in to a very small volume ~ 1 ~m, 

which produces very high energy density at the solid surface. 

The force due to electric field of lasers is comparable with the 

electric field that prevails inside the atoms resulting in the 

nonlinear response of the medium, whereas force due to electric 

field of conventional source is very weak compared to inter atomic 

fields and this leads only to a linear response of the medium. 

The advent of laser has produced a light source of high enough 

power that considerable heating effects may be generated when the 

light is absorbed. Some of these phenomena have aroused 

considerable interest in effects which involve a change of phase 

of the absorbing material and the luminous plume of vapourized 

material blasted from a metallic surface [8,9]. However in most 

cases surface heating without phase change is of interest, as in 

studies of thermionic emission produced by the laser radiation 
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[10]. In treating the changes of phase, it will appear that 

different approaches should be invoked for ordinary laser beams 

Md Q-switched beams. For ordinary lasers, vapourization appears 

to be described by conventional processes of boiling. But the 

vapourization produced by Q-switched lasers, depends on the 

thermal properties of the absorber and the parameters of the laser 

pulse [11]. At higher laser power densities, the surface 

temperature of the metal rapidly rises to its vapourization 

temperature. For example in the case of at a power density of ~ 

109 1/cm2, the vapourization temperature of any metal will be 

reached in less than 1 nsec. At this point the input energy 

begins to supply the latent heat of vapourization to a thin layer 

of material at the surface. 

In the case of laser induced plasma. different regimes are 

identified when the laser irradiance is between 1013_1016 I/cm2 , 

which are applicable for laser fusion studies. Ihen the laser 

irradiance is < 1012 I/cm2 low temperature plasmas are obtained, 

which have got applications in material processing. chemical 

Malysis and also for producing plasma recombination lasers. 

I-ray emission from LIP is not only of considerable interest for 

inertial-confinement fusion application, but is also of importance 

to a number of other applications. The increased absorption and 

the reduced electron generation observed with short wavelength 

laser radiation have also led to increased conversion efficiency 

of laser light to X-rays at short wavelength laser-matter 

interaction. It was shown that the efficiency of conversion of 
-2 the absorbed laser light to soft X-rays should vary as AL [12]. 

At shorter wavelengths, the increased conversion efficiency is due 

to the higher level of collisional absorption and the high coronal 

electron density. Figure (1.2) shows the X-ray conversion 

efficiency at different wavelength of the laser. The physical 

reason for the increased conversion at low intensities is that 

under these conditions, the plasma can radiate the energy fast 

enough to maintain a relatively cool coronal absorption region 

with a long scale length absorption and emission region. At high 
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laser intensities radiational process cannot cool the 

enough and consequently~ much of the energy is lost 

density plasma blowing off the target and in energy 

the denser region of the target. 

1 .3. LASER BEAM I NTERACTI ON WI TH MA TERI ALS 

ABSORPTION OF LASER LI GHT 

plasma 

in the 

transport 

fast 

low 

to 

Laser light, in order to cause any lasting effect 

material, must first be absorbed. This absorption turns 

be the most critical step in laser processing of materials. 

on a 

out to 

This 

process can be considered as a secondary source of energy inside 

the material. It is this secondary source, rather than the laser 

beam which determines as to what happens to the irradiated 

material. 

1.3.1. FUNDAMENTAL OPTICAL PROPERTIES 

PLANE WAVE PROPOGATION 

The simplest form of light is a monochromatic, linearly 

polarized plane wave. The electric field associated with the 

laser beam propagating in a homogeneous and non-absorbing medium 

c~ be represented as~ 

( 1.16) 

where, z is coordinate along the direction of propagation~ w the 

~gular frequency and X the wavelength of radiation is given by~ 

X = 211" 
W 

c 
n (1.17) 

c is the speed of the light and n the refractive index of the 

material. The electric and magnetic fields are related by, 
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B Til& C o 0 
( 1.18) 

where, &0 is the dielectric constant in vacuum. The force 

exerted by the electromagnetic wave on an electron is given by, 

f = - e [ E + (:1) (v x H) ] ( 1.19) 

The contribution due to magnetic field is smaller than that due to 

the electric field by a factor ~ V/c, where, V is the electron 

velocity. 

The energy flux per unit area is termed as irradiance and is 

given by, 

2 I = lE x HI = n1& cB o 0 
(1. 20) 

where I corresponds to a photon of energy hw/2rr. The irradiance 

is maximum near the optical axis and falls of laterally. The 

lateral distribution of a cylindrically symmetric Gaussian beam 

can be represen ted as, 

2 

I ( r) = 10 exp (- ~ ) (1. 21) 

10 is the irradiance on the axis (r=O) and w is the beam radius. 

This applies to a laser operating in its fundamental resonator 

mode (TEKoo ). The wave front of a freely propagating Gaussian 

beam can always be taken as close to planar. In a first 

approximation, where the diffraction effects are ignored. this 

holds for a focussed beam in the vicinity of the focal spot [13] . 

The total power of the beam is given as, 

2 P = rrw I 
o 

In an absorbing media, the real 

(1. 22) 

refractive index must be 

replaced by a complex index n = n1+ in2 . The electric field 

propagating over a distance z now decreases by a factor 

exp (wT/2z/c), indicating that some of the light is absorbed. The 
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absorption coefficient for the irradiance I is given by, 

et = (+) (~;) = 2w 
c = 

where the inverse of et is the absorption length. 

(1. 23) 

The reflectance 

Gd absorption coefficients determine the amount of beam power 

absorbed within the material. The power density deposited at a 

depth Z by a perpendicularly incident beam of irradiance I is 

given by, 

Z 

Ja(z) =I(l-R) et (l-exp [- f et(Z')dZ'] ) 

o 
(1.24) 

This expression represents the secondary source and the integral 

in the exponential function is the optical thickness of the 

material between 0 and z. In opaque materials (z » l/et), the 

fraction of the energy absorbed is determined by 1-R, the 

absorbance of the material. 

1.3.2. MACROSCOPIC MATERIAL PROPERTIES 

A relation between the refractive index and the properties of 

the medium of propagation is given by the Kaxwell's equations so 

that, 

The wave equation can be written as, 

2 

Loc·] 92E (--;) bE 
+ 

elE 
= at c el t 2 

0 

(1. 25) 

The complex refractive index can be written as, 

r,2 = & + io 
== & = &1 + i&2 & w (1. 26) 

0 

& is the complex dielectric function, which is the generalized 

response function of the material to weak electromagnetic 
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radiation. It depends on the frequency of light in a aanner 

determined by the microscopic structure of the aaterial. 

(a) • NON-METALS 

Insulators and semiconductors in the absence of excitations 

have only bound electrons and are basically transparent, except in 

the vicinity of the resonance region. The dielectric function is 

the ratio of the total field (wave plus polarization) to the field 

of the wave alone. In quantua mechanics, a resonance corresponds 

to the transition of an electron between two states, the ener~y 

difference ~E of which determines the resonance frequency w = 
~E/h. For a non-metal with Re bound electrons, showing one 

single resonance, the dielectric function is given by. 

£ = 1 + { R e Im £ )f e e 0 osc (1. 27) 

Here fosc' the oscillator strength, is a measure of probability 

of transition, while the damping constant r describes the width of 

resonance that arises from the finite width of the initial and 

final electron states. The optical effects using as a 

consequence of a resonance are shown in the figure (1.3). A peak 

in the absorption coefficient due to resonance is invariably 

accompanied by a peak in the reflectance. The most important 

resonance arises from the transitions of valence 

to the conduct ion band (in terband trans it ions) . 

band electrons 

To induce an 

interband transition, the incident photon must have an energy at 

least equal to the band gap energy Eg . The free carriers 

(electrons and holes) created in pairs in interband transitions 

can, if present in sufficient 

response of the material. 

numbers, influence 

Insulators have 

the optical 

band gaps 

corresponding to the light frequencies in the vacuum ultraviolet 

and carrier excitations in the sun light illumination is saall. 

Semiconductors on the other hand, have band gaps in the visible or 

IR part of the spectrum. Free carriers {optically or thermally 
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generated) contribute lIeasurab1y to the lIeta1 like reflectance of 

lIany selliconductors in the visible region. 

Host non-lIeta1s show in addition to electronic transitions, 

resonant coupling to high frequency optical phonons located in the 

MlR region of the spectruII. Phonon coupling can be described by 

resonance terlls, but with lIasses and dallping constants 

characteristics of the lattice vibrations rather than electronic 

vibrations. The absorption of the lIateria1 increases as the 

photon energy approaches the band gap. 

In the case of an inhollogeneous non-lIeta1s the optical 

absorption is 1I0dified by light scattering at the grain 

boundaries or inclusions. This results in strong absorption even 

in the case of lIateria1s which are intrinsically transparent 

(cer8llics). This effect can be due to lIu1tip1ication of the 

light path inside the lIaterial caused by the large nUllber of 

scattering events. 

Cb) METALS 

The optical response of a lIeta1 is dOllinated by the conduction 

electrons. Since the electron gas is degenerate, only electrons 

~ the states close to the Ferlli level referred to as "free 

electrons", contribute to the optical properties. There is no 

resonance frequency for a free electron, and its only interaction 

with the lattice is by collisions. The dielectric function of 

the free-electron lIetal can be obtained froll (equ 1.27) by 

formally replacing the damping constant r by the inverse 

collision tille lITe and setting the resonance frequency equal to 

zero and f equal to 1. So the resulting expression will be, osc 

Where, 

2 ( 2 . )( 2 2) & = 1 + wp -T e + ~T elw 1 + W T e 

W 
P 
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w is the electron plasma frequency. 
p 

the vacuum UV for most metals), both &1 

variation of & and associated quantities 

At w = w (which is p 
and 7)1 vanish. 

with light frequency 

in 

The 

is 

shown in the figure (1.4). The plasma frequency is seen to 

separate into regimes of rather different optical properties. 

ie. large R and at for w < w and small R and at for w > w . p p 

The optical properties of a free-electron metal for w < ware 
p 

related to the DC conductivity ~ through the Drude expression 
o 

[14] • 

~ = o 

2 MeT 
e e 

m e 

2 = W & T P 0 e 
(1. 30) 

useful approximate expressions for the optical parameters can be 

obtained. For the range w «lIT (far IR region), equation e 
1.30 gives 

~ T 
0 e 

&1 ~ & 
0 

and 
~ 

0 
&1 ~ & w 

0 

froD which it follows that 

= [~ 0 ) 1/2 
2& w 

o 

(1. 31) 

(1. 32) 

(1. 33) 

(1. 34) 

(1. 35) 

For the range lIT «w < w (MlR and visible regions in the e p 
case of most metals), so that. 
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w 
n1 = p = 0 

2W2T 
(1.36) 

e 

~d n2 = w~ p (1.37) 

~hich gives~ 

2 2& W 
1 R 0 P - = = W T 0 

(1.38) 
P e 0 

~d a = 2w Ic p (1.39) 

The optical properties predicted in the(fig.l.4)corresponds to 

bulk materials. Metal surfaces show lower reflectances than the 

bulk due to contamination (adsorbates~ oxide layers etc.) or 

macroscopic defects. Deviation from bulk behaviour may also 

arise from the intrinsic surface effects such as plasmon 

excitation or diffuse electron scattering particularly in thin 

films. The optical behaviour becomes dominated by the surface 

effects when the dimension of the metal becomes of the order of 

the absorption length~ such as in extremely thin evapourated films 

or in aggregate structures consisting of small insulated metallic 

particles [1.15]. 

1.3.3. MODIFIED OPTICAL PROPERTIES 

When the low intensity light is incident on the material~ the 

states of the atom or the electrons are not perturbed. But 

po~erful laser irradiation can alter the optical properties of 

many materials so that coupling is then not characterized by a 

static dielectric function but it becomes a dynamical processes. 

All laser -induced changes in the optical properties of the 

material can be described by the one of the three following 

mechanism, which are in the sequence of irradiance. 

(1) Heat production and resulting changes in the density or 

electronic characteristics of the material. Prominent 
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effects include thermal self-focussing in transparent media 

as well as thermal run-away phenomena in semiconductors and 

Iletals. 

(2) Optical generation of free carriers by interband 

transitions or impact ionization in semiconductors and 

insulators. As a result, the absorption coefficient 

increases dramatically, possibly causing explosive material 

damage. 

(3) Non-linear distortion of electron orbits or whole molecule 

by the electric field of an intense beam. A host of 

non-linear optical phenomena, including self-focussing and 

Ilultiphoton absorption are due to field effects. 

Apart from these 'intrinsic effects', beam-solid coupling also 

tends to be affected by the laser induced changes in the shape of 

the Ilaterial usually in connection with melting or vapourization. 

1. 3. 3. 1. SELF -FOCUSSI NG 

NON-LI NEAR EFFECTS IN LI P : SELF FOCUSSI NG PHENOMENON 

The self-focussing occurs when the refractive index of a medium 

varies with laser irradiance. Extensive reviews on this topic 

have been made by several authors [16,17,18]. The intensity of 

the laser beam near the axis is large compared to that of the away 

from the axis, an irradiance dependent refractive index has an 

effect somewhat similar to a lens placed in the laser beam path. 

As illustrated in the figure (1. 5), this is converging if the 

refractive index n1 increases with laser irradiance and the phase 

velocity decreases towards the beam axis causing the plane wave 

front to become concave and eventually to collapse. The lens is 

diverging if the n1 decreases as a function of irradiance. This 

self-defocussing is inconsequential as far as energy deposition is 

concerned, but self-focussing increases the effective irradiance 

and reinforces other irradiance dependent phenomena. The 

variation in refractive index can itself be thermal or field 
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induced. 

The temperature dependence of refractive index can be taken as 

consist ing of two parts 

= ( 1.40) 

This first term accounts for the temperature dependence of 

electronic or molecular polarizability due to shifts in the 

absorption bands. Thus in materials with band-gap energies in 

the ultraviolet region that decreases with temperature, this term 

tends to be positive in the visible spectrum. The second term 

connected to thermal expansion is usually negative since 6ry1/6p > 

o and dp/dT < O. So the first term favours the self-focussing 

md the second tends to oppose it. These two contributions will 

have different relaxation times and there may be transient 

self-focussing for short pulses even if the steady state value of 

dn1/dT is negative. 

Electric field induced self-focussing, unlike its thermal 

counterpart is a high irradiance effect relevant only for powerful 

nano or picosecond pulses. The root of the field induced changes 

in the refractive index is the anharmonicity of all interparticle 

potentials. The intensity dependent refractive index can be 

written as 

y\ - y\(o) + vI 
"1- "1 ~ 

(1. 41 ) 

where ry(o)is the linear refractive index and y = £ (2)/2c£ £(0) 
1 0 

In the case of transparent medium with y > 0, the effect of self 

focussing on a Guassian beam can be described in terms of field 

induced thin lens with a focal length that depends on irradiance 

[17], 

The lens exactly 

independently of 

to the threshold 

( 1.42) 

balances diffraction if Znl = ZOo This 

the incident beam radius, if the power is 

value, 
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( 1.43) 

With the availability of high power laser beam a large number 

of interesting non linear phenomena have been studied both 

theoretically and experimentally. Here we wi 11 consider a 

particular phenomenon viz l the self-focussing of powerful laser 

beams in dielectrics. This phenomenon is due to the dependence of 

the complex dielectric constant l c eff on the intensity of the 

propagating wave. 

Consider a beam propagating in a non-linear medium. As the beam 

gets focussed due to non-linearitYI the intensity increases 

causing further enhancement of nonlinearity and hence the extent 

of non-linear focussing. 

In regions near the focus the present theory based on the WKB 
approximation is indeed not expected to be valid on account of 

high light intensities in these regions and also the occurrence of 

optical break down in the conversion of the state of the material 

into the plasma state. It is observed that light is finally 

focussed in filaments of diameter 3 to 5 I-Im [19]. An 

e lectrostr ict ion mechan ism for filamentary track formation in 

tr~sparent optical glass has been reported by Kerr E L [20]. 

The nonlinearity on the refractive index of a dielectric 

material arises due to the non linear relationship between the 

displacement vector D and the electric vector E. The two main 

mech~ism for this nonlinearity are 

(1) Rlectrostriction :- This the force which a non-uniform 

electric field exerts on a material medium (solids). The 

material tends to be drawn into the high field region. The 

electromotive force proportional to the gradient of the square of 

the electric field ie,# the gradient of intensity. This force 

affects the density of the material l which in turn modifies the 

dielectric constant. 

(2) Kerr Effect :- If molecules of a liquid have 

Misotropic-polarizability tensor l an intense light wave will tend 

to orient the allotropically polarized molecules such that the • 
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Fig 1.5. Geometrical rays and phase fronts of a gaussian beam 
undergoing self-focussing in a medium in which local 
refractive index increases as a function o~ irradiance. 

Fig.1.6 
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direction of maximum polarizability is along the direction of the 

electric vector. This changes the dielectric constant of the 

mediull. 

In the case of absorbing medium, an intense light beam, with a 

radial distribution of intensity causes a radial gradient of 

temperature and hence the dielectric constant. This leads to the 

focussing and defocussing of the laser beam depending on the 

nature of variation of dielectric constant with temperature. If 

dE /dT >0, self focussing occurs, whereas if de /dT < 0, 

defocussing of the beam occurs. 

1. 3. 3. 2. FREE -CARRI ER EFFECTS 

Free carrier generation is the most important self-induced 

coupling effect in non-metals. In order to consider the impact 

of free carriers, on the optical properties of a non-metal, the 

sillplest approach is the total material polarization and hence to 

take the dielectric function as a sum of lattice and the carrier 

contributions. 

In selliconductors, holes tend to be mobile and contribute 

significantly to absorption. Since electrons and holes come in 

equal nUllbers, it is convenient to treat thell together and the 

total absorption coefficient can be written as, 

~o is the lattice absorption coefficient, Reh 

density of the carrier pairs and I:eh is the 

section of a carrier pair which is defined as. 

( 1.44) 

= Re = Rh is the 
absorption cross 

( 1.45) 

* where Il and T ,(x = electron/hole) are the effective masses and x x 
collision tilles of the electron and holes respectively f211. 

varies with A 2 • making free carrier absorption relevant 
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infrared beams. 

1. 3.4. DESORPTION AND ABLATION 

Pulsed laser induced desorption offers ways of studying the 

dynamics of surface processes. The monochromaticity of the laser 

radiation allows a selective excitation of defined states and in 

ideal cases it may be possible to confine energy to the substrate, 

adsorbate or multilayer film covering the substrate. 

Desorption is the processes by which mono or submono layer 

Dounts of molecules leave the substrate surface. whereas in the 

ablation processes many layers leave the condensed system 

irrespective of the forces holding the condensed phase together 

(Vander Waals or exchange forces) and irrespective of the energy 

of the photons of the laser pulse (DV or IR photons). Figure 

(1.6{a) and (b» give the schematic representation of the 

desorption processes and ablation. 

(A) • RESONANT I R AND UV EXCI T ATI ON 

Transitions between vibrational levels 

are usually described by simple models 

oscillator or the anharmonic oscillator. 

of isolated molecules 

such as the harmonic 

In order to explain the 

behaviour of polyatomic molecules under high power laser 

irradiation, the two ladder three region model has been introduced 

[22,23]. This models assume that the first few photons are 

absorbed in one vibrational mode in high order multiphoton 

processes defining region 1. At higher levels of excitation, 

rapid intermolecular energy exchange will occur with other 

vibrational modes. Optical pumping in this second region, called 

the "quasicontinuum·', is stepwise and incoherent. At even higher 

energies in region three, the possibility of dissociation exists. 

In the region 1, a mode selective laser excitation is possible, 

which is destroyed by the efficient intermolecular energy transfer 

in the quasicontinuum. So IR multiphoton dissociation is 
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molecule selective, but not bond selective under collision-free 

conditions. 

In a condensed phase polyatomic molecules due to intermolecular 

energy exchange, it is difficult to accumulate 20 or 30 IR photons 

in one Ilolecule and to achieve mul tiphoton dissociation. So 

there is no selective coupling between an excited vibrational mode 

~d adsorption potential, as indicated in the figure (1.7), 

leading to nonstastical desorption. On the otherhand i"t has been 

suggested that the surface phonons may communicate well with the 

low frequency mode of the adsorption potential but 

exists for the flow of energy into the chemical 

desorbed Ilolecule [24]. This effect would also 

a bottleneck 

bonds of the 

allow a non 

statistical behaviour in the case of energy flow from the 

substrate to the adsorbed molecules. 

Figure (1.8) shows the three examples of the laser induced 

photon dissociation processes. The first one is the coupling with 

a repulsive upper state possessing no energy minimum, the second 

one shows a transition to an upper bound state with slightly 

larger internuclear distance, leading to dissociation by internal 

conversion and the third case illustrate the direct dissociation 

into electronically excited products by excitation of bound state 

with energy excess of the dissociation energy. 

(B) • ENERGY CONS! DE RA TI ONS 

One Ilay make a compar ison of photon energy with the 

corresponding binding energies in the molecular system in order to 

see whether the quantum processes is energetically possible at a 

considered wavelength. In the case of molecular system, weak 

VMder Waals bonds and for chemical bonds hold the condensed phase 

together. Typical Vander Waals energies are in the 0.3 eV range 

and therefore an IR photon may have enough energy for single 

photon processes. With UV photons, on the other hand not only the 

Vander Waals bonds but also chemical bonds can be broken from the 

energetic point of view. In this case the quantum yield 
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represent the fraction of the absorbed photons leading 

photolysis and this fraction essentially heats the sample 

finally breaks the Vander Vaals bonds. In the latter 

to 

and 

case. 

qUMtum yields greater than one may be observed whereas in a 

chellically bonded network. the quantum yields are considerably 

lower. Figure (1.9) shows the comparison of the energy for 

t~ical IR and UV photons with the interaction energy of a 

chellical bond and a Vander Vaal bond. 

1.3. 5. PHASE TRAHSI TI ON AND SHAPE EFFECTS 

Powerful laser beams not only affect the intrinsic properties 

of the material. but also the shape of an irradiated material. 

This influences solid-beam coupling in various ways. Shape effects 

are related to melting and evapouration. 

1.3.5.1. EVAPOURATION AND PLASMA EFFECTS 

The vapours formed by the intense irradiation can play 

illPortant role in beam -solid coupling, particularly for IR beams. 

The level of irradiance at which the evapouration takes place 

rMges from 103 V/cm2 to the highest irradiance 1015 V/cm2 or 

Ilore. It is clear that Ilany physically distinct regimes are 

found in this enormous range. 

At relatively moderate irradiance (below 106 V/cm2 ), the vapour 

is tenuous and essentially transparent, but with increasing 

irradiance it tends to becolle supersaturated as it evolves from 

the surface. The vapour cloud is a Iledium of refractive index 

different from its surroundings and hence distorts the incident 

wavefront. 
7 10 2 . Between 10 and 10 V/CIl, depend1ng on the wavelength, vapour 

becomes partially ionized and absorbs substantial fraction of the 

laser energy. The black body radiation emitted by the vapour 

plasma tends to be absorbed by the solid more efficiently than the 

laser radiation particularly for IR lasers. If the plaslla stays 
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close to the surface. it Ilay actually enhance the fraction of beall 

energy absorbed in the solid. At irradiance sOllewhat higher 

thm those producing ionization of the hot vapour. ionization aay 

occur in the allbient gas due to optical breakdown. The breakdown 

plaslla typically propagates as a supersonic absorption wave 

~ainst the incident beall and shields the Ilaterial completely. 

This effect seriously lillits the energy deliverable by the IR 

bens to targets at atllospheric pressure. 

At still higher irradiance (above 109 _1010 W/cIl2 ). plaslla owing 

to its high tellperature. becolles transparent and light is again 

trmsllitted to the dense surface. The ablation pressure drives a 

shock 'Rave into the Ilaterial which Ilay alter its optical 

properties. Finally at the highest irradiance any sharp boundary 

between the condensed Ilaterial and the plaslla disappears. Light 

is absorbed at the surface where the electron density makes the 

plaslla frequency equal to the laser frequency. Add it ional 

absorption and reduced reflectance arise in the plaslla froll 

turbulent collective Ilotion of electrons. 

1.4. CREATION AND FEATURES OF A PROPAGATI NG PLASMA 

The interaction of the hot vapour plaslla with the surrounding 

atmosphere in the two ways is explained in the figure « 1. 10», (1) 

the expansion of the high pressure vapour drives a shock wave 

into the atllosphere and (2) energy is transferred to the 

atllosphere by a cOllbination of therllal conduction radiative 

trmsfer and heating by the shock wave. The relative illportance 

of these processes in deterllining 

depends on irradiance size of the 

subsequent plaslla evolution 

vapour plaslla bubbles, large 

vapour cOllposition ambient gas cOllposition and pressure. and laser 

wavelength. At low irradiance. conduction dOllinates the early 

stages of plaslla develoPllent in the surrounding gas. the 

plaslla is too thin spatially and optically to transport 

efficiently by radiation. At high irradiance. shock 

dOllinates. 
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In the initial stages, the absorption wave is characterized by 

high tellperature and also by high pressure caused by the shock 

iBve driven of the target surface during the initiation process. 

The subsequent evaluation of the plaslla follows three Ilajor paths 

depending on irradiance, spot size and ambient litas conditions. 

The radiative transfer surface pressure, plaslla velocity and 

plasma tellperature are strongly influence by the nature of the 

plasma. 

The three Ilajor types of laser absorption wave are 

(1) Laser-supported cOllbustion (LSC) waves 

(2) Laser-supported detonation (LSD) waves 

(3) Laser-supported radiation (LSR) waves 

The Ilain difference between the waves arise froll the 

Ilechanislls used to propagate the absorbing front into 

trMsparent atllosphere. The characteristics difference 

distinguish the above three waves are velocity, pressure 

different 

the cool 

which 

and the 

effect of radial expansion on the subsequent plaslla evolution. 

The general configuration of the absorption wave is described 

in the figure (1.11). This will illustrate the zones that Ilust 

be considered to describe the class of the waves and their 

develoPllent with respect to the t ille . The zones are the 

precursor shock, absorption region and plaslla left behind the 

propagation region. The shock and the absorption wave are 

propagating away froll the larger surface, whereas the plaslla 

behind the wave is expanding radially. The range of irradiance 

at which the absorption wave propagate with subsonic velocity 

with respect to the gas (ambient atllosphere or vapour) is called 

LSCW. At low irradiance, LSCW are produced, which consists of a 

precursor shock that is separated froll the absorption zone and the 

plasma (figure.1.11). With further increasing irradiance the 

tellperature, pressure and ve loc i ty of the absorpt ion wave 

increases. At the salle tille wave becolles Ilore absorbing and 

consumes larger fraction of beam flux. COllpression rather than 

heat conduction becolles the dOllinating propagation llechanislls. 

T~ velocity in this region is supersonic with respect to the gas 
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ahead of the wave and hence the wave is a shock wave. which is 

called LSDV. At sufficiently high irradiance, the plasma 

radiation is so hot that prior to the arrival of the shock wave. 

the 8.Ilbient gas is heated to the temperatures where the laser 

absorption begins and the absorption wave formed in this condition 

is called LSRV. 

1 .5. PHENOMENA AT VERY HI GH I RRADI ANCE 

Here the light flux exceeding from 109 V/cm 2 1010 V/cm 2 or , 
where the plasma produced are dense and hot enough to achieve 

therllonuc lear fusion. The practical application of the use of 

the plasma as pulsed sources of X rays or fast ions. In the low 

irradiance region, the optical density of the gaseous plasma 

increases with irradiance. But in the case of high irradiance 

the plasma is fully ionized and the above processes are reversed 

since the degree of 

tellperature at which 

atollic number of the 

ionization cannot be further increased. 

this processes happen to be 

material. In the case of 

depend 

lightest 

on 

The 

the 

metal 

which are of interest in laser fusion and where the full 

ionization can be achieved. 

In this irradiance regime even non-metals can be considered as 

strongly absorbing, because the breakdown will occur within a 

fraction of pulse duration. At highest irradiance (1015 V/cm2 or 

lore), ionization occurs by multiphoton absorption. The specific 

energy acquired by the material exceeds the heat of evapouration 

and even the dense phase can be treated as ideal gas. But a 

strong non-equilibrium exist between the electrons and ions will 

prevail when such pulse lasts. 

Consider a dense and strongly absorbing material, in the first 

few tens of nanometer. the energy at a rate of 1020 V/cm2 is 

liberated. Part of this energy is converted into direct 

kinetic energy by thermal expansion of the heated layer. In a 

regille of characteristic nanosecond (Q-switched) pulses, which is 

dOllinated by the expansion and ablation of material and a second 

30 



r~i.e, characteristic of psec (mode locked laser) pulses, in 

which heat conduction dominates, as the hydrodynamic motion. 

The thermal pressure of the heated layer. orders of magnitude 

greater is sufficient to cause significant compression to the 

underlying target material. If we consider 

Figure (1.12), the undisturbed solid (denoted with 

the cOllpressed layer (subscript 1) and the vapour 

Various models have been considered which differ 

treQtllent of light absorption in the regionl land 

appropriate for intermediate fluxes (between some 

different 

subscript 

(subscript 

mainly in 

2. A 

109 and 

zones 

0) , 

2) . 

the 

model 

1014 

I/c.2 for light targets) is based on the idea proposed by [25]. of 

a self regulating plasma. 
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PART B 

PLASMA DIAGNOSTICS 

1.6. LASER PLASMA DI AGNOSTI CS 

1. 6. 1. I NTRODUCTI ON 

The interaction of intense laser light with .atter has been an 

active topic in the fields of atomic and plasma physics for more 

thm two decades. During this period, an amazingly rich 

diversity of plasma conditions have been investigated. As an 

indication of interesting range of parameters, the following 

conditions have been encountered, viz., (1) electron temperatures 

(T ) from 10 eV to many keV" (2) Scale len"ths (T IflT ), as short e e e 
as few aicrons, (3) Self generated magnetic fields of more than 

aegagauss orders, (4) Particles accelerated to energies as high as 
-3 aegavolt/aau (5) Imploded compressed densities of > 30 g/cm 

(while keeping T ~ 1 leV) (6) Ionization stages as high as those e 
of he lium-l ike krypton. 

In discussing the diagnostics of laser plasmas, it ia very 

useful to consider the spatial structure involved. This 

structure is illustrated in figure (1.13' 1.14), starting from 

the absorption and scattering of incident laser energy and 

proceeding through the transport of this energy to denser regions 

and the resulting ablation pressure which can be used to drive 

i.plosions. The structures indicated in the above mentioned 

figures and their characteristic parameters (temperature, density, 

gradient, scale lengths etc) are evolving in time scale varying 

fro. tens of picoseconds to many nanoseconds. The basic 

progression of interaction (from absorption through compression) 

is however preserved. In recen t years, it was revealed that 

there exists a strong dependence of absorption and scattering 

processes on the laser wavelength [26,27]. In the case of laser 
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fusion applications. short-wavelength laser interaction studies 

are .ainly considered. The density and tellperature profile are 

shown in figure (1. 15) . It was seen that the density and 

temperature gradients becolle Iluch less steep as the irradiance is 

reduced. 

With reference to the figure (1.15). laser light is often 

absorbed by the collisional processes of inverse brellsstrahlung up 

to a region near critical surface (where the 

Laser frequency). where it is reflected 

plaslla frequency ~ 

and absorbed by the 

parametric processes. Froll the critical surface towards the 

laser, scattered harllonic light offer a rich source of inforllation 

on both local absorption processes and local plaslla conditions. 

Table 1.1 Critical densities of sOlle illportant lasers 

Laser lave length (/-Ill) -3 nc(cll ) 

CO2 10.6 10 19 

Md glass (wo) 1.06 1021 

Md glass (3wo) 0.35 9.0 x 1021 

IrF 0.25 1.6 x 1022 

In spanning the range of irradiance froll about 1012 to 1016 I/cIl2 • 

the background Te varies froll few hundred eV to several keV. The 

critical (electron) density for a given laser wavelength is given 

by n ~ 1021/A2 Clls (A is in aicrons). The above aentioned trend 
c 

towards short wavelength lasers thus implies the investigation of 

plasma processes at a higher density where collisional effects 

will be eaphasized. The critical densities of soae cOllllon laser 

wavelengths are shown in Table (1.1). 
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1.6. 2. I NTRODUCTI ON TO OPTI CAL DI AGNOSTI CS. 

Optical plasma diagnostic techniques can be separated into two 

lain categories. (1) Those involving the analysis of the 

eaission spectrum from the plasma and (2) Those analyzing the 

chmges undergone by the radiation introduced into the plasma in 

the form of a probe beam. 

In a laser-produced plasma. we have two main contribution to 

the eDitted spectrum. One contribution consists of the emission 

froD the self-luminous plasma itself. ie. the continuum and line 

radiation. The analysis of this radiation has been an important 

di~ostic tool in laser plasma physics. However. for laser 

plasDas in the range 100 eV to 1000 eV (in the case of laser 

fusion studies) •• ost of the emission will lie in the spectral 

region ranging from the vacuum UV to X-ray region. In 

application such as chemical analysis. temperatures are usually 

below 100 eVe In such studies the ion and continuum emission is 

in the optical and ultraviolet regions. A second contribution to 

the radiation eaitted froa the plasma is the emission associated 

with the scattering of the incident laser light by different modes 

in the plasma. This emission occurs through parametric processes 

~d the generation of harmonics as well as fractional harmonics of 

the incident laser light. 

Another optical diagnostic technique is to use a separate laser 

beD as a probe beUl. Inforaation about the plasma can be 

obtained from the changes in the optical properties of the probe 

beD. One example for this is interferometry by which the 

electron density. spatial distribution and gradients are co .. only 

derived by measuring the change in the phase front of the probe 

beD. 

(~. PLASMA DIAGNOSTICS BY SCATTERED LIGHT 

(I). P ARAMETRI C I NST ABI LI TI ES 

Intense laser light can excite a collection of instabilities in 
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the under-dense plaslla [28]. Froll the point of view of plaslla 

di~ostics. there are two areas of interest related to parametric 

instabilities. one of which is the study of the parametric 

instabilities thellselves. The Ilostly used diagnostic for the 

study of parametric instabilities in laser plaslla has been the 

scattering of an electrollagnetic wave (the laser radiation itself) 

froll one of the longitudinal waves resulting froll the decay. 

Typical exallples are scattered light associated with instabilities 

such as SRS (Stillulated Raman Scattering) and stillulated Brillouin 

scattering (SBS) [29]. Another example is the 3w /2 ellission o 
[30] resulting froll the scattering of laser electrollagnetic wave 

froll plaslla waves produced by the decay of the laser light into 

two plaslla waves [31]. 

A second area of interest in the parametric instabilities is the 

use of the scattered light as a diagnostic of the plaslla itself. 

This is an illPortant diagnostic tool to characterize the tellporal 

evolution of the plasllas. 

(11) • HARMONI C EM! SS! ON 

When laser light is incident on a target. the reflected light 

is found to contain the second harllonic cOllponent of the incident 

laser light [32] and also higher harllonics [33.34] . Harllonic 

generation in laser plasllas is very closely related to the process 

known as resonant absorption. The Ileasured efficiency of 

haraonic production and the polarizations of the harllonic wave can 

provide insight into the general properties of the plaslla. Two 

aspects of the plasma response are possible contributors to the 

production of harmonics ie. (1) steep density gradient arising 

froll the radiation pressure and (2) self-focussing originating 

froll the intensity modulation of the laser beam. 

In resonant absorption. laser light incident on a 

density gradient at an oblique angle can excite resonant 

oscillations near the critical density region as shown in 

(1.16). At the turning point. the electric field of the 
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light is parallel to the electron density gradient. Electrons 

~cillating under this field will be moving into the region of 

higher and lower electron density, and thus harmonic components 

will be superimposed on their oscillations and also 

the electromagnetic wave they radiate. The number 

will be a function of the intensity of the laser 

steepness of the electron density gradient. 

(B) • OPT! CAL PROBI NG OF LASER PLASMAS 

(D. BASICS OF OPTICAL PROBING 

similarly on 

of harmonics 

light and the 

Optical probing of plasma is an important and mature area of 

plaslla physics. Optical interferometry has been used for 

measuring electron density. In recent times, Thomson scattering 

has been one of the most important diagnostics to characterize the 

density and temperature of electrons in Tokaaak machines. 

The application of optical probing to laser plasma is somewhat 

difficult due to the relatively higher densities encountered in 

the plasma. Because the probe pulse is limited to electron 

densities less than the critical density (ne < nc) at which 

plaslla frequency equals to laser frequency, a laser probe with a 

short wavelength is required to propagate through the high 

densities encountered in these plasmas so that the interaction 

with the plasma will be weak and the plasma conditions will not be 

disturbed. 

CID. ELECTRON DENS! TY MEASUREMENTS 

Optical interferometry is a well established technique for 

measuring the refractivity of plasmas by directly comparing the 

phase of a wave front passing through the plasma with that of a 

reference beall [35]. Interferolletry can be used to deterlline the 

electron density distribution because in highly ionized plasmas 

the refractive index ~ is related to free electron density. The 
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refractive index in a plaslla is given by 

/-l(r) [ 
n w -1] 1/2 

= 1- n: [1 ± wC ] 

where w is the frequency of the probe 

cyclotron frequency. 

and w 
c 

is the 

(1.46) 

electron 

In laser plasllas, the limited size of the plaslla perllits the 

use of single beam interferolleter arrangement in which plaslla is 

placed off axis , thus using half of the laser beaa as the probe. 

This arrangellent perllits to use the other half of the beaa as the 

reference. Folding the wave over itself or splitting the beaa in 

to two and shifting one cOllponent allows for a cOllpact and stable 

arrangellent. Further illprovellent is to use the holographic 

interferolletry [36] because of its reduced requirements on the 

quality of sOlle of its optical cOllponents and illproved spatial 

resolution. Because all phase information is recorded, the 

focussing of the interferolleter is not illportant. One illportant 

consideration of utilizing interferolletry for density distribution 

leasurellents in laser plaslla is to have a probe pulse that is 

sufficiently short in tille to freeze the Ilotion of the plaslla. 

Because the plasma density contours Ilove outward with high 

velocity, the probing pulse length T Ilust be, to first 

approxillation. 

T < required spatial resolution 
velocity of density contour (1.47) 

For greater probe pulse durations, the interferometric 

will Sllear and loose contrast, and eventually disappear. 

electron density contour velocities of the order of ~ 106 

fringes 

For 

cll/sec 

and spatial resolution of ~ 1/-l1l and probe pulse duration ~ 100 

psec is requ ired . 
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ClID. MAGNETIC FIELD MEASUREMENTS 

In the presence of strong anisotropy~ the polarization vector 

of a probe bea.Jl can suffer a rotation and can be used as a 

di~ostics itself. If the anisotropy is produced by strong 

I~etic fields~ the rotation of the electric field of the probing 

pulse (Faraday rotation) provides the basis for Ileasuring these 

fields. The linear polarization is decollposed into two 

oppositely rotating circular polarizations. In a Ilagnetized 

lediull. one of these rotates in the direction of the electrons~ 

~lith the other rotating in the opposite direction. The 

dispersion equation yields different phase velocities for these 

tvo wave cOllponents~ resulting in a rotation of 

polarization. The polarization vector is rotated 

cOllponent of the propagation vector is aligned with the 

field vector. The rotation angle is given by ~ 

-25 2 
~ = 2.6 x 10 A ne(r)B(r)dr 

linear 

when a 

Ilagnetic 

( 1.48) 

vhere ~ is in radiance~ A is in J..lll and the Ilagnetic field B(r) is 

in gauss which is the cOIlPonent of the Ilagnetic field in the 

direction of the propagation vector. Even for large Ilagnetic 

fields (Ilegagauss), the rotation 4> is very sllall (a few degree). 

The interest in Ilagnetic field measurement in laser plasllas is 

based on theoretical and computational evidence of spontaneous 

.~etic fields at megagauss level, which may themselves be useful 

in applications. Spontaneous magnetic fields can be generated 

by the following possible Ilechanisms. 

(1) the flux of the charged particles emitted froll the plasma. 

(2) the electron temperature gradient having a component 

perpendicular to density gradient 

(3) charge separation during plaslla expansion and 

(4) Ilollentum deposition by the laser bea.Jl 
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(IV). THOMSON SCATTERING 

A laser beam incident on a aedium can be scattered b7 the 

inhollogeneities in the medium. In a plasma, such scattering is 

l8inly due to electron densit7 fluctuations. Ever7 charged 

particles in the plasma is capable of scattering light, but 

because the scattering cross section is inversely proportional to 

the square of the particle mass, the contribution from ions is 

negligible compared with that from the electrons. The spectrum 

of the electron density fluctuation in the plasma is impressed on 

the scattered light, thus providing information about the 

collective as well as non 

distribution) of electrons. 

collective motion 

These features make 

(velocit7 

Thomson 

scattering a powerful diagnostic, providing direct information 

about these two aspect of electron fluctuations. Although on17 

the electron scattering is detectable, the motion of the ion 

.odifies the electron fluctuations. Thus information about the 

ion Ilotion is also obtained. Scattering from a collection of 

charged particle occurs on17 if there are spatial fluctuations in 

the electron density. Conservation of momentum tells that the 

vave number of the density fluctuation must satisf7 the condition 

k = (k - K.), where k. and k are the wave numbers of incident s 1. 1. s 
~d scattered beams respectively. The magnitude k is given by 

k 41l • e = X sl.n~ ( 1.49) 

where e is the angle between ks and k i . The vector k is fixed by 

selecting a laser wavelength and a scattering angle. The 

qUMtity k- 1 is the scale length for scattering and represent the 

length on which the plasma fluctuations are viewed. Fixing the k 

vector selects the spatial fourier component of electron densit7 

distribution and the frequency spectrum that will be observed. 

SOlle fourier components correspond to the resonant modes in the 

plaslla, appearing as peak in the frequency spectrum. Since the 

plaslla resonance can exist on17 for modes with wavelengths larger 

thM Debye length AD' the kind of scattering spectrum that will be 
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observed can be characterized by cOllparing the k -1 and AD' If 

~1 « AD' the Ilovellent of the individual of the electron will be 

~served. If k- 1 » AD' collective Ilotion of the electrons/ions 

will be observed. A convenient paralleter 01 can be defined to 

characterize the different scattered spectra which is given by~ 

1 = 
kAD 

(1. 50) 

1.7. MASS SPECTROSCOPY AND TI ME OF FLI GfIT ANAL YSI S TECHNI QUES 

(JU. MASS SPECTROSCOPY 

Laser vapourization 

of s8.Ilple introduction 

lasers are typically 

is rapidly gaining popularity as a 

is Ilass spectroscopy [37~38]. 

used in this experillents~ and 

vapourization and ionization take place in one of the two 

Ilethod 

Pulsed 

sample 

Ilodes. 

In one case relatively high intensity pulses, I > 100 ""/cll 
2 are 

used to sillultaneously vapourize~ ionize and in sOlle cases 

fragment the sallple of interest [39]. This type of 

instrullentation is often referred to as a laser Ilicroprobe or 

laser ionization Ilass spectrolleter [40]. In the second case 

relatively gentle irradiation I < 10 ""/cIl2 is used to vapourize 

intact or largely intact Ilolecules. In 

instrullen tat ion ~ ion iza t ion and fragllentation 

this 

occur 

type 

by a 

secondary process, typically electrons illpact [41], chemical 

i~ization [39] or photo ionization by a second laser [42]~ 

subsequent to vapourization. 

The co .. on characteristics of both Ilethods are~ (1) Mo 

bac~round is introduced due to the bulk heating of the sallple (2) 

Spatial resolution can be very good, limited only by diffraction 

of the incident be8.ll (typically ~ 1 /-lll in di8.lleter) and at high 

flux, cratering of the surface (typically ~ 10 /-lll) occurs. This 

capability can be important for sllall s8.llples and samples 

containing inhomogeneously distributed cOllponents. (3) Little 
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suple preparation is needed. (4) Sensitivity is excellent and 

detection limit frequently falls in the femtogram to attagram or 

sub-parts-per-billion range. (5) The possibility exists for 

absolute measurements without recourse to standard samples. A 

variety of laser sources have been used in the laser evapouration 

mass spectrometry in which pulsed lasers are mainly used. 

Irradiation of the sample may occur either from the back side or 

from the front side. In the case of post ionization, pulsed dye 

lasers are commonly used. Tuning capability allows the use of 

resonant intermediate state in a multistep ionization processes, 

thus increasing both the probability of ionization for most atoms 

md molecules and the selectivity of ionization which is used in 

the analysis of complex mixtures. With the use of resonant 

intermediate state the ionization can be saturated within the 

laser focal volume. The mass spectrometry has been used with 

aultichannel detection in time of flight (TOF) techniques and also 

in fourier transform spectrometers. 

(b) • TI ME OF FLI GHT TECHNI QUES 

The time-of-flight (TOF) technique has attracted increasing 

interest recently in the study of pulsed laser ablation. Two 

different types of instrument are used in the TOF mass 

spectrometry as shown in (figure 1.17(a) and 1.17(b». The first 

type of instrument consists of two lasers, one for ejection of 

neutrals and partial ionization and a second one for post 

ionization in the gas phase to increase the number of ions. 

These ions are accelerated into and separated in an ion drift tube 

md detected with a channel plate detector. The advantage of 

this method lies in the registration of the whole mass spectrum of 

the different species ejected by a single laser pulse. This 

instrument is mainly used in laser mass spectrometry specially for 

organic compounds. 

The second TOF method is also based on pulsed laser ablation of 

neutrals. After a certain flight distance, the neutrals are 
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ionized by electron bOllbardllent in the 

laSS spectrolleter. An ion produced 

ionizer of 

with high 

a quadrupole 

abundance is 

selected for tille resolved detection in the quadrupole .ass 

spectrolleter. This technique allows the accurate registration of 

TOF distributions for selected Ilass. 

The TOF method using a quadrupole Ilass spectrolleter enables 

accurate deterllination of transilational energies of Ilolecules 

ejected by lR or UV laser pulses. The neutral particles ejected 

froD the surface are ionized with relatively low efficiency by 

electron illpact. The ionized particles are extracted by ion 

optics into the quadrupole Ilass filter for Ilass selection and tille 

resolved detection. The drift tille of the ions in the analyzer 

depends on the ionizer potential and is approxillately proportional 

to the square root of the mass. After the subtraction of the 

delay tille, the TOF distribution can be transferred into a 

velocity distribution. The velocity and translational energy of 

a particle can be calculated froll its mass, the flight tille and 

flight distance. 

~ indigenous Ilethod of attaining perfect focussing also Ilakes 

the use of ions Iloving in a plane perpendicular to a Ilagnetic 

field. All such ions which originate at a point will pass 

through this point after cOllpletion of circular paths in 

field, whatever their Ilass, direction or speed. But, while 

tiDe taken by an ion to cOllplete each circular orbit will 

independent of its direction and speed of injection, it 

depend on the Ilass according to the equation 

the 

the 

also 

will 

t = 21l1l/H e 
(1. 51) 

Thus Ilass Ilay be resolved by observing their times of flight 

for cOllplete revolution in a .agnetic field. 

~other type of Ilass spectrolleter is that in which the 

time-at-flight of the ions is Ileasured between the source and the 

collector in the absence of a magnetic field, so that the ions 

flow a linear path. These ~Ilploy Ileasurellent of the drift tille 
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of a pulse of ions of known energy down a long evacuated tube. 

The tiDe interval between the arrival of Ilasses III and 112 at the 

collector is proportional to (Ill )1/2 -(1l2 )t/2and the spectrull Ilay 

be displayed by 8Ilplifying the pulses and applying to oscilloscope 

whose tiDe base is triggered by the original pulse. 

t.8. FUNDAMENT AL ANAL YSI S OF SOLI D BY LI P 

t. B.1. PHENOMENOLOGY OF LASER HEATI NG OF CONDENSED PHASE TARGET 

The introduction of high power laser be8ll with a condensed 

phase target leads to a wide range of linear phenollena [43,44] . 

This is of particular interest in the context of the elellental 

co.position analysis of condensed specillens in the forllation of 

plaslla plulle that grows out of the surface when the incident laser 

irradiance exceeds a certain threshold value [45]. 

The intensity profile of a typical Q-Switched laser pulse has 

~ approximately trapezoidal shape in tille. The slope of the 

laser intensity rise in the leading edge is of the Utllost 

illportance in attaining a plaslla plulle that in both representative 

of the condensed-phase specillen in its elellental cOllposition and 

robust in its ellission characteristics for quantitative 

spectroscopy. The leading edge IlUSt Ileet two requirellents in 

that it Dust be able to heat the target at a rate (1) fast enough 

to rellove the surface layers at a speed equal to or greater than 

that of the therllal conduction front moving into the bulk and (2) 

slow enough to allow continued evapouration without triggering 

runaway absorption by the plaslla plulle prellaturely. When the 

plaslla is near its peak density and tellperature the laser plaslla 

interaction enters into a nonlinear regille. One of the 

lessurable consequence is the generation of the second harmonic of 

the incident laser be8ll [46]. 

When the plaslla at different distance froll the target is 

recorded, the ellission spectrum near to the target displays a 

c~tinuUD character right at the onset of the plaslla, indicating 
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an extrellely rapid heating. But the line ellission character is 

quiet pronounced. The lUllinosity in the region at further 

distance froll the target is due to fast ions and neutrals Iloving 

ballistically away froll the plaslla core near the target surface. 

After a short period corresponding to the tille delay between the 

fast ion front and shock front arrival, intense ellission lines 

e.erge. These are due to shock heating of the ambient gas and 

residuals froll the earlier expansion of the fast ions and neutrals 

froll the plaslla of the target elellents. Finally, the expanding 

plaslla core with a full display of a rich ellission line spectrull 

is observed. The variation of ellission line spectrull froll one 

region of the plaslla to another is due to variations in the plaslla 

tellperature. The observed tellporal and spatial change of the 

plaslla, when analyzed by 

inforllation regarding the 

processes. 

quantitative ~pectroscopy, 

forllation and evolution 

1.8.2. QUANTI TA TI YE SPECTROSCOPY 

give 

of the 

rich 

LIP 

Deterllination of the elellental cOIlPosition of a condensed phase 

target by Ileans of LIP requires the Ileasurellent of the intensities 

of the spectral lines that are characteristics of the individual 

species present in the plaslla. The intensities IlUSt then be 

related to the nUllber densities of the species present in the 

plaslla and these relationships turn out to be dependent on the 

tellperature of the plaslla. 

The plaslla of depth D is in a state of therllodynamic 

equilibriull at tellperature T. The specific intensity at 

frequency f of an ellission line is defined as the energy ellitted 

froll the plaslla per unit tille, unit surface area, unit solid angle 

~d unit frequency. The change in the specific intensity 1(1) is 

given by the equation of radiative transfer [47], 

dI{f) 

dx = K(f).(B(f,T) - I(f») 
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where x is the coordinate axis perpendicular to the surface area 

of the plasma and B{f,T) is the Planck's black body function. 

The absorption coefficient of the plasma K{ f) is given by, 

K(f) = hf P(f) n.B .. (1- exp(-hf /ltf») (1.53) o 1 1J 0 

h is the Planck's constant, n. the number density of the species 
1 

in the lower of the two energy levels between which the radiative 

trMsition for the emission takes place and k the BoltzBann 

constant. P{ f) is the line profile function of the eBission line 

whose central frequency is f o ' which is normalized. 

When Equ.1.52 is integrated with respect to x, between the two 

confining planes of the plasBa separated by D so that, 

I(f) = 1-exP (-K(f)D) B(f,T) (1. 54) 

The product K( f)D is the optical thickness of the plaslla. In the 

lillit l(f)D is increasing infinitely, the specific intensity is 

given by the black body function, thus reducing the plaslla to a 

blackbody surface radiator at tellperature T. So the specific 

intensity I(f) rellains constant throughout the plaslla describing 

the state of a blackbody in which both the particles and photons 

exist in a state of cOllplete therllodynallic equilibriuB. 

The integrated intensity of an ellission line with center 

frequency f as given by, 
o 

so that. 

f +00 o 
I = J I(f) df 

f -00 
o 

f +00 

I = B(fo,T) JO
[1-exP (-K(f)D)]df 

f -00 
o 
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This integrated intensity grows with the concentration of the 

species in the plasma through the number density n i of the species 

populating the lower energy designated by i~ as contained in the 

expression of 1.( nD ~ which is a strong function of temperature and 

is given by the Boltzmann distribution~ 

n g.exp(-E./lIl') 
011 (1. 56) 

Here, no is the total number density of the species in the same 

state of ionization and Ei is the energy of the i th level as 

leasured in reference to the ground state level of the species in 

the sue state of ionization. The single particle cannonical 

partition function Q for the electronic degrees of freedom of the 

~ecies in a particular state of ionization is given by~ 

Q = ) g exp(-E /kT) 
ft S s 

(1. 57) 

The SUD is over all allowed electronic levels. 

The concentration dependence of the integrated intensity is 

generally non-linear because the optical depth of the plaslla 

decreases with increasing concentration [48]. When the plasma is 

optically thin~ the integrated intensity grows linearly with the 

nUllber density. In this limit~ the integral of equ.1.55 can be 

expanded in a Taylor series so that ~ 

hE D A •• g. n exp(-E./lIl') 
o J1 J 0 J 

I = Q (1. 58) 

Where the normalization of the profile function is use"d together 

~lith the expression for Planck's blackbody function. 

Calculation of the intensity vs concentration relation requires 

t~ value of line profile function~ which is in general given by a 

coovolution integral of two or more line profile functions 

corresponding to the line broadening llechanislls within the plasma 
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[48]. For plasllas that are Ilodestly optically thick and 

therefore conveniently su i table for quantitative spectroscopy ~ the 

degrees of ionization of constituent species are sllall and the 

line broadening by Stark effect is Ilodest. Then the line profile 

function can be represented by the Viogot function ~ 

P(f) = 
bf 

L 
2/3 2 

71 (bfD ) 

+00 

-00 

2 exp( -q ) dq 

(1. 59) 

Here flfL is the half width at half intensity of the Lorentzian 

profile representing the collisional broadening Ilechanisll. Also 

~~ is the half width intensity of Guassian profile function 

arising froll Doppler broadening. Once the line profile function 

is given in sOlle forll (equation 1.53) can be used to determine the 

functional dependence of the integrated intensity on the nUllber 

density of the species of interest. When the optical thickness 

~ the plaslla increases~ then the relation between the intensity 

md density becolles non-linear. Another factor that affects the 

optical thickness is the Ilagnitude of the Einstein coefficient 

A... The larger of this value~ Ilore readily the intensity and 
1.1 

density re la t ion becolles non -1 inear . 

It has been shown that the integrated intensity of an emission 

line of an elellental species can be expressed in terlls of atollic 

and therllodynallic properties, including species concentration 

given that the plaslla is in a state of therllodynamic equilibriull. 

When the intensity is Ileasured and all other properties are known~ 

the nUDb~r density of the species can be deterllined. The 

accuracy of such Ileasurellent depends on the extend to which the 

plasma is optically thin and also on the inforllation about the 
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plaslla properties obtained by other measurements. 

1.8. 3. I NTENSI T'i MEASUREMENTS AND ELEMENTAL ANAL 'iSI S 

The integrated intensity of an emission line can be measured by 

anullber of means. The simplest and quite accurate method is to 

set the entrance slit of the spectrograph wide enough so that its 

width on the image plane is wider than the width of the emission 

line. The image plane slit width is given by the product of 

geolletrical width of the slit on the image plane and the linear 

dispersion of the spectrograph. The resultant intensity at the 

line center is the integrated intensity. Such integrated 

intensities of the emission lines for the plasma can be measured 

by anyone of several type of detectors. such as PHT, photo diodes 

md spectroscopic film. For films the signals will be in the 

forll of blackening as quantified by the neutral density of the 

e~osed area. In the case of photoelectric detectors. the 

resulting signals may be handled as photoelectric current or by a 

photon-counting schelle. Integrated intensity can be obtained 

once the detector sensitivity is established, either by direct 

calibration with a radiation standard or by cOllpiling all of the 

~trinsic properties of the detector's data chart elements. 

external optics lIust also be analyzed in regard to the 

The 

light 

Itathering solid angle, reflective, absorptive and scattering 

losses and the definition of the plasma volulle contributing to the 

intensity. The efficiency of the spectrograph also enters into 

the analysis. Another effective approach is to calibrate the 

entire detection system as a function of wavelength with a 

calibrated radiation standard source placed at the plaslla source. 

The plaslla temperature can be lIeasured by line intensities to 

varying degree of accuracy depending on the optical thickness of 

the plaslla. In the optically thin limit, the intensity ratio of 

the pair of emission lines of one atomic species in a given state 

of ionization can be written from equation (1.55) as, 
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= (1. 60) 

This equation is used for the Ileasurellent of tellperature. In 

Iteneral, the relative transition probabilities are Iluch Ilore 

accurately known than the absolute values for the Ileasurellent of 

tellperature. 

The above Ileasurellent Ilust be repeated several tilles with 

different pairs of ellission lines froll the SaJle atollic species as 

well as with those of other species present in the plaslla. Froll 

the distribution of the resultant tellperature values, a 

deterllination can be Ilade of the degree to which the plaslla has 

established a state of local therllodynaJlic equilibriull. In 

general, a state of therllodynaJlic equilibriull exists when the 

collision tille in the plaslla is sllall cOllpared with the 

the state of plaslla changes 

characteristic tille ranges froll 

few nanoseconds in the leading edge part of the laser pulse to a 

few tens of Ilicro seconds in the post pulse plaslla after glow. 

characteristics tille over which 

significantly [49]. For LIP, the 

Once plaslla tellperature is established, and the optically thin 

segment of the laser plaslla is identified, elellental cOIlPosition 

malysis Ilay be carried out using the integrated line intensities. 

Consider two ellission lines, one froll an atollic species -a' and 

the other froll • b' . Then the intensity ratio is obtained froll 

the (l.60) so that, 

= 
(f A .. g.) Q b R exp - (E . - E bJ·)/ J(f o J1 J a a a..J (1. 61) 

(f A •• g ·)b Q Rb o J1. J a 

This can be used to Ileasure the relative elellental abundance of 

the elellent a in relationship to b. It follows that for Ilulti­

elellent specillens it is desirable to choose the IlOSt abundant 

~ecies as a reference for the deterllination of the all other 

elellental abundance, thus providing the basis for establishing the 

percentage of concentration of the elellental species in the 
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specillen. 

Optically thick plasmas are more complex to interpret for 

elellental composition analysis than those in optically thin limit 

but the basic approach is same. 

1. e. 4. LANGMUI R ION PROBE FOR PLASMA CHARACTERI Sf I CS 

One of the fundamental techniques f~r measuring the properties 

of plaslla is the use of electric probes. This technique was 

developed by Langmuir as early as 1924 and is called the method of 

Langlluir probes. Basically an electric probe is a small metallic 

electrode, usually a wire inserted into a plasma. The probe is 

attached to a dc power supply capable of biasing it at various 

voltages positive and negative relative to the plasma and the 

current collected by the probe then provides information about the 

conditions in the plasma. Using this langmuir probe we can 

obtain the plasma parameters such as density, electron temperature 

and the velocity of positive as well as negative ions. 

COllpared to other plasma diagnostic techniques like 

spectroscopic or microwave propagation, which give information 

averaged over a large volume of plasma, in the the probe method 

local Ileasurements can be done. 

A sillple probe circuit is shown in the figure (1.18) . 

Experillentally the electric probes are simple devices, consisting 

.erely of an insulated wire used with a d.c power supply and an 

umeter or an oscilloscope. The physical process can be 

described by langmuir probe characteristics which is a plot of 

negative or electron current against probe voltage Vp and is given 

in figure (1. 19) . 

At the point Vs' the probe is at the same potential as the 

plaslla. There are no electric field at this point and the 

charged particles migrate to the probe because of their thermal 

velocities. When the probe voltage is made positive relative to 

t~ plaslla, electrons are accelerated towards the probe. Hear 

the probe surface there is therefore an excess of negative charge 
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which builds up until the total charge is equal to the positive 

charge on the probe. This layer of charge called sheath which is 

relatively constant as the probe voltage is increased so that we 

have the fairly flat portion A of the probe characteristics. 

This is called the region of saturation electron current. 

When the probe potential is made negative relative to Vs. probe 

begins to repel electrons and accelerate ions. The electron 

current decreases in region 8 which we call the transition region 

or retarding field region of the characteristics. Finally at the 

point Vf called the floating potential. the probe is sufficiently 

n~ative to repel all electrons except a flux equal to flux of 

ions, and therefore draws no net current. 

At large negative values of VP. almost all electrons are 

repelled and we have ion sheath and saturation ion current (region 

C). This is similar to region A. but there are two points of 

asyuetry between saturation ion and saturation electron 

collection aside from the obvious one of the mass difference. 

which causes the disparity in the absolute magnitude of the 

currents. This is due to the fact that the ion and electron 

tellperatures are usually unequal and it turns outs that sheath 

formation is considerably different when the colder species is 

collected than when the hotter species is collected. 

It is possible to place a probe in a plasma in such a way that 

the plasma is not greatly disturbed by the probe. then we can 

the obtain from the probe characteristics information 

local plasll.a density n. electron temperature T e 

regarding 

and space 

electron 

obtained 

potential V and also the magnitude of the saturation s 
current is a measure of n( llf ) 1/2 froll. which n can be 

e 
[50] . 

The electron temperature can be determined with respect to the 

volt-8Ilphere characteristics in the region in which the probe has 

a negative potential relative to the plasma. So the probe repels 

the electrons and the surface of the probe can on ly be reached by 

those electrons in the 801 tzmann distribution which have energies 

~fficient to overcome the potential difference (V-V ) where V is o 
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the probe potential and V is the plaslla potential suchthat~ 
o 

Log i = __ e __ V + Const. 
llf e 

(1. 62) 

By plotting the probe current i as a function of the potential 

V on a logari thallic scale, we obtain a straight line. The slope 

of this line can be used for the deterllination of the electron 

temperature T e . 

T~ plasma electron velocity is given by, 

V e = 

For the positive ions in the plaslla, velocity is given by 

v = [ 8 k T e ] 1/2 
+ TT Il 

+ 

(1. 63) 

(1. 64) 

Where me and m+ are the Ilass of electrons and positive ions 

respect i ve 1 y . 

1. B. 5. VI BRA TI ONAL TEMPERATURE ANALYSI S OF MOLECULAR BANDS 

The intensity distribution in a band can be used for 

deterllining the tellperature of the source of ellission or 

absorption. The tellperature obtained by this way are effective 

(rotational or vibrational) tellperatures. They represent the 

true temperature only if either the excitation is strictly therllal 

or is of such type that it does not affect the therllal 

distribution. The deterllination of vibrational tellperature froll 

the relative intensities of neighbouring bands with different 

upper vibrational levels seell to be Ilost interesting Ilethod since 

it does not require very high resolution. The band spectroscopic 

methods for the deterllination of tellperatures are naturally of 

particular illportance when the usual Ilethods cannot be used, ie, 

in the determination of the tellperature of the electric arc 
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[51. 521 . 

The plasma emission spectrum can be recorded photographically. 

The degree of the blackening in the film is proportional to the 

peak of the spectrum in a microdensi tometer. The relative 

intensities of vibrational bands are usually obtained using a 

licrodensi tometer, by comparing the the peak of each bands with a 

calibration curve. The intensity distribution in the band can be 

used for determining the vibrational temperature' of the plasma 

ellission source. This method is adopted in the present studies. 

According to the vibrational sum rule for the intensities of 

different bands in a progression, the sums of band strengths of 

all bands with SaDe upper or lower state are proportional to the 

nUllber of molecules in the respective states [53]. 

L 
v· 

and 

L. 
v 

I(v'v") 
1)4 

Clt 

Clt 

R • v 

R .. v 

(1. 65) 

(1. 66) 

Where I(v'v") is the emission intensity from the vibrational level 

v' of the upper electronic state to the different vibrational 

levels v" of the lower electronic state and )..I is the frequency in 

CIl-l. N. and R .. are the number of molecules in the vibrational 
v v 

levels of upper and lower electronic state respectively. 

In thermal equilibrium, the number density at various 

vibrational levels of the molecule in the excited state can be 

evaluated us ing the formula, 

log L I(v'v") = Cl - G' (v' )hc (1. 67) 

v" )..14 Jtr vib 

Where Cl is a constant, h is the Planck's constant, c the 

velocity of the light, k the Boltzmann constant and G' (v') is the 
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terll value corresponding to the excited state vibrational levels 

md T .b is the vibrational temperature. Therefore by plotting 
Vl 

the logarithms of the sums of band strengths measured in the 

various v" or v' progressions against vibrational term values 

G(v), a straight line is obtained. While the intercept is of no 

significance, the slope is a direct measure of the vibrational 

tellperature. 

The advantage of using this method is that no information about 

the transition probabilities is necessary. It is better suited 

for Ilolecular systems with radiative decay as the dominant 

relaxation processes. The disadvantage of this method is the 

necessity of measuring the intensities of all bands in the 

progress ions used. 

Ihen the transition 

ratio of two transitions 

vibrational tellperature, 

probabilities 

(v'v") and 

I(v'v") _ 
I(w'w") -

A(v 'v" ) [ 
A(w'w,,)exp -

are known, 

(w'w") also 

G(v') - G(W)] 

-'B TVib 

the intensity 

reflects the 

(1. 68) 

Where A(v 'v") and A(w 'w") are the Einstein spontaneous emission 

coefficients. Two upper level energy separations should be 

cOllparable to T ob' but the wavelengths should be as close as 
Vl. 

possible so that we can optillize the error induced by using band 

head intensity instead of integrated band intensity [54] 

The work presented in the following chapters of this thesis 

concerns with the experimental studies on the plasma produced with 

loderately high power lasers. The characterization of laser 

induced plasma from different solid target Ilaterials like Iletals 

(llullinium and Copper), polymers (polytetrafluoroethylene), 

graphite and high Tc superconductors (YBa2Cu30 7 & GdBa2Cu30 7 ) 

using pulsed Q-switched Md :YAG laser radiation was done. Here 

the spectroscopic as well as the time resolved analysis of the 

plaslla obtained from the above materials is reported. The 

spectroscopic study of LIP is a very convenient method to identify 

the neutral, ionic and molecular species in the plasma. 
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Identification of these species is illportant in understanding the 

complicated ablation. transport and deposition processes. In 

order to understand the detailed aspects of laser beam interaction 

with the target Ilaterial and the recollbination processes following 

the laser ablation. the tille resolved studies of the spectral 

9ission froll the plaslla offer the Ilost logical approach. 

The metal filII produced by such laser ablation technique can be 

used as optical filters. Pulsed laser ablation of high purity 

graphite is considered as one of the Ilost effective Ilethods for 

the deposition of diamond like carbon fillls. which is used in 

infrared applications. Over the past few years. the pulsed laser 

deposition has ellerged as a viable Ilethod for in si tu growth of 

superconducting oxide thin fillls. Forllation of high T thin 
c 

fillls is great interest for a variety of applications ranging froll 

interconnections in integrated circuits to hybrid 

semiconductor/superconductor devices. This thesis also contains 

the details of the attellpts Ilade in this direction by the authors. 
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CHAPTER 11 

LASER 1 NDUCED PLASMA 

REVI EW OF PREVI OUS WORK 

ABSTRACT 

A brief overvie~ of the so~e of the previous ~ork in the 

of laser induced plas~a is presented in this chapter. 

ellphasis is given to the characterization of laser induced 

rather than to its applications. 
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2. O. I NTRODUCTI ON 

In recent years lasers have been attracting increasing interest 

in surface science. Properties such as brightness (high photon 

flux), narrow band width (high Ilonochrollatici ty) and short pulse 

length (picosecond pulse width or shorter) allow novel approaches 

to be made for the studies on the cOllplicated processes occurring 

rt the gas-solid interfaces. 

Important applications of lasers in surface science include the 

static-selective investigation of the dynR.llics of the 

lolecule-surface interactions, the study of 

using lasers as probes and the laser induced 

state of the surface. The latter category of 

surface properties 

variation of the 

includes Ilelting, desorption, ablation 

forllation. etching and deposition. 

leading 

the 

to 

applications 

the plaslla 

This chapter sUllllarises recent develoPllents 

investigations of laser induced plaslla studies froll 

solid sR.llples by high power IR and UV laser pulses. 

in the 

different 

The 

information obtained by the optical ellission studies and the 

characteristics features of the laser induced plaslla processes are 

discussed in detail. The laser induced plaslla processes in the 

UV and IR region are cOllpared to gain insight into wavelength 

specific behaviour. Finally thin filll deposition of the Ilaterial 

by using LIP under various laser parR.lleter conditions are 

discussed. 

also 

The availability of the short pulse allows the realization of 

rapid heating rates not achievable by conventional Ilethods. 

Using microseconds to nanoseconds laser pulses, heating rates of 

108 - 1012 lIs have been achieved whereas heating rates as high as 

1015 lIs have been reported in the case of felltosecond pulses [1]. 

These high heating rates should be cOllpared with the traditional 

heating rates of about 10 lIs or less in therllal progrRlllled 

desorption in order to appreciate new opportunities offered by the 

lasers in the study of the surface processes. The experillental 

findings that even large Ilolecules can be desorbed intact with a 
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~lsed laser. whereas slower heating rates leads to effective 

fr~entation. are interpreted as the competition between the the 

rate of desorption and the rate of reaction [2-4]. This is based 

on the efficient energy exchange that occur between the surface 

bonds and the chemical bonds of physisorbed molecules when a 

laser beam is incident on an optically transparent or weakly 

absorbing substrate covered by the adsorbcd species in a suitable 

wavelength region. li th pulsed IR lasers. an efficient 

excitetion of internal vibrational modes of molecules in the 

subllonolayer. monolayer and multilayer coverage region is 

possible. Studies involving electronic excitation of the 

molecular adsorbate and films as well as molecular solids using UV 

md visible lasers have been made. For electronic excitation. 

exciller lasers are of increasing importance. The Ilolecular 

systells which possess different binding energies (as in polymers). 

that the use of photons with varying energy (IR. UV) provides 

insight into the Ilechanism of laser induced desorption and 

ablation. 

The development of pulsed lasers has stillulated research in the 

~teraction of the laser light with matter. Most of the 

experillents which have been reported however. have used lasers in 

the visible and IR range. It is only recently that pulsed UV 

lasers have found use in the field of plaslla production. 

2. 1. LANGMUI R PROBE TECHNI QUE 

The langmuir probe theory was used to describe high density 

plasllas generated by excimer laser photoablation [5]. Both ion 

velocities and ion densities have been deterllined in addition to 

electron temperatures. High ion velocities indicate that 

substantial optical absorption Ilust be occurring in the plaslla 

directly. It is also possible that direct excitation of the 

electron may occur at 248 nil due to several close by electronic 

transitions [6]. So this diagnostic technique will provide 

valuable inforllation about the laser produced metal vapours in 
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terms of their plasma characteristics. 

There is a considerable interest in the processing of surfaces 

by laser pulses like, in the surface etching of semiconductor and 

in the laser etching of metals and ceramics which are used for the 

processing of electronic microcircuitary in integrated circuits 

[7] . 

2.2. LIP FROM METALS 

When a metallic surface is illuminated by a laser beam 

effects may operate and lead to electron extraction. 

include (a) the surface photoelectric effect, (b) 

photoelectric effect (c) thermionic emission (d) the 

emission effects and (e) the plasma formation [8]. 

several 

These 

Volume 

field 

When a laser induced plasma is formed near a metallic surface 

irradiated by a powerful laser radiation, the mechanism of laser 

ta.rget interaction is dramatically changed. This enhanced action 

wa.s obtained in experiments with pulsed CO2 lasers, the near 

surface plasma being a non-linear transformer of laser energy to 

the metal target. 

When a dense gas plasma is formed near the irradiated surface, 

its properties and subsequent evolution are fully determined by 

the laser intensity I and geometry of the irradiation and do not 

depend on the surface properties. When the target surface is 

involved as an initiator of the gas breakdown, it influences the 

threshold intensity which is required for the plasma formation. 

It was shown that [9] in the initial stage of the gas breakdown 

near the metallic surface, the material is overheated by the laser 

radiation, evapourates and serves as the initial micro- plasma 

sites. 

The interactions of near infrared and mid infrared pulsed laser 

beams with metals have been studied extensively [10] because of 

its illPortance in micromachining, thin film deposition and 

lithography. The UV lasers are much more useful for such 

~plications because of low UV reflectivity for most of the metals 
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md more energy coupling efficiency and high optical resolution 

offered by the short wavelength lasers [11-13]. It is also seen 

that neutral vapour relloval regille could be Ilaintained at a high 

irradiance level than for IR lasers because of the increased 

threshold for plaslla generation. 

The spatially and tellporally resolved optical ellission spectra 

of plasllas produced by the flash 18l1p pUllped dye laser focussed on 

m aluminiull target have been recorded and analyzed by Knudson 

et.81 [14]. These spectra provide a Ilap of electron density and 

temperature distribution in the plaslla. Relative ion ellission 

intensities provide electron tellperature and stark broadened line 

widths provide electron densities. These quantities are reported 

as a function of the distance froll the target surface and the 

laser intensity. 

The results of the study of the delay in the production of 

plasma froll the surface of Iletals and insulators were studied by 

P~chenko et.s1 [15]. They have deterllined how the plaslla 

expansion velocity depends on the particular Ilaterial and the 

composition and the pressure of the surrounding gas during the 

illumination of the Iletals with the laser be8l1 at the wavelength 

of 308 nil. 

2.3. LI P FROM POLYMERS 

Laser induced ablation of polymers due to resonant absorption 

of laser radiation in the UV spectral range was pioneered by a 

Japaneese research group [16.17] and an Allerican 

[18,19]. The clean and efficient photoablation 

research group 

of Ilolecular 

materials provide potential applications in processing 

microelectronic devices and this accounts for the widespread use 

it has received. The various Ilechanistic aspects such as direct 

photochellical bond breaking and phototherllal degradation have been 

discussed by several workers [20-22]. With respect to the 

mechanisll involved. polymer ablation with pulsed CO2 lasers is of 

great interest [23]. 
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It is reported that excimer photoablation provides an 

efficient and technologically viable means for structuring organic 

polYller surfaces [24-27]. From this, it is concluded that there 

should be strong absorption in the wavelength of excimer laser and 

significant ablation occurs if the light intensity 

threshold value (laser fluence of the order of 10-100 

exceeds a 

J/cm2 for 

pulses of 15-20 nsec durations). In the case of weakly absorbing 

polYllers like Teflon, highly intense short UV pulses can induce 

strong absorption [28,29]. There has been much research directed 

towards the preparation and characterization of plasma polymerized 

Teflon films. They are used as protective films on optics and 

other passive components used in corrosive environments like that 

in the cavity of an excimer laser, where the halogen gas 
. .J 

~vironDent tends to corrode the laser optics [30] inside the 

laser cavity. Over the years, it has been shown by many groups 

that interaction of pulsed UV laser radiation with polymer surface 

cm lead to a precise removal of material in a geometry that is 

defined by the light beam [31]. The interaction of UV laser 

pulses with polymer molecules will lead to a multiphoton 

excitation to the upper electronic states resulting in ionization 

Md decomposition by a variety of paths [32,33]. When the pulsed 

UV laser radiation falls on the surface of an organic polymer, the 

material at the surface is spontaneously etched away to a depth of 

0.1 to several microns and the depth of etching can be controlled 

by controlling the number of pulses and fluence of the laser 

[~,35). This was later confirmed by other groups working with 

different lasers and other polymer samples [36-39]. Optical 

9ission spectroscopy has been used by several groups for the 

detection of transient species such as atoms and diatomic 

molecules (which are the source of light emission) formed by the 

secondary photolysis of the initially formed product [25]. This 

technique can be used as a fundamental method to probe the 

transient species such as C2 and CN molecules in the laser 

ablation of several polymeric samples [24]. 

The spatially resolved spectroscopy and time resolved analysis 
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of the laser produced plasDa froD polyethylene was studied by 

of the spatial Boland et a1 [40]. The spectroscopic analysis 

resolution estiDated the electron teDperature as a function of 

distance froD the target surface. The tiDe 

through the Saha-Bol tZDann equation gives 

resolved analysis. 

an estiDate of the 

plaslla electron teDperature. electron density and velocity of 

carbon ions having charge I to VI. Srinivasan and co workers 

~ve suggested that at 193 nD exciDer laser wavelength. in the 

case of polymers. the DechanisD of ablation is necessarily due to 

photochemical and bond breaking processes. whereas at longer 

wavelengths. therDal contributions Day arise [35.41]. 

The spectroscopic study of the laser ablation froD PKKA was 

nde by Davis et. al. [42]. Their results are consistent with 

previous suggestions [34.43.35] that the ablation occurs as a 

result of direct bond scission by the energetic laser pulses. 

2.4. LI P FROM GRAPH! TE 

Recently there has been growing interest in the plasDa assisted 

tecMiques for diaDond like carbon-filD deposition [44]. Large 

areas of filD of high optical quality and uniforDity were grown in 

vaCUUIl [45-48]. and in gas Dixtures containing hydrogen [49 .. 50]. 

Optical diagnostics of exciDer laser induced graphite plasDa in 

ubient gas Dixture of argon and hydrogen using direct eDission 

spectra were made by Chen et a1 [51]. They found the occurrence 

of C2 and CH bands in addition to the atoDic and ionic lines in 

the plasma eDission spectra. They obtained the vibration 

tellperatures of the C2 and CH radical as ~ (1. 22 ± 4.8) x 104K and 

(1.48 ± 4.9) x 104K respectively. which are found to be in good 

~reellent with each other but Duch higher than the graphite 

lelting point. The laser interaction with the plasDa pluDe is 

considered to be responsible for this. 

Di8llond has Dany physical properties which Dakes it attractive 

as an electrical Daterial [52]. Diamond like filD was produced 

froll graphite target by using pulsed frequency doubled Hd: YAG 
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laser on a silicon substrate [53]. It was found that crystalline 

hexagonal, diamond-like films of sub-nanometer thickness grew 

epitaxially on the silicon surface. The mechanisll for electron 

creation and acceleration in a laser produced plasma from a 

graphite surface was studied by Cronberg et sl [54]. Graphite is 

~ appropriate choice for such studies, because laser induced 

9ission of clusters is believed to be a thermal process [55]. 

Electronic excitation and ionization should therefore be due to 

process in the plasma and not in the bulk. They showed that 

electrons in a laser induced plasma can be accelerated to energies 

in excess of 15 eV. The energy distribution of the electrons, 

which depends on the laser pulse energy was found to have a strong 

dependence on the chemical state of the emitted species. 

2.5. LI P FROM HI GH T SUPERCONDUCTORS c 

Laser ablation is well suited for 

automated fabrication schemes for producing 

film devices [56]. Spectroscopic study of 

technique is useful because information can 

implementation into 

superconducting thin 

the laser ablation 

be obtained about 

deposition parameters such as laser power, plasma chamber 

pressure, substrate temperature etc. By controlling the above 

parameters high quality thin film will be obtained. Vayne A 

Weimer [57] studied emission spectra generated during the excimer 

laser ablation of high Tc superconductor YBa2Cu30 7 . Evapouration 

techniques using thermal sources produce only neutral metals in 

the gas phase and result in the oxygen defficient thin films [58]. 

It may be possible to enhance the formation of metal oxides within 

the plaslla by producing ionic forms of the material during 

ablation. 

The plaslla emission spectra obtained by the Nd:YAG laser and by 

the exciller laser show that more excited atoms than ions were 

produced by the excimer lasers [59]. The ion/atom ratio should 

affect the chellistry of reaction between the various species and 

correspondingly the quality of the deposited films . 
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The ablation process is used for fundamental understanding of 

the processes and they relate the quality of the films. Analysis 

of the optical spectrum emitted from the plume has been used to 

identify the emitting species vapourized and ejected from the 

target [60-62] . Identification of these species is important in 

understanding the complicated ablation # transport and deposition 

processes. 

M analysis of optical emission produced by laser 

maCuO target using wide range of laser wavelengths 

ablation of 

showed that 

193 nil radiation produced mostly excited atomic species [60]. 

T~ production of mostly ionic species reported using the longer 

llavelength lasers may simply be the result of a smaller energy 

overshoot existing between the energy of several Md: YAG photons 

md ionization potential of Y#Ba and Cu as compared to sum of 

smaller multiple of the higher energy excimer laser photons. 

The formation of oxides in the plume is shown to be essential 

for the production of high quality superconducting thin films# 

indicating the value of optical spectroscopy as a diagnostic tool 

[63]. The time resolved measurements of optical emission shows 

that a strong prompt emission and other a slow delayed emissions 

peaking after a few microseconds. It is also observed that the 

~erall optical emission begins after a 7 nsec delay after the 

start of the laser pulse indicating the time required for 

si~ificant evapouration of the species from the surface. The 

prollpt emission result from the laser excitation of the 

evapourated species. On the other hand the slow emission is most 

likely due to the electronic collisional excitation and is 

sensitive to oxygen pressure particularly in the case of oxide 

species. 

It is reported that in comparative study of the high T thin 
c 

fillls obtained using various lasers# the emphasis is on the 

optillization of the laser processes, the parameters which include 

wavelength# intensity and pules duration [60] . Prom their 

studies it is observed that (1) The CV Md :YAG laser is better than 

the excimer laser and is much better than the pulsed Md: YAG laser 

67 



(2) Of the same Hd:YAG laser the second harmonic is better than 

fund8llental, which is due to the higher absorption coefficient 

(3) Film deposited at lower temperatures will be better 

(100°C - 450°C). It was also found that in general, short 

lIavelength lasers and short pulses and high repetition rate were 

advantageous for the formation of stochiometric films. 

Among the different successful techniques already developed 

fM the superconducting thin film deposition, including electron 

beD evapouration, sputtering and molecular beam evapouration, the 

pulsed laser ablation of superconducting targets appears to be 

one of the most promising because of its relative simplicity, high 

deposition rates and ability to control the deposition in terms of 

filII thickness and composition. Moreover it has been shown that 

[63] the characteristics of high T films are strongly dependent c 
on the oxygen partial pressures within the pulsed laser induced 

thin filll deposition vessel. 

From the time and spatially resolved spectroscopic studies of 

plasma ellission from high T samples by using excimer laser c 
ablation under different oxygen pressures it is seen that the 

ellission intensities of almost all the detected lines and bands 

are significantly enhanced under oxygen atllosphere compared to 

vacuum conditions [64]. It has also been concluded that the 

~ection velocities of ablated products are very sensitive to 

oxygen pressures in the plasma chamber and that the velocities of 

the atomic species (neutral and ionic) remain constant from vacuum 

up to an oxygen pressure of ~ 10-2 mbar and decreases rapidly 

beyond this, whereas the velocities of diatomic species seem to 

decrease regularly with the oxygen pressure. 

The application of high T superconductors in microelectronics c 
depends on to a large extent on the availability of the high 

quality for the superconducting thin films. Films with high 

transition temperatures have mostly been fabricated by the post 

unealing of deposited thin films. This processes have several 

drawbacks like high annealing temperature causing the reaction 

with the substrate, coarsening of the surface, contamination from 
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environllent during the transfer to the 

~terface in further processing [64]. 

furnace and distributed 

During the high T thin 
c 

filII growth, sufficient oxygenation has got several advantages 

like (1) lower substrate tellperature and less interdiffusion, (2) 

SlIooth surface by a direct epitaxial growth of the final structure 

on a single crystal substrate and (3) suitable growth of an 

interface. 

Girault et a1 [65] studied the KrF laser-induced plaslla 

plulle .located above the target by tille and spatially resolve 

spectroscopic Ileasurellents, under vacuull and oxygen pressure. A 

h~h resolution plaslla ellission spectrull froll high T target were 
c 

obtained and ejection velocities and decay constants of the 

~lated species were deduced froll their tellporal evolution. 

These parameters are of interest as they influence the deposition 

process and the hence the properties of the deposited filll. Froll 

the tille resolved studies, they concluded that the expansion 

veloci ty varies with species and its evolution processes with 

oxygen pressure, which is sillilar for all atollic (neutral and 

ionic) and Ilolecular products. The velocities rellain constant 

froD vacuull up to a pressure of 10-2 to 10-1 Ilbar and decrease 

r~idly beyond this. 

The pulsed laser ablation of laser Ilaterials is relatively 

siDple to illplellent and can transfer fairly large amounts of 

lIaterials to a collector substrates at large rates. The energy 

of the ejected species tend to appear in the translational rather 

thM internal (electronic, vibrational and rotational) degrees of 

freedoll [66-70]. For Ilany Ilaterials, large Ilolecules can be 

trMsferred to the substrate without decollPosition so that the 

stochiolletry of the target can be preserved in the deposited filll 

[71]. Thin filll of YBaCuO by 1.06 J-lll laser radiation froll Nd:YAG 

laser froll a non superconducting target in an oxygen atllosphere in 

rOOD tellperature substrate was studied by Lynds et a1 [72]. The 

approach of using 1.06 J-lll radiation instead of exciller radiation 

was suggested by past success in Nd: YAG laser ablation of oxides 

which produced stochiolletric, large dOllain crystalline fillls. 
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Thus laser ablation of high T Ilaterial Ilay be illPortant because c 
the low energy photons is less likely to initiate the 

photochellistry leading to dallage and decollposition. Further, all 

gaseous environments will be transparent to 1.06 /-ill radiation so 

that the target ablation in the presence of an oxidizing 

atllosphere is to incorporate the necessary oxygen in the deposited 

filII. 

Thin fillls of high T YBaCuO superconducting sample were c 
prepared using Md :YAG laser ablation by Kisra et a1 [73]. They 

showed that when the repetition rate of the laser increases, the 

superconducting transition of the filll obtained will be Ilore 

sharp and also when the filll is cooled faster after deposition. 

2.6. PRESENT Sf ATUS OF THE WORK 

Host of the earlier workers in this field have used exciller 

lasers rather than IR lasers. Here with present work, 1060 nil 

radiation froll Md :YAG laser spatial and tellporal analysis of the 

plaslla characteristics were studied and several interesting 

results were obtained. Using polymer (PTFE) and graphite 

suples, spatial variation of vibrational tellperature of C2 and CM 

lIolecules with laser energy were calculated. In the case of high 

T Ilaterials, Ilost of the earlier workers haven't identified the 
c 

presence of oxide species whereas in this work the oxide species 

were detected along with the lines of neutral and ionic species. 

The tille resolved analysis of all species were done 

illPortant results regarding tellporal dependence of 

evolution processes were obtained. 

and sOlle 

the plaslla 

Eventhough the Ilain application of laser ablation processes is 

~ producing thin fillls, this work is Ilainly concerned with the 

studies on spectral as well as tellporal/spatial analysis of plaslla 

characteristics which will help to optillize different 

paralleters like laser energy, nUllber of pulses, 

tellperature and the p~essure of the ambient gas which 

deposition conditions (plaslla density and tellperature). 
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all the above parameters affect the property of the thin filll 

obtained using laser ablation technique, the inforllation about the 

plaslla conditions are extrellely illPortant and this has Ilotivated 

t~ present series of investigations given in the succeeding 

chapters of this thesis. 
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CHAPTER III 

EXPERIMENTAL SET UP FOR LASER PLASMA STUDIES 

ABSTRACT 

This chapter deals ~ith the general experimental methods 

follo~ed in the study of laser produced plasma. Details of the 

uperimental set up used for the measurement of spectroscopic as 

lIell as time resolved analysis are discussed separately. The 

details of various subsystems like plasma chamber~ spectrograph~ 

Donochromator~ microdensitometer~ boxcar averager and storage 

oscilloscope used for the above measurements are presented. 
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T. It is this averaging process that is responsible for the 
g 

enhancement of the SIN ratio provided by the boxcar averager. If 

now, the sampling interval T is slowly scanned across the complex 
g 

waveform, the entire waveform will appear at the output of the low 

pass filter provided, Tg» 1/fh ' where, fh is the highest 

harmonic of significance in the waveform being measured and all 

the peaks of the frequency response up to fh are of equal height. 

The complex waveform will then be faithfully reproduced if the 

scanning is done sufficiently slowly. 

Here, 

Where, 

Teff = CR/r 

r = TIT g 

(3.2) 

(3.3) 

T = time between successive openings of the gate. The bandwidth 

of each peak in the frequency response is 1/nTeff ie, r/nCR. By 

fixing the delay and the gate width so that only the voltage from 

the part of the signal pulse alone is measured, it is possible to 

temporally separate out the PMT signal due to the emission of the 

particular species from other unwanted signal components 

contained in the signal pulse, thus improving the SIN ratio of 

the detection. Since the PMT signal has a definite time delay 

with respect to the laser pulse, short detection times thus allows 

for better discrimination between the signal due to the species 

and the PMT noise. The .typical PMT signal, the time delay and 

the gate width of the box-car are shown in figure (3.10). 

3.3.4. TIME DELAY MEASUREMENTS OF SPECIFIC SPECTRAL LINES 

In order to study the time resolution characteristics of the 

particular species in the plasma produced by the laser ablation 

method, the characteristic lines were selected using a 

monochromator and the PMT output was fed to a fast storage 

oscilloscope. 

The storage oscilloscope(100 MHz, Tektronix model 466) was used 

to monitor the PMT signal and the laser pulse. Using this, the 
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pulse shapes can be stored and photographed. The oscilloscope is 

also required while setting the gate width and delay of the gated 

integrator. The signals from the PKT. the energy meter and the 

gate signals from the box-car averager are all monitored on the 

oscilloscope, which is triggered by the trigger pulse from the 

laser. 

The oscilloscope trace of the PKT response of the emission from 

different species in the plasma shows a noticeable time delay 

between the incident laser pulse on the target and the onset of 

emission from a particular species. All time delays are measured 

with respect to this laser trigger pulse which coincides with the 

incident laser pulse. A comparison of plasma production delay 

times in the case of UV lasers and also lasers in the visible and 

IR wavelength region shows that the delay times are sUbstantially 

shorter in the case of UV lasers. The decrease in delay in the 

plasma production was due to better absorption of the UV light and 

greater energy of photons [11]. The delay times for the plasma 

production depends on the power density of the laser beam on the 

surface of the target. type of the substrate material and on the 

nature and the pressure of the surrounding gas. The longest time 

delay is obtained in the case of insulators. The time delay in 

the plasma production was found to decrease as the ambient 

pressure is increased (10-2 Torr to 10 Torr) or when the power 

density of the laser light is increased. For the various gases 

used to fill the plasma chamber. shortest time delay obtained in 

the case of helium. The leading edge of the emission pulse from 

the resulting plasma corresponds to the width of the laser pulse. 

after this stage we observed a non-exponential decay of emission 

intensity. 

The decay time of emission of the species can be defined as the 

time at which the species decay into (l/e) of the maximum 

intensity of emission. 
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CHAPTER IV 

LASER INDUCED PLASMA FROM POLYMER SAMPLE 

ABSTRACT 

This chapter deals with the spatial and temporal analysis 

of laser induced plasma from a polymer sample 

(polytetrafluoroethy1ene). Results of some measurements done on 

laser etching of Tef10n are also presented. Detailed study of 

the spatially resolved emission spectra shows distinctly different 

characteristics for emission from different parts of the plasma 

plu~e. From the relative intensities of molecular bands in the 

plas~a~ the vibrational temperatures of the molecules present in 

the plasma are calculated. Fro~ the time resolved studies of the 

different species in the different regions of the p1asma~ the time 

delay as well as decay time of emissions are obtained. In the 

last section the spatial distribution of the ionic species and the 

spatial variation of the electron temperature in the plasma~ 

studied using Langmuir probe technique are described. 
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4. 1. I NTRODUCTI ON 

The interaction of high power laser pulses with organic 

aaterials has been investigated extensively over the past two 

decades. Host of these investigations have clearly deDonstrated 

the potential use of this processes in technology and Dedicine. 

The ablation of polymeric Daterials and biological tissues by 

ultraviolet laser irradiation has direct applications in Dicro 

fabrications and in Dicro surgery respectively as it provides a 

leans for precise reDoval of Daterial with high spatial resolution 

[1]. There has also been recent interest in the use of polymers 

for optical Daterials and in the laser machining of polYDers via 

ablative photo decoDposition [2]. 

When pulsed IR laser radiation falls on the surface of an 

organic substance, the Daterial on the surface layers is 

spontaneously etched away to a depth of several Dicrons. The 

principal feature of this phenoDenon in the interactions of IR or 

visible pulses were the control that can be obtained by 

controlling the nUDber of pulses and fluence of the beaD. Such 

controlled etching has iDportant applications in photo-lithography 

[3]. The photo etching rate has been reported to be depend on 

the laser fluence, Dolecular structure of the polYDer and the 

absorption coefficient. Depending on the type of the polymers 

the absorption coefficient can vary by several orders of 

Ilagnitude. 

It has been suggested that 'ablative photodecoDposition" 

occurs as a result of direct bond scission by the Dultiphoton 

processes induced by UV laser photons [4,5], whereas Daterial 

absorbing visible and IR radiation is heated and vapourized [6]. 

The reDoval of material by such therDal processes leaves the 

substantial part of the laser energy to reDain as heat which can 

cause some therDal damage to the rest of the Daterial. It is 

possible that the photodissociation processes responsible for 

creating eDission in the pluDe are different froD those needed for 

the subsequent breaking of the polymeric bonds which cause the 

ablation, although it is Duch Dore likely that direct bond 
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scission by UV photons is also responsible for the breaking of 

relatively weak polymeric bonds. The rapid . rupturing of these 

bonds causes sudden increase in pressure at the ablation site 

which then leads to highly energetic fragments in the plume. The 

resultant energetic molecular fragments then rapidly ablate fro. 

the irradiation sites [7]. It is shown that laser pulses from IR 

lasers can produce fast heating accompanied by surface damage [8]. 

Under such excitation~ photochemistry is si.plified and the 

ablation processes is best described as explosive thermal 

decoDposition [9] . The use of IR lasers gives rise to 

Bultiphoton excitations over the vibrational levels of the ground 

electronic states which is then followed by ther.al decomposition. 

The IR radiation from' a high power laser pulse usually 

generates intense plasma emission from the target surface. The 

nature and characteristics of the laser induced plasma (LIP) from 

a solid target depend on various parameters like the chemical 

composition of the target [10]~ wavelength of radiation [11]~ 

energy deposited on the target~ pressure of the residual gas in 

the plasma chamber etc. The composition of the plasma will in 

general depend on its distance from the sample surface as a result 

of rapid expansion of the plasma from the target followed by 

lowering of the plasma temperature. The population of the 

various types of molecular~ ionic and neutral species in the 

plasma will also depend on the spatial separation of the point of 

observation from the target. 

In this chapter~ results of some of the measurements done on 

laser etching of Teflon are presented in the first part of this 

thesis and the etch depth of the sample are measured. The 

variation in etch depth with number of pulses at different laser 

energies are obtained and are discussed. The results of 

investigation carried out on the spatial and temporal analysis of 

the laser induced plasma emission spectra from 

polytetrafluroethylene (PTFE) target obtained with 1.06 ~ 

radiation from Q- switched Nd:YAG laser have been presented in 

detail. The plasma emission spectra in the extended region of 
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the plasma is dominated by C2 and CN molecules. From the 

relative intensities of all these bands, the molecular vibrational 

temperatures of these two molecules are obtained and the 

variation of with respect to laser energy is also obtained. The 

Malysis and the results are explained at different sections. 

The interaction of the laser beam with polymer surface is an 

ablative photodecomposition which result in the etching. This 

ablative plasma decomposition is a function of wavelength, 

chemistry of the material which determines its absorbtivity and 

fIuence of the laser beam at the polymer surface [12]. 

Srinivasan and co-workers suggested that with 193 nm radiation in 

polymers is essentially photochemical bond breaking, whereas at 

longer wavelengths thermal contribution may arise [13,14]. The 

surface morphology of the polymer after ablation produce a 

substantial temperature increase [15,16,17]. 

PTFE is a highly crystalline, orientable polymer which consists 

of CF2 - CF2 chains. The chemical structure of the polymer is 

shown in the figure (4.1). The absorption of laser radiation in 

PTFE is due to the strongly allowed electronic transitions 

involving conjugated C-C double bonds [18]. PTFE is weakly UV 
absorbing and its bond energy is very high so that intense short 

pulse can induce strong absorption [19,20]. The IR spectrum of 

PTFE is shown in the figure (4.2), which shows that it has 

moderately low absorption ~ 10 % in the IR region [21]. 

PTFE film has a well established chemical and thermal 

stability, excellent toughness, low frictional coefficient, high 

electrical and thermal resistance, high melting point, high melt 

viscosity, which make the thin film of this sample suitable for 

wide variety of commercial applications such as optical 

waveguides, anti-reflection coatings, microelectronics, insulation 

tape and capacitive dielectrics. PTFE has extremely good 

electrical properties and its dielectric constant is low ~ 2. 

The electrical applications of the polymers are wire and cable 

insulation, insulation for motors, generators, transformers, 

coils and capacitors and high frequency electronic uses. PTFE 
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films are also being used to protect the magnetic media in the 

computer data storage components like the floppy and hard disks. 

Laser induced plasma spectroscopy (LIPS) has been 

successfully used in the present study to probe transient species 

such as C2 and CN in the laser ablation process of polymers. 

Here the results of the spectroscopic as well as the tiae resolved 

malysis of laser induced plasma emission from PTFE 

(Polytetrafluroethylene) at various distance from the target 

surface are highlighted. In the photoablation of polymers~ 

mowledge of the time evolution of ablation process is of 

considerable significance since it may~ in conjunction with 

theoretical models [22], help to resolve uncertainties in the 

interaction mechanism and thus lead to improved understanding of 

this phenomenon which has important practical applications [23]. 

The time delays and decay times of the emission from different 

species in the three distinct regions of the plasma have been 

.easured in the present study. The results throw much 

the complex recombination process at work in the laser 

plasma. 

light on 

:induced 

The band emission appear to be stronger in the partial vacuum 

conditions than in air~ since the gas collision frequency is lower 

in the vacuum case so that the plume will extend to a greater 

distance than in air at 1 atmosphere pressure. The emission 

front of the substrate extends completely to fill the vacuum 

chamber. Thus the apparent increase in the intensity of 

ellission for vacuum environment is due to an" increase in the size 

of the plasma source [19]. 

4.2. CHEMI CAL PHYSI CS OF THE ABLATION PROCESSES : TI ME PROFI LE 

A pictorial representation of the interaction of the laser 

pulse with a polymer surface is shown in the Figure (4.3). As 

shown in the figure (4.3a), the stream of photons from a single 

pulse falls on the polymer and is absorbed in a depth that is 

defined by Beer's law. This depth can be as little as a fraction 
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of micron for intense absorbers and to many tens of micron for a 

lIeakly absorbing polymers. The weak and strong absorption refer 

to a specific wavelengths so that same polymer can absorb weakly 

at one laser wavelength and strongly at another wavelength. 

Figure (4. 3b) shows that within the absorption depth, there are 

numerous bond scissions. In figure (4.3c), the fragments are 

shown to be ejected from the surface, leaving the etch pit behind. 

A knowledge of the timing of the ablation processes is 

fundamental to an understanding of the chemical physics of the 

phenomenon. Early studies were based on the spectroscopic 

investigation of the light emission that accompanies the impact of 

a UV laser light pulse on a polymer surface. Koren et ai [24,25] 

timed the intensity of emission at various distance from the 

target surface and concluded that in the etching of polymers by 

193 nm laser beUl. the emission had a fast cOllponent that appeared 

simultaneously with the laser excitation, and a slower cOIlPonent 

that lasted 10-100 times longer than the laser pulse itself. In 

order to calibrate the velocity of UV laser ablation, Davis and co 

workers tilled the peak intensity of ellission of CH radicals at 

various distances froll the target surface and placed the beginning 

of the ellission signal at times of the order of width of the laser 

pulse [26]. These studies show that polymeric structure could 

begin to ablate on a tille scale that is even shorter than the 

width of the a pulse from the laser beall. 

".' 3. MEASUREMENT OF ETCH DEPTH 

"hen intense pulsed radiation falls on the surface of an 

organic polymer material (PTFE in this case), the Ilaterial at the 

surface is spontaneously etched away to depth 0.1 f-J1l to several 

lIicrons. The depth of etching can be controlled by controlling 

the number of pulses and the fluence of the laser and the lack of 

thermal damage to the substrate. The result is an etch pattern 

in the solid with geometry that is defined by the light beam [27]. 

The etch depth for Ilultiple pulse was Ileasured using a surface 
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profiler and the etch depth per pulse was calculated by dividing 

it with the number of pulses [28]. The energy per pulse reaching 

the target was measured using an on line energy meter in the path 

of the laser beam. 

The etch depth per pulse depends on the absorption coefficient 

of the material. Depending on the type of the polymer~ the 

~sorption coefficient can vary several orders of magnitude [29]. 

At low fluences, increased absorbance results in an enhanced 

etch rate due to higher photon flux absorbed per unit volume. As 

the fluence is increased, additional broken bonds (photo chemical 

effect) per unit volume enhance the etch rate until a saturation 

fluence level is reached. At this point a smaller dependence of 

the etch rate with fluence is observed. This inflection point 

was observed to vary reciprocally with the absorption coefficient 

[30]. The self developing nature of the photoetching process of 

the polymers offers itself for use in microelectronic fabrication 

and device packaging. 

The dependence of the ablation on the absorption is not simple. 

The laser power absorbed per unit volume of the polymer must be 

above threshold in order for ablation to occur. Thus the polymer 

must have a minimum absorption coefficient at a given laser power. 

When the absorption coefficient is above threshold, the 

penetration depth of the laser into the polymer is relatively 

large so that large volume of the material is ablated. But as 

the absorption coefficient increases, the penetration depth 

decreases, as radiation is absorbed near to the surface and less 

material is ablated so that a plot of amount of material ablated 

as function of absorption coefficient has a maximum for a given 

laser power and decreases for high absorption and low absorption. 

This result was observed experimentally in the study of dependence 

of etch depth for polymers with different optical absorption 

coefficients. At low laser power, polymers with both low and 

high absorption coefficients have small etch depths, while the 

polymers with intermediate absorption coefficients had the largest 

etch depth [31]. 
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A relationship between the light absorption and single etch 

depth per pulse can be obtained by considering sOlle assullptions. 

If the etching is viewed as a two step processes in which initial 

light absorption is followed by Ilaterial ablation, then according 

to Beer-LUlbert law, 

exp(-c.x) (4.1) 
inc 

~ is the attenuated energy fluence at depth x into the x 
material, f'/>. is the incident pulse fluence and c. is the 1nc 
absorption coefficient at the given wavelength. In order to 

cause ablation, the Ilaterial fluence threshold Ilust be reached. 

When 4> = f'/>th h' then f'/>. Ilust be increased over x res 1nc f'/> by a thresh 
factor of exp (c.x) so that single pulse etching occurs to the 

desired depth x. 

f'/> 
inc 

= f'/> exp(c.x) 
thresh 

T~ single pulse etch depth X is given by [32,33,34], 

-1 X = c. In [f'/>. / f'/>th h] 1nc res 

(4.2) 

(4.3) 

When the etching behaviour was studied in air, vacuull and in 

argon, it was found that using the identical conditions etch rates 

for air, vacuull and argon were salle. The bright lUllinescence is 

seell to project outward froll the polYller surface during the 

etching in air and argon which is Ilissing in vacuull where only a 

surface lUllinescence is visible. This shows that IUllinescent 

plulle is not illportant for etching [34]. 

In our experillents, the sUlple is taken in the forll of a disk 

of ~ 2 Cll d iUleter 

point ~ 5 J/cIl2 . 

with an energy density at 

When the laser pulse strike on the 

the focal 

surface, a 

loud audible sound will be heard and depending upon the wavelength 

the Ilaterial would have been etched away with a geolletry that is 

defined by the light beUl. 

The etch depth per pulse does not settle down to a value until 
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after the first 5-10 pulses under certain conditions of wavelength 

~d fluence. All irradiations were performed in air at ambient 

room temperature, so that a bright plume is ejected from the 

surface which is extended to a few DDS. After the irradiation, 

the sample is cut through the etch hole and the length of the etch 

hole is measured using a microscope. Figure (4.4) shows the 

variation of the average value of the etch depth versus the number 

of pulses at different fluence of the laser (3 J/cm2 , 7 J/cm2 and 

12 J/c.2 ). The depth etched was a linear function of the number 

of pulses, but note that there is a long extrapolation between the 

origin (zero pulses) and the first data point. At first few 

pulses, the uniformity does not exist because the first pulse sees 

a virgin material whereas each subsequent pulse sees a sample that 

has already been modified by in part by the preceding pulse. The 

slopes of the lines in the above figure gives an average value for 

the etch depth per pulse at that wavelength and fluence of that 

material. These values are reproducible within the uncertainties 

in the measurement of the fluence of the laser and the depth of 

etching. Considerable non-uniformity in the etch pit occurred at 

low fluence, which was due to non-uniform heating of the surface 

near the threshold for ablation and reflects the same 

inhomogeneity in the profile of the laser beam. Usually 

absorption of the polymer decreases with increasing wavelength. 

The threshold fluence tends to increase with increasing wavelength 

md the linear portion increases in slope. At higher 

wavelengths, the characteristics of the etching passes over from 

photoablation to the thermal ablation which is observed in the 

case of visible and IR laser wavelengths. Both the onset of 

etching and the flattening at high fluences become quite abrupt. 

If the polymer has no absorption at a particular wavelength, 

etching does not decrease to zero. But as the fluence is 

increased, etching does set in, but the two characteristics 

are readily available in UV laser ablation are no longer to 

over 

that 

be 

the observed. They are the control that can be exercised 

depth of etching in a reproducible manner and the lack of thermal 
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duage to the substrate. 

4.4. SP ATI AL AND TEMPORAL ANAL YSI S OF LI P FROM TEFLON 

(a). SPECTRAL FEATURES 

When the target surface is illuminated in air at atmospheric 

pressures, a white zone appeared next to the target surface. But 

when the pressure of the surrounding air is decreased, the bright 

zone was found to be completely removed from the target surface. 

If the sample is kept in a vacuum chamber so that low pressure is 

maintained within the chamber then the bright zone is surrounded 

by a large well defined coloured hemispherical zone is observed. 

The colour of the hemispherical zone is the characteristics of the 

target material used. When the laser energy increases, the 

extension of the plasma was also found to increase. A typical 

photograph of the plasma generated from the polymer sample (PTFE) 

is shown in the figure (4. 5). 

The experimental set up for the spectroscopic analysis of the 

plasma is described in the chapter Ill. The plasma emission 

spectra from the three distinct regions viz., the central (A), 

middle (B) and extended (C) regions of the plasma were recorded 

photographically using a Carl-Zeiss three prism spectrograph and 

appropriate optics for focussing [35]. The plasma emission 

spectra of PTFE from the three different regions are shown in 

figures (4.6{a), 4.6{b) and 4.6(c» along with mercury spectrum 

for wavelength calibration. The wavelengths of the emissions of 

the different atomic, ionic and molecular species in the plasma 

were estimated using the Hartmann's formula in the standard 

manner. The observed wavelengths are compared 

spectral data sources [36,37] for identification 

species found in the plasma plume. 

with 

of the 

standard 

various 

As can be seen from the spectra, (fig .4.6(a>,4.S(b) and 4.S{c») 

corresponding to the three regions, the recorded results show 

distinctly different characteristics. The emission lines due to 
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Fig.4. 5. 
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higher ionization states of carbon (Cl, CII, CIII and CIV) are 

clearly seen in the core and mid regions of the plasma (fig.4.6(a) 

and 4.6(b». Kolecular bands corresponding to the A3nJl x3nu 
tr~sitions of C2 (Swan Bands) [36] in the wavelength range from 

500 to 590 nm, are predominant in the spectrum of the extended 

region. Presence of the characteristic B2~ -- A2~+ bands of CN 

lIolecule is seen in the violet region of the spectrum. The 

presence of strong violet bands (CH) is probably due to the the 

creation of this species by photochemically induced reaction of 

the ablated species with the surround ing air. Even in normal 

vacuum conditions the background concentration of the air is 

sufficient to make these bands appear stronger in this case 

because of the high intensity of the plasma source. 

(b) • TI ME RE SOL VED ANAL YSI S 

In the time resolved analysis, a part of the plasma plume was 

focussed on to the slit of a monochromator (KcPherson, 0.2 meter) 

coupled to a photomultiplier tube (PKT). (Hamamatsu R446, 3 nsec 

rise time) and a storage oscilloscope/Boxcar averager. In order 

to study the time evolution of a particular species produced by 

laser ablation, the characteristic lines were selected using the 

lIonochromator, and the PKT output terminated at 

resistance, was fed to a 100 KHz storage oscilloscope 

Model 466) [38]. The experimental details for the time 

malysis is given in the chapter Ill. 

50 ohms 

(Tektronix 

resolved 

Typical oscilloscope (CRO) traces of the PKT response to 

the emission from the C2 species 

(A, B and C) of the plasma plume 

4.7{b) and 4.7(c» respectively. 

in the three different regions 

are shown in figure «4.7(a), 

The amplitudes of the pulse 

shapes were monitored by a Gated integrator and Boxcar 

(Stanford Research Systems Kodel SR250). 

averager 

From the above mentioned figures. which is the CRO trace 

100 



Fig.4.7. 

(A) 

(8) 

(C) 

Typical oscilloscope trace of the PKT response to 
plasma emission from the C2 species (at A = 562.1 

the 
nm) 

from the different regions of the plasma. (A) Central 
region. (8) Kid region. (C) extended region (1,,lASec,o·.1 V) 



shows a sharp, 'prompt' emission and a delayed emission peaking 

after a few micro seconds [39,40]. The 
, prompt' emission could 

easily resu 1 t from the ablated species ejected from the target 

surface. On the other hand, the delayed emission is most likely 

to be due to electronic and/or molecular collisional excitations 

[39]. From the measured value of the time delay exhibited by the 

PKT signal trace of the emission (figure.(4.7.c», the velocity of 

the species is obtained and the corresponding energy calculated is 

found to be ~ 6 eV. Since the energy of the ablated species is 

.uch greater than 1 eV, in all possibility, the delayed emission 

is predominantly due to the collisional excitation rather than 

froll evaPourated species. From the above figures, it is obvious 

that there is a notable time delay between the incidence of laser 

pulse (all time delay measurements are taken with respect to the 

'prollpt' emission) on the target and the onset of emission from a 

particular species in the three different regions of the plasma. 

This is due to the fact that in the core of the plasma (A), the 

plaslla temperature is maximum and most of the species consists of 

ionized atoms which results in the smaller time delay (of the 

order of nanoseconds) of emission. In the region 8 of the 

plaslla, where, apart from ionized species, both neutral and 

certain 8.Ilount of molecular species are present due to 

recombination and other allied processes, which results in a 

cOllparatively larger time delay of emission (of the order of 

microseconds) as compared to that of the core region of the 

plaslla. The emission is still further delayed in the region C of 

the plasma where molecular bands predominate. It must 

that the overall optical emission begins only after 

~secs following the start of the laser pulse. Figures 

4.8(b) and 4.8(c» show the variation of the radiation 

be noted 

about 0.5 

(4.8(a), 

emission 

tille delays of certain identified species in the three different 

plasma regions with laser energy. 

From the time delays observed, it is seen that in all the three 

different regions of the plasma, the molecular band (C2 and CN) 

ellissions have got much larger time delays as compared to emission 
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froll ionic/neutral species. FrolD such tilDe delays it is also 

observed that the spectral lines of higher ionized species are 

first to appear and these are followed in turn by those of 

~ccessively lower states of ionization [41]. In general, there 

is a decrease in tilDe delay as the laser energy increases. There 

are lIany reasons for the occurrence of tilDe delay for elDission 

froll any species. ProlDinent among thelD are, (1) tilDe-of-flight 

of the species (2) therlDal processes leading to generation of 

plaslla frolD the target (3) recolDbination and/or dissociation of 

the species. As a c.onsequence of the non-linear effect lDentioned 

earlier, the enhancelDent of the effective power density of the 

laser beam in the plaslDa will cause a corresponding increase in 

the velocity of the species, thereby decreasing the delay of 

ellission. This can result in the sudden change of slope at the 

threshold as seen in figure.(4.9). Variation of the 

t~e-of-flight of the different species frolD the LIP frolD a 

plexiglass target using 30 psec, 1. 06 I-JlD wavelength Md: YAG laser 

~lses was reported by Rohr et sl [42]. If the tilDe-of-flight 

alone were responsible, we expect the tilDe delay to be 

proportional to K1/2 (K is the lDass of the species) which is not 

found to be the case with the present results. For example, the 

various ions of carbon have different tilDe delays, which should 

have been salDe if the tilDe delay was proportional to K1/2. If we 

assulle that the plaslDa telDperature is proportional to laser energy 

E, then one would expect that E be proportional to 1/t2, Where t 

is the time delay of elDission for a particular species. This is 

not in accordance with the observation as seen in figure ( 4 .9) , 

which shows the variation of 1/t2 with laser energy for different 

species in the extended region of the plaslDa. Variations of t 

with laser energy for other species in different regions of the 

plaslla are not lDuch different frolD what is shown in figure (4.9). 

This also supports the conclusion that the tilDe-of-flight is not 

the lIajor cause of the elDission delay. 

The variation of decay time of the elDission from different 

species with laser energy in the three regions are shown in 
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figures [4.10(a), 4.10(b) and 4.10(c)]. It is also seen that the 

lolecular bands have got larger decay tille as cOllpared to ionic 

species. As the laser energy increases, the therllal diffusion 

processes rellaining unchanged, the plaslla generation becolles Ilore 

rapid and we expect a decrease in decay tille of ellission. Also, 

the increased laser energy will produce Iluch larger densities for 

various species thereby decreasing the Ilean free path and 

increasing the collision rate. All these cOllplex processes will 

give rise to the variation of tille delay as well as decay tille 

lIith laser energy. An increased collision rate can also account 

for the decrease in decay tille of ellission with laser energy as 

observed in the present case. Such decreases in decay tille and 

of the delay of ellission with plaslla tellperature are found to 

occur as we go towards the centre or core region of the plaslla . 

•• 5. VI BRAT! ONAL TEMPERATURE MEASUREMENTS OF C2 AND CN MOLECULES 

The relative intensities of the vibrational bands were obtained 

using a Ilicrodensitolleter (Carl-Zeiss). The intensity 

distribution in a band can be used for deterllining the vibrational 

temperature of the plaslla ellission source [43]. The Ilethod of 

calculation used for the Ileasurellent of vibrational tellperature is 

given in the chapter I. 

The vibrational distributions in the excited states of C2 
molecule are shown in figure (4.11). Sillilar distributions were 

observed in the case of CN bands also in all different regions of 

the plaslla. The inverse distribution observed for vibrational 

distributions less than 2 in the case of C2 Ilolecule is in 

accordance with Franck-Condon principle. Sillilar distributions 

have been observed in certain other Ilolecules also [44,45]. 

The variations of vibrational tellperature with laser energy 

corresponding to the C2 Swan bands and CN Ilolecules in the Ilid 

region (8) of the plaslla ellission are shown in figure (4.12). 

The vibrational tellperature was found to vary froll 1.75 x 104 K to 

5.S x 104 K corresponding C2 Ilolecules and froll 1.455 x 104 K to 
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4.6 x 104 K for CH molecules in the mid region as the laser energ"J 

is varied from 55 mJ to 98 mJ. This variation of vibrational 

temperature with laser energy is essentially due to the fact that 

as the incident beam power increases, comparatively larger number 

of molecules are excited into the higher vibrational states. 

Similarly the variation of vibrational temperature for the C2 Swan 

b~ds and CH molecules in the extended region (C) of the 

plaslla emission with laser energy is shown in figure (4.13). 

Here, the vibrational temperature was found to vary from 5.33 x 

103 K. to 2.252 x 104 K for C2 molecules and from 5.23 x 103 K to 

2.326 x 104 K for CH molecules in the extended region as the laser 

energy is varied from 55 mJ to 98 mJ. In this region, which is 

comparatively cooler, the recombination processes dominates and 

this could also contribute to an increase in the vibrational 

temperature of the molecules as the laser energy is increased. 

The knee appearing in figure (4.13). is evidently due to a 

threshold-like phenomenon resulting from the possible non-linear 

interactions like self-focussing of the laser beam within the 

plaslla medium. The Debye length, which is the characteristic 

screening length of the plasma is given by [46,47], 

(5.4) 

where. kB is the Boltzmann's constant, T the equilibrium plasma o 
105 K), H the equilibrium concentration tellperature (~ (~ 

1012/cm3 ), and e the electron charge. 

It is known that the self-focussing phenomena of laser beams in 

plaslla will be predominant if the Debye length is less than the 

beall diameter [48,49]. In our case, AD ~ 3 ~m which is much less 

than the beam diameter (~ 1 DD). Such self-focussing of the 

laser beam in the plasma leads to an enhanced effective power 

density resulting in more intense emission. The threshold for 

this non-linear effect for region C is clearly seen in figure 

(4.13) and it occurs at ~ 70 mJ. It is interesting to note that 

such a threshold-like phenomenon is not explicitly evident in the 
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region B (figure (4.12». Apparently, this is due to the fact 

that greater laser energy density due to self-focussing and a 

larger plaslla density and tellperature 

fur this threshold in region B < 
saturation region [50,51]. 

4.6. LANGMUI R PROBE STUDl ES 

lead to a Iluch lower value 

55 IlJ which is near the 

The electron tellperature at different distance from the target 

surface was obtained froll the volt-amphere characteristics of the 

Lmgmuir probe. Experimental details about the measurement of 

Lmgmuir probe is given in the chapter III and the calculation 

used for obtaining the plaslla temperature is described in the 

~~ter I (equation no.1.S1). Here the probe consists of a series 

of thin copper rods kept at different distance from the target and 

each can be biased with a dc voltage so that electron (plasma) 

temperature at various distance from the target surface can be 

studied. The variation of electron temperature with distance 

from the target surface is shown in the figure (4.14). It was 

found that plasma (electron tellperature) temperature decreases as 

the distance froll the target surface is increased. This shows 

that in the region close to the target surface the density of the 

iooic species are so high which result in the large value of the 

temperature and as the distance froll the target surface increases, 

the density of the ionic species decreases which result in a lower 

value of the plasma tellperature. 

4.7. CONCLUSIONS 

From the studies on laser etching of polymer (PTFE), the etch 

depth was calculated and their variation 'with number of pulses 

were also obtained. It is observed that the etch depth was to be 

a linear function of the number of pulses. 

The results of the spatial and temporal 

induced plasma from a typical polymer sample 

105 

analysis 

of PTFE 

of laser 

lead to 



170r-----------------------------------------------~ 

~ 160 
1/1 
"0 
c: 
~ 1 SO 
:J 
o 
~ 

~ 140 
~ 

-; 130 
E 
~ 
c: 120 
e .. 
~ 110 
Lii 

1000n---~2~--~4----~6----~8--~1~O~~1~2--~174--~16~--~18~==~20~--l22 

Distanct (m m ) 

Fig.4.14. The variation of plasma temperature as function of 
distance from the target surface. Laser energy ~ 80 mJ. 



several interesting conclusions related to the structure and 

cOllposition of the plaslla. Detailed study of the ellission 

~ectra clearly indicate the existence of lIolecular species like 

C2 ~d CN in addition to higher ionized states of carbon. The 

t~e resolved studies of the spectral ellission also throw lIuch 

light in revealing sOlle of the cOllplex interaction processes 

occurring in the plaslla. Froll the tille delays observed. in the 

case of higher laser energies. it can be 

Dolecular bands are lIainly forlled when 

begins to fall. This lends support 

safely concluded that the 

the plaslla tellperature 

to the view that the 

Dolecular species lIay not be originating froll the target lIaterial 

at higher laser powers. but are forlled as a result of 

recollbination processes as the hot plaslla cools down ie. the 

Dolecular species are forlled in the expanding plaslla due to 

collisions of the atollic and ionic species expelled froll the 

target surface. Also. the non-linear interactions between the 

laser and the plaslla gives rise to phenollena like self-focussing 

which exhibit threshold-like characteristics. 

The spatial variation of electron tellperature were calculated 

by the Langlluir probe technique and it is observed that the 

plaslla tellperature decreases with distance froll the target. Thus 

the spatial cOIIPosition of the ionic species in the plasma can be 

studied by the Langlluir probe technique. The production of large 

nUllber of ions in the plaslla plulle is essential for the thin filII 

deposition. Langlluir probes can thus becolle useful tools for 

monitoring laser deposition of thin filII of various lIaterials. 
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3.1. I NTRODUCTI ON 

Laser ablation of the solid surface is one of the methods to 

produce a clean plasma of the material. Detailed study of the 

spatial and temporal characteristics of the emission of the laser 

produced plaslla plulle froll the sample provides inforllation about 

the composition and lifetille of the ablated Ilaterials since the 

plaslla is produced due to the ablation of the target alone. 

Basically, the laser induced plasma can be produced even in air 

provided the energy density of the incident beall is large enough. 

However, at atllospheric pressures, the plaslla is compressed and is 

confined to the sample surface. Thus it is necessary to use a 

vacuull challber to produce elongated plaslla. Based on the 

cOIIPosition, physically, LIP emission can be divided into three 

broad spatial regions viz. I (1) the central or the core region of 

t~ plasma ellission close to the surface, where the temperature 

is lIaximull and Ilost of the species consists of ionized atoms, (2) 

the Ilid region where apart froll ionized species, both neutral and 

a certain allount of molecular species are present and (3) the 

extended region in which the plasma temperature is comparatively 

lower and larger number densities of molecular species occur. 

In this chapter a comprehensive account of experimental 

technique for the spectroscopic as well as time resolved analysis 

of the LIP and of the various subsystems needed for the 

experiments are given. These experimental details are divided 

into two sections. In the first section the experimental set up 

fur the s~atially resolved spectroscopic recording of the plasma 

is given. The description of the various sub-systells like 

excitation source, plasma chamber, detection and other set up for 

the recording the plasma spectrum, such as spectrograph and 

microdensi tometer is given. In the second sect ion, the 

experimental set up for the time resolved measurements and various 

sub-systems like monochromator coupled PKT. boxcar averager, 

oscilloscope and related instruments for these studies are 

described. 
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3.2. EXPERIMENTAL SET UP FOR SPATIAL VARIATION STUDIES OF THE LIP 

SPECTRUM 

Plasma was generated by pulsed laser ablation of the solid 

suple. Samples of metals (Aluminium and Copper). polymers 

(PTFE), Graphite and high Tc superconductors (YBa2Cu 30 7 and 

~Ba2Cu307) were studied using LIP technique. The sample is 

taken in the form of cylindrical disc (2.5 cm diameter and 5 DD 

thickness) and placed in a partially evacuated chamber (Pressure ~ 

200 IlTorr) provided with quartz windows. The laser beam was 

focussed to a diameter of ~ 1 mm (energy density ~ 19 J/cm2 ) on to 

the target. which is rotated about its axis by an externally 

controlled d.c. motor to avoid non-uniform pitting of the target 

surface. The bright plasma emission was observed through a side 

window at right angle with respect to the plasma expansion 

direction. The plasma emission spectrum from the three distinct 

regions le, central. middle and extended regions. 

~d C respectively) of the plasma were recorded 

(region A. B. 

photographically . 
using a Carl-Ziess three prism spectrograph with appropriate 

focussing optics along with the mercury spectrum as a standard. 

The schematic diagram of the experimental arrangement for 

recording the plasma emission spectrum is given in figure (3.1). 

Figure (3.2) shows the typical plasma plume from a teflon target 

clearly indicating the three regions of measurements. The 

wavelength of emissions of the different atomic, ionic and 

Dolecular species in the plasma were measured from the recorded 

spectra using standard spectral data sources [1,2]. By using 

spectroscopic analysis of the plasma. it is possible to identify 

the constituents and different states of ionization of the same. 

Further by focussing the different regions of the plasma, the 

spatial composition of the plasma and ionization state at 

different regions of the plasma can be studied. 
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3.2.1. THE Nd: YAG LASER 

The pulsed laser used here for the plasma studies is a 

electro-optically Q - switched Nd :YAG laser having a fundamental 

output of 1.06 J-JJ1 (Quanta Ray DCR 11). The diffraction coupled 

resonator delivers a 'doughnut' shaped beaJ1 profile at energies of 

~e order of 275 mJ at ~ 10 nsec pulse width with a power 

stability of ± 4 % [3]. The laser is capable of pulsing at a 

rate of 1-16 pulses/sec. It has a second harJ10nic generator (KDP 

crystal) which can be placed in the path of the fundaJ1ental beaJ1 

to provide the second harJ10nic output at 532 nm at less than 10 

nsec pulse width with a conversion efficiency of ~ 50 %. Figure 

(3.3) shows the scheJ1atic of the Nd:YAG laser. Higher order 

harllonics at 355 nm and 266 nm can be obtained by introducing the 

appropriate crystals in the beam path. The laser beaJ1 has a 

spacing between the t~ic81 line width of < 1 CJ1- 1 with 220 KHz 

longitudinal J10des and a beaJ1 divergence of < 0.5 mrad. The 

laser provides trigger outputs to synchronize the oscilloscope, 

energy Ileter, boxcar averager etc. 

3.2. 2 . PLASMA CHAMBER 

The plasJ1a chaJ1ber is essentially a vaCUUJ1 chamber, suitably 

designed and fabricated using a cylindrical steel tube of ~ 25 CJ1 

diueter and is provided with eight '0' ring sealed window 

attachments of ~ 4 CJ1 in dialleter.. Quartz flats are used as 

iindows where the laser beall enters the challber and the window 

correspond ing to the spectrograph. Glass flats are used in the 

other windows, which are used as observation ports. A few window 

openings are converted to vaCUUJ1 feed-throughs to provide the 

electrical connections to the d.c. J1otor, substrate heater, the 

LangJlu ir probe and the therJ1ocouple inside the chaJ1ber. The 

chuber is sealed on the top with a heavy stainless steel disk 

ii th an . O· ring. The whole chaJ1ber is placed on a bottoJ1 disk, 

ihich in turn is directly coupled to the rotary vaCUUJ1 systeJ1. 
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The chamber pressure is monitored by a high pressure Pirani gauge 

(VT-DHP-ll) capable of pressure measurements from atmosphere to 

W- 3 mbar with good resolution in the high pressure regions. 

This gauge is provided with relay control outputs to control 

wlenoid valves for precise gas filling. 

The schematic figure of the plasma chamber is shown in the 

figure (3.4). The pressure inside the chamber was fixed at ~ 200 

IITorr. The sample holder is fixed on to ad. c. Ilotor and is 

lIounted on the holder. The angle of the sample with respect to 

the incident laser can be varied to suit the specific kind of 

application. For ellission studies, the sample is mounted so that 

the surface is at right angles to the laser beall and for plaslla 

assisted deposition studies, the sample surface is at 45° to the 

laser beam. The sample is rotated about the axis of the target 

at a constant speed so that fresh area of the surface will always 

be exposed to successive laser shots, resulting in a uniforll 

plasma ellission intensity. The bright plaslla ellission was 

observed through a side window to which the focussing optics and 

the prism spectrograph are aligned. 

3.2.3. THE PRISM SPECTROGRAPH 

The plaslla emission spectrum covering large wavelength range 

will give some prelillinary inforllation on the tille and spatial 

dependence of the spectrull. These functions can be obtained by a 

spectrograph with photographic recording. For spatial 

resolution, the particular region of the plasma is illaged on to 

the entrance slit of the spectrograph which is then provided with 

the coordinate at right angles to the wavelength axis ie., along 

the slit direction corresponding to the one of the coordinate of 

the emitting volume element of the source. The same instrument 

C~ be used for time resolution by masking the window of the 

plasma cell, except for a narrow slit at right angles to the 

entrance slit of the spectrograph and sweeping image of the first 

slit across the entrance slit with a rotating mirror (However we 
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have not adopted this Ilethod in the present study). 

guartz or glass prisll spectrograph would be suitable 

purpose depend ing on the desired wave length range. 

For the deterllination of the ellitted species 

Either 

for this 

by its 

characteristics spectral lines, a wavelength accuracy of about 

~ 1 AO is usually sufficient. The Ileasurellent of spectral lines 

and continuull intensities can also be done with an instrullent at 

~derate dispersion. The plaslla ellission froll the core of the 

plaslla has an intense background ellission which usually Ilasks out 

the ellission lines, thus necessitating short exposure tilles. The 

plaslla ellission in the Iliddle and the extended regions have a 

relatively weaker background ellission and the 

At characteristics of the species are Ilore vivid. 

wavelengths, since the light gathering efficiency 

spectrograph falls off sharply, a Iluch larger exposure 

required [4]. 

ellission 

shorter 

of the 

tille is 

In our Ileasurellents, a Carl-Zeiss three prisll glass spectrograph 

is used for the photographic recording in the wavelength range 

froll 400 nil to 600 nil of the plaslla ellission spectrull. This 

spectrograph has a resolution of ~ 0.02 nil which is adequate for 

these studies. Kethod of spectrograph illullination is shown in 

the figure (3.5). 

Different regions of the plaslla are photographed by using 

~propriate optics and suitable Ilasks in front of the entrance 

slit of the spectrograph. A cylindrical' lens is used finally to 

produce a line illage of the plaslla region of interest on the 

entrance slit. The entrance slit width and the angle of 

dispersion of the spectrograph are then adjusted to obtain the 

optillull spectral resolution. The spectrull is recorded on the 

photographic filll (typically 9x6 CIlS 100/400ASA panchrollatic) 

placed in the filll holder. In order to Ileasure the wavelength of 

the spectra obtained, a Ilercury standard spectrull is photographed 

siDultaneously with the plaslla spectrull. The spectrull covers the 

wavelength range froll violet to red. The plasma ellission 

spectrull at Iloderate resolution can be obtained by this 

80 



-~ - Slit 

r><J Shutt.r 

C:>L.ns 

I 

~··········:·········0········~. 
Film Slit L.ns V·· ...... Prisms L1 

.' 

Fig.3.5. The light transmitted in a earl 
spectrograph 

Gain Cont rol 

Strip Chart 
retorder 

Amplifier 

Screen 

Scan drive 

..' 

zeiss 3-prism 

Photote 11 

Slit 
Filter 
Beam split ter 

Lens 

Film 
X YZ Plate 
Filters 
S li t 
Lens 

Lamp 

Fig.3.6. The optical system of a typical microdensitometer 



instrument. The design requirements of the spectrograph using 

photomultiplier tube as detectors are different from those of an 

~strument designed to use photographic film. The density of the 

photographic film approximately proportional to the log of the 

exposure per unit area, while the signal from PKT is proportional 

to the total flux falling on the photocathode. The advantage of 

llsing photographic recording of the plasma emission spectrum 

compared to other techniques is that, in photography simultaneous 

recording of the spectrum in a wide wavelength range is possible 

(similar to optical multichannel analyzer recording) thus reducing 

the record ing time. 

For the spectroscopic observation of the plasma in 

regions, which are comparatively weaker in intensity, we 

use a high speed film which has a larger grain size. 

film contrast and sensitivity can be obtained by 

adjusting the exposure and the developing times. 

3. 2. 4-. MI CRODENSI TOMETER 

certain 

have to 

Optimum 

properly 

The density of silver deposited at any portion of the 

photographic emulsio.n is most readily measured with a 

densitometer, a photometric device designed to determine the 

reduction in the intensity of light when sent through a restricted 

area of the emulsion. When the area is small in the case of 

spectrum lines, the instrument may be called a microdensitomerter 

[51. Since the plasma emission spectrum is recorded 

photographically, the relative intensities of all these spectral 

lines can be recorded using the microdensitometer. This 

instrument is used for measuring the photographic response to the 

exposure of the film to light accurately. Here the beam of 

intensity I is passed through the spectral line on the film which o 
is to be measured. The transmitted light of intensity I then 

by a activates a photocell whose current response is recorded 

galvanometer swing or deflection d or as the movement of a pen 

recorded across a scale which has 50 or 100 divisions [6]. 
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The density of the silver produced per unit area in a developed 

image is closely proportional to the ratio log (I II)~ which is of o 
fundamental significance and commonly employed as a measure of 

photographic response. The linear relationship between the 

intensity of the light incident on the microdensitometer photocell 

and the galvanometer deflection can be written as~ 

D = log 
I o 

I 
= log 

d - d' 
o 

d - d' 
(3.1) 

where d is the galvanometer deflection for I (equivalent to a o 0 
light transmitted by a perfectly clear area on the photographic 

film, that is the area which has received no light exposure) and 

d' is the deflection when no light enters the photocell. 

If the different area of the photographic film are exposed to 

different known relative intensities~ such relationship is known 

as calibration curve. The calibration curve can also drawn by 

plotting the percentage of transmission (T) versus log intensity. 

T = III and consequently D = lIT o 

In a clear glass, deflection of 100 divisions is equalent to 

100 % transmission~ each deflection for an area is a measure of 

percentage of transmission. If then~ log d versus log I is 

plotted the characteristic curve is obtained. Fundamental 

features of a densitometer are a source of light that provides a 

beam to measure the plate ~ provi'sion for ensuring that this beam 

pass through only that part of the emulsion which is to be 

measured and a device to compare the intensity of beam 

after passing through the exposed emulsion to that of 

beam passed through an unexposed area of emulsion. In 

of light 

the same 

a direct 

reading densitometer the deflection is a function of the density 

of the photographic film. 

The microdensitometer used in our measurements is a Carl-Zeiss 

system having automated scanning and recording facilities. The 
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optical system of a typical microdensitometer is shown in figure 

(3.6). Two beams may be supplied one with which to inspect the 

plate to help in locating the exact spot to be measured and a 

second to carry out the measurements. Using this instrument, the 

percentage of transmission T of the spectral lines in the 

photographic films were measured. The response of the film was 

obtained by focussing a small part of the He-Ne laser beam of 

mown energy for various time duration of exposures and the 

corresponding calibration curve is obtained. Using this 

calibration curve, the relative intensity of the spectral lines 

were calculated. 

3.3. EXPERI MENT AL SET UP FOR THE TEMPORAL MEASUREMENTS I N THE LI P 

The time resolved measurements of the 

processes in the laser induced plasma from 

materials were studied using spectroscopic 

techniques. 

plasma evolution 

different solid 

and ion probe 

As described in the previous experimental set up for 

spectroscopic studies, same pulsed laser radiation was used. 

The sample was mounted in a vacuum chamber so that the target can 

be irradiated at normal incidence and the ejection from the 

surface can be viewed at right angles. The laser beam was 

focussed on to the target using a quartz lens. A part of the 

plasma plume at about 1.5 cm away from the target surface was 

focussed on to the slit of the'monochromator (Jarrel - Ash, 0.5 

m) coupled to PKT and a eRO/ Boxcar averager. Since we have used 

a 0.5 m monochromator for the wavelength separation (6). < 1 AO )., 

the line selection is Duch Dore accurate than the work of Vu 

et.al.[7J. Since we had already recorded the spectra 

photographically using a spectrograph and the various atoDic and 

molecular species were identified, in order to study the tiDe 

evolution of the species produced by the laser irradiation, the 

characteristics lines could be easily selected using a 

monochroDator. The PKT output was fed to a 100 KHz storage 
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oscilloscope (Tektronix Model 466) with a 50 ohm termination. The 

schematic diagram for the measurement of time resolved analysis of 

the plasma produced by the laser ablation technique is given in 

the figure (3.7). The time resolved studies of the plasma give 

vital information regarding the time taken for a particular state 

of a constituent to evolve after the plasma is formed. Thus this 

measurement is important for obtaining knowledge of complicated 

ablation and transport processes occurring in the plasma produced 

~ the laser ablation technique. 

In the ion probe technique, a variable bias voltage was applied 

between the probe and the body of the vacuum chamber. The 

electrons in the plasma were collected by the probe (3 cm length 

md 1.6 mm diameter) kept at the about 1.5 cm away from the target 

surface (figure (3.7». The voltage pulse developed was 

measured across a 50 ohm load resistance on a 100 MHZ storage 

oscilloscope. By using this technique the electron temperature 

md velocity of positive ions as well as electrons were obtained. 

The method of calculation used for obtaining above parameters are 

given in the chapter I. 

3. 3. 1 • MONOCHROMA TOR 

For the wavelength selection of plasma emission, a medium 

resolution scanning instrument was needed. This purpose was 

served by 0.5 m scanning monochromator (Jarrell-Ash Model 82-025). 

Since we have used this monochromator for wavelength selection, 

the line selection is more accurate. This spectrograph is 

provided with a smooth scanning motion in' eight speeds ranging 

from 2 nm/min to 50 nm/min. It gave 1.6 nm/min dispersion in the 

first order with maximum resolution of 0.02 nm. It covered a 

spectral range of 400 to 900 nm using a reflection grating with 

1800 groves/mm blazed at 500 nm and is driven by a reversible 

motor [8]. 

The apparatus consists of an inlet slit 51 and exist slit 52' 

The light enters through 51 and falls on a concave mirror having 
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150 DD diameter and 0.5 m focal length, gets collimated and 

reflected to fall on the grating, where it undergoes dispersion 

md is again reflected back into the mirror and comes out through 

the exit slit S2. The light reflection in a monochromator is 

shown in the figure (3.8). The wavelength of monochromatic light 

emerging at the exit slit is changed by simply rotating the 

~rating about its centre (through Ebort mounting). 

3.3.2. PHOTOMULTIPLIER TUBE (PMT) 

The PMT is a photosensitive device consisting of a photo 

emissive cathode (photocathode) followed by focussing electrodes, 

an electron multiplier (dynodes) and an electron collector (anode) 

in a vacuum tube as shown in the figure (3.9). When light hits 

the photocathode, the photoelectrons emitted into the vacuum are 

directed by the focussing electrodes towards the electron 

multiplier where, electrons are multiplied by the process of 

secondary emission by successive dynodes maintained at increasing 

voltages (figure (3.9»). The multiplied electrons are collected 

by the anode as an output signal. Due to the process of 

secondary -emission multiplication, PMTs are uniquely sensitive 

uong the photosensitive devices currently used to detect radiant 

energy in the UV, VIS and MlR regions. They also have a fast 

time response and low noise [9] 

The output from the monochromator was detected by an EMI 

photoDultiplier tube (Model 9683~KQB) with S-20 cathode. This 

tube was directly mounted at the exit slit of the monochromator. 

The PHT was operated at ~ 1.3 kV dc. Since the output gain of 

the the PHT highly depends on the voltage, any variation in 

applied voltage causes a noticeable change in its gain. Hence a 

highly stabilized power supply (Thorn EMI PM28B) was used to 

operate the PMT, which maintained a constant output voltage across 

the terminals in spite of the variation of the load as well as 

line voltage. The tube was also provided with a good RF 

shielding. This PHT has got a fairly constant quantum efficiency 
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~ the spectral region 350-800 nm where all the present 

leasurellents were carried out. Before doing the experiment~ the 

~T was given sufficient cooling so that the dark current of the 

tube is reduced to minimull value. 

3.3.3. USE OF GATED I NTEGRATOR AND BOXCAR INTEGRA TI ON TECHNI QUE 

The amplitudes of the pulse shapes of different species in the 

plaslla were identified by a gated integrator and a boxcar 

averager (Standford research systems Model SR250). 

In some cases, it m,ight be essential to recover a part or the 

whole of an output signal pulse so that the signal can be 

analyzed - To recover such a signal buried in noise~ some form of 

averaging process is required and for that~ some kind of multi 

·point averager or a Fourier transform analyzer is necessary. 

Signals of such transient nature~ triggered by repetitive pulses 

froll the excitation source can be analyzed in this fashion. This 

is achieved by the boxcar integrator ~ which essentially is an 

instrullent used to recover complex repetitive signals hidden in 

noise [10]. It has a frequency response which is ideal for the 

recovery of such waveforms~ consisting in the case of a waveform 

which repeats at regular intervals of a series of peaks at every 

Fourier component of the waveform plus a response extending from 

rero up to the cut off frequency 1/2nTeff (where Teff is the 

effective time constant) of the equivalent low pass filter used in 

t~ Boxcar integrator. The response is zero at all other 

frequencies. The bandwidth of every peak in the same can be set 

by the C-R filter. The usual practical boxcar has a C-R low 

pass filter which is connected to the voltage waveform to be 

e~ured for a short interval Tg once during each cycle of the 

cOllplex waveform cycle. Since the time constant T r of the low 

pass filter is chosen to be » Tg~ it requires many repetitions of 

the sampling time Tg for the voltage on the capacitor of the C-R 

filter to approach the final value ie~ the average value of the 

cOllplex waveform (at specific point) plus noise during the time 
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CHAPTER V 

FEATURES OF LASER INDUCED PLASMA FROM GRAPHITE 

ABSTRACT 

This chapter concerns ~ith studies on the spatial variation of 

~ectroscopic and ti.e resolved analysis of plas.a generated fro. 

the graphi te surface using Nd: YAG laser pulse. 

elJission spectru. in the centre region is found to be do.inated by 

higher ionized states of carbon lines (up to CV) I ~hereas the 

~ectru. in the outer region is do.inated by the .olecular bands 

of C2 and CN. Fro. the ti.e delays of different species in the 

p1aslla l the expansion velocities of the various species are 

calculated and their variation ~ith respect to laser energy is 

also obtained. Fro. the relative intensities of .olecular bands l 

the vibrational te.perature of the above .olecules are calculated 

for different values of laser energies. 
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5.1. I NTRODUCTI ON 

In the last few years there has been growing interest in 

data concerning the cOllposition and tellperature of the laser 

ablation plaslla of graphite [1-5]. Here the ellission spectrull 

shows C2 and CN 110 lecu les . From the above stud ies it is seen 

t~t CN molecules produced by using exciller laser lasers are due 

to photo-chemical ablation processes where as CN Ilolecules 

produced by NIR (Nd: YAG) laser are due to therllal processes. The 

spatial and temporal evolution of vibrational temperature of CH 

Ilolecules have studied by Hatem et. 8.1. [6] . 

The C2 radical has been found 

astrophysics and flame spectroscopy was studied 

[7,8,9] . The exact mechanism responsible for 

by 

illportant in 

Ilany workers 

the swan band 

ellission are difficult to determine and evidently vary with the 

wavelength and the gas Iledium surrounding the target. These 

Ilechanism are multiphoton in nature for wavelengths greater than 

266 nil in acetylene, ethylene etc. and may be single photon in the 

cOllplex mixtures of gases in the reaction zones of sOlle flames. 

Regardless of the mechanism involved, swan band emission is a 

likely result at any time when intense laser pulses of almost at 

any wavelength are focussed on to the carbon containing gases 

eventhough the sample may not contain any nascent C2 and the laser 

wavelength is not resonant with any single or Ilulti photon 

resonances of C2 [9]. Because the ellission spans Iluch of the 

visible region of the spectrull, it can interfere with fluorescence 

detection of Ilany atomic and molecular species and can adversely 

affect a wide range of laser induced diagnostic technique [9]. 

Ragel and Co-workers [10] in 1985 first reported the use of 

laser ablation source of carbon ions to produce diamond like fillls 

at high rates of growth ~ 0.3 J-lm/h. Pulsed laser ablation of 

high purity graphite is considered one of the effective Ilethods 

for deposition of diamond-like carbon (DLC) thin films. Large area 

fillls (10 cm2 ) of optical quality and uniforllity were grown in 

vacuull by several authors [11 -14] and in gas mixtures containing 
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~drogen [15,16]. In all cases laser plasma forms above the 

surface of the graphite. The physical properties of the plume 

such as temperature and species concentration directly affect the 

properties of the film. Carbides of transition metals are a very 

iBportant class of ceramic material regarding their properties . 
with respect to hardness and chemical inertness. Thin film 

deposition for applications in optics and microelectronics are 

extensively reviewed [17]. Development of a systematic procedure 

for these technological applications may be based on the 

information obtained from this method of synthesis. Studies have 

shown that carbide cluster ions can be produced by simply 

irradiating a graphite or mixtures of Group IV elements with 

graphite by a laser source [18]. This processes may of 

particular interest when applied to transition metals. Carbides 

Bay be formed by direct metal and graphite combination [19] or by 

the reduction of metal oxides at high temperatures in the presence 

of carbon under the action of laser beam [20]. The laser 

ablation was performed in order to understand the chemical 

reactivity of the neutral and charged particles produced in the 

plasma under the action of laser beams [21]. The high proportions 

of ions to neutrals in the plasma produced by laser ablation are 

responsible for uniform quality of the diamond like carbon films. 

Laser ablation is a convenient method for producing C60 
Bolecules. When the graphite surface is vapourized by a pulsed 

laser in a high density He atmosphere. producing remarkably stable 

carbon cluster consisting of 60 carbon atoms [22]. Since this 

eSO molecule is stable in macroscopic and condensed phases, this 

would provide a topologically noval aromatic nucleus for new 

branches of organic and inorganic chemistry. The studies of the 

Bechanisms for electron creation and acceleration in a laser 

induced plasma from a graphite surface is useful because here the 

laser induced emission of clusters is believed to be a 

process [1]. Electronic excitation and ionization 

therefore be due to processes in the plasma and not in the 

thermal 

should 

bulk. 

The inverse bremsstrahlung is the primary mechanism for the 
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acceleration of the electrons which is consistent with the theory 

of Phipps et 81.[23]. Subsequent processes involve electron 

illpact ionization/dissociation and emission of UV photons via 

brellsstrahlung. This latter mechanism leads to photo excitation, 

photo-ionization and photo-fragmentation [24]. In the case of 

laser ablation of graphite, the vapour plume is likely in 

therllodynamical equilibrium with the melting graphite surface. 

The occurrence of atomic, ionic and molecular carbon in the plume 

lIas found to depend on laser intensity. C2 emission from the 

plaslla was often reported by Chen et. 81 [25] the mechanism of 

IIhich is due to plasma excitation and recombination processes . 

The intensity of emission of carbon lines tends to fade as the 

laser etches into the graphite target because it creates large 

interaction area and reduces the effective laser power intensity. 

With an estimated maximum spot size of ~ 1 Jm, the laser intensity 

of 7 x 108 ,,/cm2 can be regarded as the approximately the 

theshold intensity for excitation of atomic emission [2]. 

In this chapter the spectral as well as time resolved analysis 

of plasma produced at various distance from the graphite target 

surface is described. From these studies the information about 

plaslla composition and vibrational temperature of various 

lIolecules such as C2 and CN molecule in the carbon plasma were 

obtained and their variations with laser energy were also studied. 

T~ plasma emission spectrum near to the surface of the target 

shows the presence of highly ionized states of carbon atoms (up to 

CV line). From the time resolved studies, the expansion velocity 

of different species in the plasma were also obtained and their 

variation with respect to laser energy at different distance from 

the target were evaluated. 

5.2. SPECTRAL CHARACTER! STI CS OF SP ATI ALLY RESOLVED PLASMA FROM 

GRAPHITE 

The plasma emission from graphite is given in figure (5.1). 

The plasma emission spectra at three regions of the plasma from 
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Fig.S.l. Plasma emission from graphite surface at a laser energy 
density of ~ 12 J/cm2 showing the studied regions of the 
spectra 
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the target su~face such as (a) Central core. (b) Ilid region and 

(c) extended region are shown in figure (5.2(a), 5.2(b) and 

S,2(c» along with Hg spectrull for calibration of wavelength of 

different species. 

As in the case ,of Teflon. the recorded plaslla ellission spectra 

froll the graphite corresponding to the three regions. show 

d~tinctly different characteristics. The ellission lines due to 

higher ionization states of carbon (Cl. CII. CIII. CIV and CV) 

Bre clear ly seen in the core and Ilid regions of the p laslla. The 

continuull ellission intensity in the plaslla ellission is greatest in 

the region close to the target and decreases within a few 

.illilleters froll the target surface. this continuull is that 

resulting fr'oll the free - bound transitions on to the ground 

electronic state of carbon atolls (excited). The Ilolecular bands 

corresponding to transitions (A3ng - X3nu ) of C2 in the wavelength 

range 500-590 nil dOllinate in the ellission spectrull of the plaslla 

in the extended (C) region. The Clf band ellission (B2L+ X2L+) 

in the ultraviolet region indicates a secondary reaction of the 

excited carbon with the residual nitrogen present in the partial 

vaCUUIl of the plaslla challber. 

Here the spatial resolution was better than 0.2 IlIl in the 

direction along the laser (plaslla expansion) axis. and it was 

controlled by a slit in the light path to the Ilonochrollator and by 

the grazing incidence transfer Ilirror and entrance slit of the 

lonochrollator. The line spectra at various distances froll the 

target could be recorded at high resolution. In the region close 

to the target surface. density in the plaslla core is so high 

luch of the broadened line ellission cannot be separated froll 

background. Further away froll the target. in the case of 

that. 

the 

the 

excited atollic carbon. the lines becolle narrower and weaker with 

increasing separation froll the target [26]. The broadening of 

such isolated lines close to the target surface can be attributed 

to electron - ion collisions [26]. 
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i,3. TI ME RE SOL VED ANAL YSI S OF LI P FROM GRAPH! TE 

The experillental arrangellent for the tille resolved analysis of 

the LIP ellission froll graphite is described in chapter Ill. The 

plasDa challber including the lens can be Ilounted on a slide so 

that plaslla portions at any distance froll the target surface can 

~focussed on to the field of view of the Ilonochrollator. A stop 

positioned on the entrance slit which could be varied, Ilade it 

possible for the Ilonochrollator to select any point in the plaslla 

at right angles to the plaslla expansion axis [27]. 

The tille delays and decay tille of the radiation ellission 

of the identified species at the extended regions (region C) of 

the plaslla plulle with laser energy are given in the Table (5.1). 

FroD the tille delays observed, it is seen that in all three 

regions of the plaslla, the Ilolecular band (C2 and CN) ellissions 

have Iluch larger tille delays as cOllpared to ionic/neutral species. 

Generally there is a decrease in tille delay as the laser energy 

increases. The variation of the tille delay and decay tille of 

elission of various species with laser energy in the Ilid region 

md the central core (region A) of the plaslla are given in the 

Table (5.2 and 5.3) respectively. The observed tille delays and 

decay tille of the species in the Ilid region are less than that of 

~e value obtained in the extended region. But in the case of 

central core of the plaslla, the tille delay and decay tille for all 

species are very Iluch less than (nsec) those for the extended as 

lieU as Ilid region (/-lsec). In all three regions of the plaslla 

both the above para.meters for all species decrease with the 

increase in laser energy. As in the case of the tille delays, 

the Dolecular bands have a larger decay time compared to the 

~nized species. As the laser energy increases, the decay time 

of the ellission of the species was found to decrease. Typical 

oscilloscope recordings of all the observed excited carbon lines 

in the extended region of the plasma from the target at the laser 

energy ~ 70 DJ is shown in figure (5.3) in order to cOllpare the 

tiDe delays of these excited carbon lines. The zero on the time 
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Fig.5.3. The CRa trace of the PKT responses for the cOllparison of 
the tille delays of the observed excited carbon line 
ellissions 

0·5.---------------------------.. 

11 

~ 0·' 
...... 
E 
11 

"2 0·3 
x -
11 
o 
i 
> , 
.!! • a 0·1 
Q. 
)( 

III 

~ !-.~ :~:·~I 55 m J ~77mJ = 110mJ 

C2 CN cv CIV CIII CIl Cl 

Sptcits 

Fig.5.4. Variation of plaslla expansion velocity of the different 
species in the carbon plaslla in the extended region (C) 
of the piaslla with laser energy 



Table (5.1) The variation of time delay and decay time of emission 
of the various species with laser energy in the region 
(C) of the plasma 

C 2 Swan band x. = 516.5 nm CN band x. = 421.6 nm 
Laser 
Energy Time delay Decay time Time delay Decay time 

(DJ) (J-lsec) (J-lsec) (J-lsec) (J-lsec) 

55 0.95 1.23 0.89 1.12 
68 0.91 1.16 0.82 1.09 
77 0.81 1.08 0.78 0.98 
88 0.78 1.02 0.73 0.93 
97 0.72 0.96 0.70 0.87 
110 0.68 0.91 0.64 0.81 

CV line ,x. = 494 nm CIV line X. = 580.1 nm CIII line x. = 538.3 nm 

Tille Decay Time Decay Time Decay 
delay time delay time delay time 
(J-lsec) (J-lsec) (J-lsec) (J-lsec) (J-lsec) (J-lsec) 

0.70 0.81 0.75 0.88 0.79 0.99 
0.66 0.79 0.69 0.82 0.73 0.96 
0.61 0.74 0.65 0.77 0.71 0.90 
0.59 0.70 0.61 0.73 0.67 0.85 
0.53 0.67 0.57 0.69 0.61 0.78 
0.49 0.62 0.54 0.66 0.58 0.72 

CII line A = 426.7 nil Cl line x. = 595 nm 

TiDe delay Decay time Time delay Decay time 
(J-lsec) (J-lsec) (J-lsec) (J-lsec) 

0.82 1.02 0.89 1.09 
0.78 0.99 0.83 1.01 
0.75 0.93 0.80 0.97 
0.71 0.88 0.77 0.91 
0.65 0.81 0.69 0.85 
0.61 0.75 0.63 0.79 
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Table (5.2) The variation of time delay and decay time of emission 
of the various species with laser energy in the region 
(B) of the plasma 

C2 Swan band A = 516.5 nm CN band A = 421.6 nm 
Laser 
Energy Time delay Decay time Time delay Decay time 
(IlJ) (/-Isec) (/-Isec) (/-Isec) (/-Isec) 

55 0.92 1.19 0.84 1.1 
68 0.89 1.15 0.82 1.04 
77 0.84 1.12 0.78 0.94 
88 0.81 1.10 0.72 0.91 
97 0.78 1.08 0.67 0.85 
110 0.75 1.07 0.6·5 0.78 

CV line A = 494 nm CIV line A = 580.1 nm CIII line A = 538.3 nm 

Time Decay Time Decay Time Decay 
delay time delay time delay time 
(/-lsec) (/-Isec) (/-Isec) (/-Isec) (/-Isec) (/-Isec) 

0.45 0.78 0.53 0.85 0.68 0.95 
0.41 0.75 0.51 0.8 0.64 0.93 
0.39 0.73 0.47 0.74 0.61 0.87 
0.34 0.67 0.44 0.71 0.52 0.83 
0.31 0.64 0.40 0.66 0.48 0.74 
0.30 0.61 0.38 0.64 0.46 0.70 

CII line A = 426.7 nm Cl line A = 595 nm 

Tille delay Decay time Time delay Decay time 
(/-lsec) (/-Isec) (/-Isec) (/-Isec) 

0.75 0.99 0.82 1.06 
0.70 0.96 0.80 0.98 
0.67 0.92 0.76 0.94 
0.62 0.86 0.68 0.88 
0.56 0.80 0.61 0.82 
0.51 0.73 0.58 0.76 
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Table (5.3). The variation of tille delay and decay tiDe of eDission 
of the various species with laser energy in the region 
(A) of the plasDa 

C2 Swan band A = 516.5 nD CN band A = 421.6 nD 

Laser 
Bnergy TiDe delay Decay tille TiDe delay Decay tiDe 

(mJ) (nsec) (nsec) (nsec) (nsec) 

55 37.778 45.556 33.33 41.556 
68 35.556 43.292 32.22 41.273 
77 33.33 40.326 31.667 40.89 
88 29.44 39.884 30.556 38.99 
97 26.22 33.333 26.444 35.07 

110 21.28 32.798 25.82 33.48 

CV line A = 494 nD CIV line A = 580.1 nD CIII line A = 538.3 nD 

Time Decay TiDe Decay TiDe Decay 
delay tiDe delay tiDe delay tiDe 
(nsec) (nsec) (nsec) (nsec) (nsec) (nsec) 

18.38 29.98 21.04 31.14 21.64 31.44 
17.48 27.85 18.62 30.34 19.33 30.87 
15.32 25.32 16.53 28.19 17.34 28.87 
9.76 21.09 10.16 23.86 11.13 26.13 
7.23 19.87 8.92 21.58 9.34 23.12 
4.91 16.23 5.99 21.00 6.09 21.63 

CII line A =426.7 nD Cl line A = 595 nD 

Time delay Decay tiDe TiDe delay Decay tiDe 
(nsec) (nsec) (nsec) (nsec) 

23.33 35.83 23.89 37.09 

21.01 32.13 21. 289 36.13 
20.09 31.18 20.89 30.55 
18.72 30.05 19.63 30.13 
17.85 24.81 18.39 26.64 
16.61 23.17 17.79 25.78 
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uis is the time of arrival of the laser pulse at the target 

surface. From the above figures~ it is observed that the 

~ectral lines of more highly ionized species are first to appear 

md are followed in turn by ions of successively lower stages of 

ionization. Since the time delays of all identified species were 

recorded at three regions (A~B and C) from the target surface~ the 

expansion velocity of each species were calculated and their 

variation with laser energy were also obtained. Comparing the 

plaslla expansion velocity of all species at different regions of 

t~ pIasma~ it was observed that the velocity decreases as the 

distance from the target surface increases ie~ the velocity 

decreases with the expansion of the plasma. Figure (5.4) shows 

the expansion velocity of different species in the carbon plasma 

at a laser energy ~ 55 mJ. Variations of the expansion 

velocities of different species with laser energy in the three 

regions of the plasma are given in the Table 5.4{a)~ 5.4{b) and 

5.4(c) respectively. From these tables it is seen that the ionic 

species have large value for the expansion velocity compared to 

that of the molecular species and the expansion velocity of the 

species in the plasma increases with laser fluence. 

Comparing the time delays obtained for different species 

at different regions in the plasma from Teflon as well as graphite 

material. it is observed tha~ smaller time delays were obtained in 

the case of graphite plasma which were due to the low threshold 

for the plasma formation at the graphite surface compared to 

of Teflon sample [28]. As a result expansion velocities for 

species in the graphite plasma have larger values compared 

those in the TefIon plasma. 

that 

all 

to 

5.4- CALCULATION OF VI BRA TI ONAL TEMPERATURE OF Cz AND CN MOLECULES 

IN A SPATIALLY RESOLVED PLASMA 

As described previously~ the emission band in the extended 

region of the plasma emission spectrum is dominated by the 

molecular bands of C2 and CH species. The molecular band emission 

119 



Table (5.4). The variation of expansion velocity of the different 
species in the graphite plasma at different regions 
from the target surface with laser energy 

(a) Extended region (C): 2 cms 

Expansion velocity 

(x 107cm/sec) 

Laser energy 
Species 

55 68 77 88 97 110 
(mJ) (mJ) (mJ) (mJ) (mJ) (IlJ) 

C2 0.21 0.22 0.25 0.26 0.28 0.29 

CN 0.22 0.24 0.26 0.27 0.29 0.31 

CV 0.28 0.3 0.33 0.34 0.38 0.41 

CIV 0.27 0.29 0.3 0.33 0.35 0.37 

CIII 0.25 0.27 0.28 0.3 0.33 0.34 

CII 0.24 0.26 0.27 0.28 0.31 0.33 

Cl 0.22 0.24 0.25 0.26 0.29 0.32 
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(b) Hid region (B) 1 cms 

Expansion velocity 
7 (x 10 cm/sec) 

Laser energy 
Species 

55 68 77 88 97 110 
(IlJ) (mJ) (mJ) (mJ) (mJ) (mJ) 

C2 band 0.22 0.23 0.26 0.27 0.30 0.32 

CN band 0.23 0.25 0.27 0.29 0.31 0.34 

CV Line 0.31 0.33 0.36 0.38 0.43 0.49 

CIV Line 0.29 0.31 0.34 0.36 0.39 0.43 

CIII Line 0.27 0.29 0.30 0.33 0.36 0.38 

CII Line 0.25 0.27 0.29 0.30 0.32 0.39 

Cl Line 0.23 0.25 0.26 0.27 0.31 0.33 

(c) Central region (A) 0.66 cms 

Expansion velocity 

(x 107cll/sec) 

Laser energy 
Species 

55 68 77 88 97 110 
(mJ) (mJ) (mJ) (mJ) (mJ) (mJ) 

C2 1. 73 1.83 1.96 2.21 2.5 3.06 

CN 1.96 2.02 2.1 2.13 2.46 2.53 

CV 3.54 3.73 4.25 6.6 9.01 9.4 

CIV 3.09 3.5 3.94 6.4 7.30 8.17 

CIII 3.01 3.37 3.76 5.86 6.9 8.06 

CII 2.79 3.1 3.25 3.5 3.7 3.9 

Cl 2.73 3.06 3.12 3.32 3.50 3.60 
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intensities can be used to calculate molecular vibrational 

temperatures (T . b) • 
Vl. 

The details for calculation of vibrational 

temperature is given in the Chapter I. At moderate resolution, 

the electronic transitions of diatomic molecules often possess 

band structures due to the excitation of many vibrational levels 

[29]. When we observe the plasma emission spectra in the 

extended and mid regions of the plasma, a predominance of the C2 
and eN emission have been found. 

The intensity profile of spectrum obtained in the photographic 

film in the extended and mid regions of the plasma produced from 

the graphi te target were obtained using a microdensi tometer, and 

llie optical density in the photographic plate was converted into 

intensi ty from the knowledge of cal ibration constants and each 

spectrum' is normal ized with respect to the maximum intensi ty which 

finally gives the relative intensities of the bands. All the 

bands have been recorded, whic h inc 1 ude ll.v = -1, 0, and + 1 in the 

wavelength region from 468.4 nm to 563.5 nm, where ll.v = (v'-v") is 

the di fference of the vibrational quantum numbers between the 

~per (v') and lower (v") states of transition. Figure (5.5) 

shows the C2 swan bands of (v'v") = (0,1) up to (4,5) (ll.v = -1). 

These bands are degraded towards the violet, which is the 

c:haracteristics of the C2 swan bands. C2 bands with ll.v = ° with 

(v'v") = (0,0) up to (2,2) were observed in the spectrum (Figure 

5.5) • The bands with ll.v = +1 with (v'v") = (1,0) up to (4,3) can 

also be seen in the spectrum (Figure 5.5). 

of atomic or ionic emission in this region. 

There is no evidence 

The violet regions 

of the spec trum « Figure (5.6» shows the presence of CN violet 

bands with ll.v = -1 in the wavelength region from 415.8 nm to 

421.6 nm, which contain bands from (0,1) to (5,6). Since the 

spectra are recorded with only a moderate resolution 

spectrograph, the rotational structures are not resolved. 

using a 

The CN 

molecules resulting from the secondary reaction of excited carbons 

with the residual air in the plasma chamber give very intense 

bands in the UV region. Most of these set of bands are used to 

c:alculate molecular vibrational temperature of and CN 
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lolecules. Vibrational tellperature of C2 radicals were calculated 

froll the ellission intensities of the above set of bands~ which are 

corrected for the photographic filll response which is 

predeterllined using a standard lallp. 

A cOllparison allong the excited state levels of C2~ CM~ Cl. 

CIl. CIII and CIV etc. and the ionization potential of carbon 

seells to explain the requirellent of the higher laser energy 

needed to generate ionized carbon line ellission [30] . Upper 

states of the C2 swan bands (A3ng) and CM violet bands (B2~+) are 

at 20.000 - 30 ~ 000 Cll -1 and 27 ~ 000 37 • 000 cm -1 respect i ve ly 

[24], while those for carbon and C+ (for visible transition) are 
-1 -1 greater than 80~000 cm and 130~000 Cll respectively. The 

ionization energy of carbon is 90~878 cm- 1 . The 1060 nm laser 
-1 

photons 'corresponds to 9.434 cm So unlike in the case of Chen 

et al. (1991) direct photoexcitation of C2 is not 

available here for higher electronic states followed 

collisional relaxation to the A3ng level. But the C2 

readily 

by the 

Ilolecules 

in the plaslla are Ilainly forlled due to the recombination occurring 

in the salle when the plaslla cools down. At the same tille~ the 

excitation and ionization of carbon would have to be through 

lultiphoton absorption that require higher laser intensity. An 

indirect Ilechanisll is the absorption of photons by residual 

electrons through inverse brellstrahlung [31.32]. Upon collision 

the energetic electrons excite or ionize the other species in the 

plume. Recollbination processes due to slow electrons also take 

place [16]. In all cases~ the C+ creation and Cl. CII etc. 

emission occur at higher incident laser energies. 

An estillation of C2 as well as CM concentration was Ilade from 

the band intensity. The vibrational distribution in the excited 

states of CM Ilolecules in the extended region (C) are shown in the 

Figure (5. 7) . Sillilar distribution were observed in the case of 

C2 Swan bands also in the region (B) and (C) of the plaslla and 

this is according to Frank - Condon principle. 

"hen Log r (>,41 ... ) is plotted against vibrational term values 
v v 

G(v') of the upper electronic state. the slope of this straight 

123 



1000~----------------------------------------------, 

900 

600 

'\ 
~ 700 

X 

i" 600 

• 
• _ ............................. , •• 0 ••••••••• 0 •••••••••••• e ••••••••••••••••••• _ •••••••••••••• e ••••••••••••••••••••••••• e •••••••••••••••••••••• 

4000~------~~------~2~-------i3~-------L4---------S5 

v 

Fig.5.7. The vibrational distribution of CH band in the region (C) 
of the plasma 

65~--------------------------------. 

x 
"'b 

)( 

35L-----~----~----~~--_7~--~ 
SO 60 70 80 90 100 

laser energy ( m J ) 

Fig. 5.8. The variation of vibrational temperature of Cz and CH 

molecules with laser energy in the mid region (B) of the 
plasma. (0 - Cz molecule and + - CH molecule) 



lO~-------------------------------

2 

x 
"'0 

)( 

~ 

E 
t!! 
oD 
::; 

laser energy ( m J ) 

Fig.5.9. The variation of vibrational temperature of C2 and CN 
molecules with laser energy in the extended region (C) of 
the plasma. (0 - C molecule and + - CN molecule) 

2 



line curve give the value of the vibrational tellperature. The 

variation of vibrational tellperature corresponding to the C2 swan 

b~ds and CN Ilolecules in the 11 id region (B) of the plaslla 

ellission with laser energy is shown in the figure (5.8). The 

vibrational tellperature was found to vary froll 4.081 x 104 K to 

6.289 x 104 K for C2 Ilolecules and froll 3.928 x 104 K to 5.628 x 

104 K for CN bands in the Ilid region (B) of the graphite plasma as 

the laser energy is varied froll 55 IlJ to 98 IlJ. This curve shows 

a linear variation of TVib with laser energy. which supports the 

view that molecular excitation to higher energy levels occurs as 

we increase the laser energy. The variation of T .b with laser 
V1 

energy in the extended region of the plasma is shown in the figure 

(5.9). In this case. the vibrational temperature was found to 
. 3 4 

vary from 7.426 x 10 K to 2.772 x 10 K for C2 molecules and from 

6.116 x 103 K to 2.592 x 104 K for CN bands in the extended region 

(C) of the graphite plaslla as the laser energy is varied froll 55 

~ to 98 mJ. In the extended region of the plasma where the 

temperature is lower cOllpared to that of the 11 id region. the 

recombination processes dominate which results in the drastic 

variation of vibrational temperature with laser energy. 

above figures it is clearly seen that a saturation of 

region 

Froll the 

the 

of 
T .b V1 

the occurs at higher laser energy in the extended 

plasma. COllpared to Teflon target. graphite has a lower work 

function so that threshold like phenollena as in the case of Teflon 

will appear at a Iluch lower laser energy « 55 mJ) and after this 

threshold region. when the laser energy is further increased. the 

saturation phenollena will appear. But in the case of mid region. 

where the plasma tellperature is higher and as the laser energy 

increases more molecules are excited to the higher vibrational 

levels. which result in the linear increase in the vibrational 

temperature. 
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5.5. COHCL US! OHS 

In the case of laser induced plasma from graphite target, the 

plasma emission spectrum in the centre and mid region is found to 

be dominated by higher ionized states of carbon lines (up to CV), 

where the spectrum in the outer region is dominated by the 

lolecular bands of C2 and CH. Thus the spatially resolved plasma 

emission spectrum shows distinctly different characteristics. 

From the time resolved studies, the time delays of different 

species in the plasma are obtained and the expansion velocities of 

the various species are calculated. Their variation with respect 

to laser energy is also obtained. From this it is seen that the 

ionic species have large value for expansion velocity compared to 

that of molecular species. The time resolved studies of the 

spectral emission of different species in the plasma throw much 

light on the complex interaction processes occurring in the 

plasma. From the time delays, we can conclude that molecular 

species may not be originating from the target material at higher 

laser energies, but are formed as a result of recombination 

processes as the hot plasma expands and cools ie, the molecular 

bands are formed due to collisions of atomic and 

It was also found that the values obtained 

ionic species. 

for vibrational 

temperature for C2 and CH molecules are in good agreement with 

each other, but these are much higher than the graphite melting 

point of about ~ 4000 K. The laser interaction with the plasma 

plume is considered to be responsible for this. An estimation of 

concentration of these species also has been made in this study. 
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CHAPTER VI 

CHARACTER! Sf I CS of LASER I NDUCED PLASMA FROM 

HIGH T SUPERCONDUCTORS c 

ABSTRACT 

This chapter deals ~ith the results on the spectral as 

~ell as the ti.e resolved analysis of plas.a e.ission fro. two 

U"e resolved analysis l the ti.e delay and decay constants of the 

all the identified species present in the plas.a are .easured and 

several interesting results were obtained. Using the ion probe 

technique plas.a te.perature and velocities of the positive ions 

as flell as electrons are also calculated. 
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16.1. INTRODUCTION 

The discovery of superconducting ceramic materials by Bednorz 

I~d Muller [1] in 1986 is a notable milestone in the history of 

'~ience. Most of these rare earth based oxide ceramics are 
I 
I superconducting above liquid ni trogen temperature and that are 

: I!xpected to have tremendous appl ications in various devices and 

I systems. For many of the dev ice app I ica t ions, it is necessary to 

fabricate these materials in thin film form. Recently it has 

been demonstrated that laser ablation is a viable technique for 

producing thin films of high T ceramic materials [2,3,4]. 
c 

The laser ablation of high T target is accompanied by the 
c 

formation of bri 11 iant elongated plasma located over the target 

surface and extending outward up to about ~ 2 cm from it [5]. It 

was found by earl ier workers that the major luminescent species in 

~e plume of laser ablated high T 
c 

materials 

neutral, ionized atoms and diatomic species. 

are arising from 

Analysis of the 

optical emission spectrum from the plasma plume has been used to 

identify vapourized and ejected species from the target [6,7,8]. 

Identification of these species is important in understanding the 

c~plicated ablation, transport and deposition 

Studies on laser-induced plasma emission provides [9] 

processes. 

information 

on various species ejected from the target and the same could be 

used as a signal source for processes monitoring or studying the 

mechanism involved in the formation of thin films. 

An excimer laser with very high photon energy may causes an 

internal electronic excitation and atomic bond breaking. It was 

observed ear 1 ier tha t YBaCuO has got smaller absorption 

coefficient for the IR radiation compared to that for the excimer 

laser [10] so that more thermal effects can be expected rather 

~an electronic excitation and atomic bond breaking effects which 

happen in the case of excimer laser radiation. Fragments emitted 

from the surface by the irradiation of the IR laser beam are 

~obably clusters or droplets near the threshold energy for the 

sputtering. 
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The spectral emission intensity variation was studied by Puell 

et.al [11] and was found to decrease only slowly wittl increasing 

distance from the target surface up to ~ 1 mm, but beyond this it 

fell rapidly. As the radiative life times [11] of the states 

~nitored are short (~ 10 nsec), these observations rule out 

excited atoms and ion being formed slowly at the surface and 

~ggests that excitation is maintained within the first 1 mm or so 

of the target by collisions and electron recombination. This is 

equivalent to a model where the plasma plume undergoes one 

dimensional expansion for a spot diameter of ~ 1 mm and three 

dimensional expansion beyond this [12]. The density falls much 

rapid I y under certain conditions and exci tations. Relatively 

high temperature appears to accompany ablation, resul ting in high 

velocity'of emission (~ 104 m/sec) and the corresponding particle 

energy (~ 25 - 50 eV). The extend of ionization in the plume is 

l~ « 47.) for low fluences so that neutral rather than ionized 

species wi 11 predominate in the deposition processes under this 

condi tions [13]. 

laser intensity. 

The ionized species are predominant at higher 

Several studies indicate that the onset of 

ablation occurs during the ear 1 y portion of the 1 aser pu 1 se and 

afterwards, interaction between the later portion of the pulse and 

the material ablated from the target will occur [14-17]. 

It is observed by several authors [18,19] that the emission in 

the plasma resul ts from the free-free electronic and free-free 

bound recombinations which produce continuum emission and 

bound-bound transitions which produce line emission. 

The time resolved emission peaks of all identified species were 

easured by Girault et.al. [20] with the help of PMT coupled to a 

Kmochromator and fast oscilloscope. The signal consists of an 

initial sharp peak which is due to scattered I ight from the 

ablating laser pulse followed by emission from the intense plasma 

created at the target surface. The broad delayed peak 

corresponds to the emission from the fragments in the plume [20]. 

Since the temporal variation of the emission is closely related 

to the ablated fragment distribution, the average expansion 
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veloci ty of the fragments can be calculated from the measured time 

delay • 

When the spectroscop~c and time resolved measurements are taken 

by Wu et.al. in oxygen atmosphere, it was observed that the 

emission intensities of all detected lines and bands are enhanced 

rompared to that in vacuum [21]. The ejection velocities of the 

ablated species are sensitive to oxygen pressure in the chamber. 

The velocity of the ionic species are very sensitive to oxygen 

pressure. It is observed that velocity of neutral and ionic 

species remain constant from vacuum to oxygen pressures up to ~ 

-2 
10 mbar and decreases rapidly beyond this, whereas velocity of 

t~ diatomic species seem to decrease regularly with the oxygen 

pressures. 

In or~er to understand the detailed aspects of laser beam 

interaction with the target material and recombination processes 

following the laser ablation, the time resolved studies of the 

spectral emission from the plasma offer the most convenient 

approach. The time resolved studies of plasma can give vital 

information regarding the the time taken for a particular state of 

a constituent to evolve after the plasma is produced and different 

state of ionization of the same. Time resolved studies of LIP 

yield a greater amount of information regarding the complex 

ablation and transport processes [22]. The dynamic measurements 

of Wu et al [21,22] are limited due to the line selection using 

optical filters (~ ~ 100 AO) which make it clearly impossible to 

study unambiguously the the time evolution of the line and band 

emissions from the individual species. 

In this chapter the results on spectroscopic as well as time 

resolved analysis of the evolution processes in the laser induced 

plasma from high Tc superconductors like YBa2 Cu3 0 7 (Tc = 90 K) and 

GdBa2Cu3 0 7 (Tc = 93 K) are given along with ion probe techniques. 

These studies provide information on ablated species, expansion 

velocities and their extent of ionization in the plasma plume. 

From the ion probe measurements, important plasma parameters such 

as electron temperature and velocity of positive ions as well as 
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electrons were obtained. 

Most of the spectroscopic studies do not clearly reveal the 
+ 

~istence of CuD and Cu [4,3,8]. Geyer and Weimer observed the 

presence of YD in the plasma generated from the Y-Ba-CuD target. 

Weimer and Wu [23] establ ished the presence of oxides of Ba and Cu 

in the excimer laser produced plasma from the Y-Ba-CuD target. 

~wever the present study shows clearly the excistance of GdD, YD, 
+ -BaD, CuD and Cu along Wl. th the neutral atoms and ions in the 

laser produced plasma from YBaCuD and GdBaCuD targets. In 

~rlier studies, oxides and ions might have escaped detection due 

to the fast decay of emission from these species as a result of 

recombination and plasma cool ing. 

6.2. SP'ECTRAL ANALYSIS OF LIP FROM Gd-Ba-CuO AND Y-Ba-CuO 

HI GH T SAMPLES 
c 

The observation of the presence of diatomic oxides in the 

plasma produced from high T samples by the pulsed laser ablation 
c 

with 1.06 ~m radiation from Nd:YAG laser is presented below. 

Typical plasma emission from high T material is shown in the 
c 

figure (6.1) • The experimental arrangement used for the 

spectroscopic studies is described in the chapter I I I • Here we 

used laser pulses having energy ~ 150 mJ, which was focussed on 

~e sample with a laser spot size of (1 mm). The energy density 

at the target was estimated to be ~ 19 J/cm2 • The target of high 

purity high T material pressed and sinterd cylindrical pellet was 
c 

used [23]. The plasma emission spectra for Y-Ba-CuD and 

Gd-Ba-CuD samples in the region A = 400 nm to 600 nm are given in 

the figures (6.2a and 6.2b) respectively. Emission wavelengths 

observed were compared with literature values and they are given 

in the Table (6.1) [24]. 

Spectrum consists of a continuum emission that centered in the 

visible region and several emission lines. The continuum 

background is plasma emission from sample surface and the spectral 

lines are emission from sublimented ions/atoms [25]. These 
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Fig.b.!. Typical plasma emission from high 

(Laser energy density ~ 12 J/cm2 ) 
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Superconductor 
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plasma emission spectra show prominent lines due to 

~d Gd+, Ba+ and Cu in the case of the two targets 

The emission spectra thus reveal the presence of rare 

and Ba+ in the plasma. Lines due to Cu+ do exist in 

+ Ba, Cu 

respectively. 

earth ions 

the plasma 

though they are comparatively weak due to higher ionization energy 

of copper (Cu ~ 7.726 eV, Ba ~ 5.211 eV, Y ~ 6.378 eV, and Gd ~ 

.6.16 eV). It should be mentioned that the recorded spectra 

clearly show the bands due to diatomic oxides YO and GdO in 

~dition to the bands of BaO and CuD. The bands are easily 

identified due to the better resolution possible with a prism 

spectrograph in comparison with a multichannel analyzer [1]. The 

existence of gas phase oxides are encouraging since it reduces the 

possibility of deposition of oxygen deficient films. 

Presence of ions in the plasma is very significant since it 

will enhance the possibility of the formation of metal oxides 

within the plasma. Spectra also show the intense lines due to 

the presence of excited neutral atoms produced by the unionized 

species indicating that plasma is not fully ionized. As seen 

from the spectra, lines due to Gd and Y species 

identified by looking for the lines which are not 

can be easily 

c01lm.on to Gd and 

Y based samples. Ions are mainly produced by thermionic emission 

md atom-electron collision. 

6.3. TIME RESOLVED ANALYSIS 

Ca). Gd-Ba-CuO SAMPLES 

For the time resolved studies a part of the plasma plume at 

about 1.5 cm away from the target surface was focussed on to the 

slit of the monochromator (Jarrel - Ash, 0.5 m) coupled to a PKT 

md a CRD/Box car averager. The experimental set up for the time 

resolved studies are given in the chapter Ill. Since a 0.5m 

aonochromator has used for wavelength separation (A~ < 1 AO), the 

line selection is more accurate than the work of Wu et al. (1989). 
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The pulse shape of the selected ellission line of all the species 

in the plaslla could be recorded [26] using a storage oscilloscope 

( 100 HHz). 

A typical CRO trace of the PHT response due to the line (A= 

~5.5 nil) ellission of copper ions is shown in the figure (6.3). 

The response in this case has a t ille de lay of O. 14 J-lsec with 

~spect to the laser pulse. This figure shows clearly two 

features, one a strong prollpt ellission and the other a slow 

oission peaking after few lIicroseconds. The overall optical 

ellission starts after a 7 nsec tille delay after the start of the 

laser pulse indicating that the tille required for significant 

evapouration of the species froll the surface. The prollpt 

ellission is due to the laser excitation of the evapourated 

~ecies,'whereas the slow ellission is 1I0St likely due to the 

electronic collisional excitations and is sensitive to 

tille 

tille 

oxygen 

delay 

delays 

pressure, particularly for oxide species [16]. 

was found to vary for different species. 

This 

The 

Ileasured for ellission froll different atollic, ionic and 1l01ecular 

~ecies are displayed in the figure (6.4). 

feature of the result is that ellissions 

greater tille delay as cOllpared to that 

species. This evidently is due to the 

The 

froll 

froll 

fact 

Ilost significant 

oxides has got 

ionic and atollic 

that the initial 

plasma temperature is so high that formation of oxides is not 

possible. As the plaslla cools down, recollbination processes Ilay 

give rise to the forllation of Ilore oxides. A closer observation 

of the pu Ise shape shows a non exponential decay of the 

ellission. This becolles clearer froll the Log I-Log t curve. 

A Log-Log plot of the tille dependence of the plaslla intensities 

of all species reveals an initial period of slow decay followed by 

a comparatively faster decay. Figure (6.5) shows the such 

typical plots of plaslla ellission lines of Cu, Cu+ and CuO. The 

tellporal decay of ellission due to plaslla cooling can be expressed 

as a power law. 

(6.1) 
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Where H(T) is the Heaviside function. So that H(T) =1 for T 

})o and 0 for T < 0 and b 1 and b2 are the decay constant in the hot 

~d cold phase of the plasma. For t <t1 , it is observed that b 1 

(1 for all species, whi le b2 ) 1 except for BaD and Ba. Decay 

constants b1 and b2 observed for the spectral emission from 

~rious species in the plasma is shown in the figure (6.6). Due 

to collisional excitations and recombinations, initially plasma is 

in a highly non-equi 1 ibrium state and for t )t1 , 

thermal equilibrium with a faster cooling rate. 

it tends to 

A careful 

examination of the analysis of these magnitudes will give some 

valuable information required for plasma diagnostics. The two 

time periods in a Log t-Log I curve represent the hot and cold 

~ases of the plasma. It is worth noting that in the hot plasma 

(6.2) 

and in the cold plasma, 

(6.3) 

which shows that emission from CuD molecules dies down rather 

quick 1 y. 

Cb). V-Ba-CuO SAMPLES : TIME RESOLVED STUDIES 

The time resolved studies of this material also have different 

time delays for all the different species emitted from the target. 

Here the time delays of each species with respect to laser 

fluence was measured. Comparing emission from different species 

, the oxide species were found to have larger time delays. As 

noted above, this could be due to the reason that oxides are 

mainly formed due to recombination, when the plasma cools down. 

Table (6.2) shows the variation of time delays of all the 

identified species with respect to laser fluence. Similarly the 

variation of decay time of all the species with respect to laser 

energy is also shown in the table (6.2). Here also it is 
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Table (6.2) The variation of time delay (TO) and decay time (DT) 
of different species in the Y-Ba-CuO high T material c 
with laser energy 

Laser 55 65 75 88 99 
Energy mJ mJ mJ mJ mJ 

Spec TO I DT TO I DT TO I DT TO I DT TO I DT 
-ies (~sec) (~sec) (~sec) (~sec) (~sec) 

CuO 0.59 2.7 0.54 2.3 0.51 1.9 0.48 1.6 0.44 1.4 

BaD 0.48 1.9 0.45 1.5 0.41 1.2 0.39 1.0 0.36 0.98 

YO 0.51 2.4 0.49 2.1 0.45 1.9 0.43 1.7 0.40 1.4 

Cu 0.18 1.7 0.16 1.5 0.13 1.2 0.1 1.0 0.09 0.97 

Ba 0.15 1.01 0.13 1.0 0.11 0.98 0.1 0.92 0.08 0.88 

Y 0.08 1.16 0.06 1.1 0.03 0.99 0.01 0.96 0.009 0.93 
Cu+ 0.07 1.09 0.05 1.05 0.03 1.02 0.01 1.0 0.009 0.98 
Ba+ 0.05 1.0 0.02 0.96 0.009 0.92 0.008 0.89 0.007 0.87 
y+ 0.04 0.92 0.02 0.9 0.01 0.86 0.01 0.82 0.009 0.8 

Table (6.3) Time evolution of the Langmuir probe pulse for 
various probe voltages at two values of laser fluence 
(Gd-Ba-CuO sample) 

Decay Constants 

Probe Voltage 
Laser epergy 
25 J/cm 

Laser enfrgy 
19 J/cm 

(Volt) 
51 52 51 52 

20 0.84 1.67 0.82 1.93 

22.5 0.94 1.44 0.40 1.38 

25 0.53 1.31 0.13 0.80 

27.5 0.17 1.15 --- ----
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observed that the o)(ide species wi 11 have larger decay time as 

compared to that of the ionic or neutral species. As the laser 

~ergy increases, plasma generation becomes more rapid and due to 

the generation of high density of the species, the probability of 

rollision will increase and correspondingly the mean free path 

decreases. All these comple)( processes resul t in the decrease in 

~e time delay of all the species present in the plasma with laser 

fluence. This will also result in the decrease in the decay time 

ri emission of all identified species with laser fluence. Also 

it was observed that the ionic species decay faster than that of 

~e atomic species. 

6.4. LANGMUI R PROBE STUDl ES 

In the ion probe technique a variable bias voltage (0 to 30 

Volt) was applied between the probe and the body of the plasma 

chamber. The typical probe circuit used for the analysis is 

shown in the chapter I. The e)(perimental arrangement used for 

the probe studies are given in the chapter Ill. The electrons in 

the plasma were collected by the probe (3 cm length and 1.6 mm 

diameter) kept at about 1.5 cm away from the target surface. The 

voltage pulse developed was measured across a 50 ohm load 

resistance on a storage oscilloscope. The probe current was 

studied as a function of probe voltage and from the I-V 

characteristics thus obtained, plasma temperature and velocity 

were evaluated. The oscilloscope trace of the time resolved 

probe signal is shown in the figure (6.7), which consists of a 

sharp initial photoelectric component attributable to UV 

excitation from the plume and after a considerable delay the broad 

signal corresponding to to the arrival of ions at the collector 

[12,6] • Figure (6.8) shows the time evolution characteristics of 

the plasma recorded using a Langmuir probe 

density of ~ 19 J/cm2 • From the slope of 

at a laser energy 

the I-V plot, the 

plasma temperature is calculated using the equation given in the 

chapter I (equation no. 1.62). 
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The slope of the I-V curve S ~ 0.02. for which, the temperature 
5 0 of the plasma was calculated to be ~ 5.8 x 10 K. The plasma 

(electron as well as positive ions) velocity is described in the 

chapter I (equation no. 1.62). From that, the velocity of the 
8 

electrons in the plasma was calculated to be ~ 4.5 x 10 cm/sec. 

The veloci ties of the positive ions in the plasma were calculated 
6 

Ito be ~ 1.06 x 10 cm/sec (for an average value of positive ion 

IlIIass in the plasma). 

However, the observed values of the particle velocities proved 

I that the time delay of emission from various atomic and molecular 

i species are not due to the time of flight phenomenon as suggested 

~ Dyer et.al. [12] while the plasma expansion velocities can 

~ing about a small delay, the major part observed delays does 

seem to' arise from the recombination processes. The Log I-Log t 

plot of the laser produced plasma from high T Bd-Sa-CuD sample at 
c 2 

various probe vol tages (laser energy densi ty ~ 25 J /cm) are 

described in the figure (6.9). The Log-Log plot of the temporal 

decay of the ion probe current has two slopes S1 and S2' so that 

as in the case of plasma intensity variations. 

Ht) can be written as, 

The probe current 

(6.4) 

Time evolution of the Langmuir probe pulse for various probe 

voltages and two values of the laser energy are described in the 

table (6.3). This table shows that decay constant in this case 

depends on the probe vol tage. The electrons produced during 

laser ablation can develop as a sheath around the probe which 

c:ause initial slow decay of pulse. The decay becomes faster when 

t~ probe potential break the plasma sheath. 
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1.5. CONCLUSIONS 

The plasma emission spectrum of high T superconductors clearly c 
shows the presence of diatomic oxides species along with the 

lines of neutral atoms and ions. Existence of oxides and ions in 

the plasma is important to obtain good quality superconducting 

thin films. 

Froll the tille resolved studies of plasma emission from high T c 
s8.IIples the time delay as well as decay tille of all species 

present in the plaslla were Ileasured. it has been observed that 

Ithere is a fairly large time delay for the onset of emission from 

oxide species in comparison with those froll atoms and ions of 

constituent elellents present in the plaslla. Faster decay occurs 

for emission froll oxides and ions cOllpared with that from neutral 

atolls. Froll the time delays observed it is evident that the 

oxide species are forlled when the plaslla tellperature begins to 

fall. Under this condition, the presence of continued 

~citation processes are required for the emission froll oxide 

~ecies. These aspects also support to the view that oxide 

species Ilay not be originating froll the target Ilaterial as such 

but are forlled as a result of ion-oxygen recombination processes 

as the hot plaslla cools down. The oxygen deficiency which is a 

crucial paralleter for the superconductivity in high 

can thus be controlled by adjusting the partial 

T ceramics. c 
pressures of 

oxygen in the plaslla challber during the process of thin filll 

deposition using laser ablation technique. 

Using the Langlluir probe technique. plaslla parameters such 

as plaslla tellperature and velocity of positive as well as 

electrons in the plaslla were 

observed that decay constant 

depend on the probe voltage. 

evaluated. 

of the 

SOlle 

Here it is also 

ion 

control 

probe current 

over the 

stochiolletry and cOllposition of the filll obtained can therefore be 
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effected by creating an electric field near the substrate 

the laser plasma deposition of high T c materials. 

during 

So the 

external electric field can affect the recombination rates and 

thus the composition of the high T thin films 
c 

substrate can be controlled to some extent. 

ablation method is used for this purpose. 

deposited 

when the 

on a 

laser 

Dyer et al [12] mentioued that time lags attributed for the 

various species in the plasma are due to time of flight so that 

velocity should have (K)-1/2 dependence (K- mass of the ablated 

species» . But the time delay observed here does not support 

this view. Of course. the plasma expansion velocity may also 

contribute to the time delays in certain cases (very small delays) 

but the major part of the observed time delays does seem to arise 

froD the recombination processes. Results of initial 

measurements of plasma velocity using Langmuir probe gives values 

of ~ 104 m/sec for the positive ion velocities which lends support 

to the above conclusion. 
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CHAPTER VII 

SPECTRAL CHARACTER! srI CS OF LASER I NDUCED PLASMA FROM 
MET AL TARGETS 

ABSTRACT 

Studies on spatially resolved plas.a e.ission fro. two 

.etal targets (Alu.iniu. and Copper) obtained by the laser 

irradiation using pulsed Nd:YAG laser are presented. Using 

Lang.uir probe techniques l various plas.a parameters like plas.a 

te.perature l plas.a densitYI frequency and velocity of ions in the 

plas.a are calculated and are discussed in this chapter. 
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7. 1 • I NTRODUCTI ON 

The interaction of high intensity pulsed lasers with 

metals results in the formation of plasma and the observed optical 

emission from laser induced plasma is useful in characterizing 

both the laser target 

[2] . 

interaction [1] and the resulting plasma 

Light is absorbed in metals by internal photoelectric 

effect. raising the electron to higher energy states in the 

conduction band so that the mean free time between the collisions 

for electrons is ~ 10-14 to 10-13 sec [3.4]. Thus for the times 
-9 -8 of the order of ~ 10 to 10 sec. which is the usual laser pulse 

duration. the electrons have made many collisions among themselves 

~d with lattice phonons. The energy absorbed by the one 

electron will be distributed and converted into the heat energy 

within the volume in which the light is absorbed. On exposing 

the metal surface to laser radiation. the metal surface will be 

vapourized resulting in the formation of plasma. 

Studies of atomic and molecular ionization near metal 

surfaces have primarily considered the case in which the 

atoms/molecules are located in the ground electronic state [5]. 

In such cases ionization probability is close to unity when the 

metal work function exceeds the particle ionization potential 

whereas for the reverse relationship. ionization probability drops 

off sharply. In the latter case. the ionization efficiency can 

be increased significantly by exciting the particles to electron 

levels at which ionization energy is less than the work function 

[6] . 

When the laser radiation is incident on the Aluminum 

sample at room temperature most of the incident energy is 

reflected. The remaining is absorbed in a skin depth 6 through 

inverse bremsstrahlung. through the excitation of conduction 

electrons in intraband transitions. This absorption of laser 

energy results in the rise of temperature of the sample surface. 

The thermal coupling coefficient A = Ea/Ei (where Ea is the 
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absorbed and Hi is the incident laser energy), which depends on 

the plasma properties like temperature, the speed of discharge 

propagation etc [7]. Usually when a dense plasma is already 

formed near the irradiated surface, its properties and subsequent 

evoluation are fully determined by the laser intensity I and 

geometry of the irradiation and do not depend on the surface 

characteristics. When the target surface is involved in an 

initiation of gas breakdown, it influences the threshold intensity 

Ith which is required for the plasma formation. It was shown 

that [8] in the initial stage of gas breakdown near the metal 

surfaces, defects near metal surface are overheated by the laser 

irradiation, evapourate and serve as a microplasma sites. 

The laser induced plasma generation of Copper is described 

by an intense emission centered in the green region of the visible 

spectrum [9]. The dynamics of the plasma formation is controlled 

by the dynamics of the desorption processes and accompanying 

changes in the optical and electromagnetic properties of the 

surface [10]. The generation and identification of the Copper 

species by laser induced ablation from a clean Copper surface are 

of interest in the context of the process occurring in the laser 

induced thermal desorption (LITD), which is emerging as a new and 

versatile tool in area of surface sciences [11]. 

Plasma has been characterized in terms of their 

appearances, their spectra, their electron temperature and density 

profiles [12]. The appearance and spectral characteristics of 

LIP from metal targets are position dependent. The region just 

above the sample surface (region A, primary plasma) has a strong 

continuous emission whereas, the surrounding region (region B and 

C, secondary plasma) will have a strong line spectrum 

characteristic of the sample with negligible background signal 

[13,14]. The concentration of a particular species is 

proportional to the area under its emission curve. Continuum 

emission is produced by both free-free bremsstralung (elecron 

collision with atoms) and the electron - ion recombination. 

The knowledge of the plasma information is of importance as it 
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lay Ilodify both energy coupling and also the energy and the nature 

it~ ablated species thus influencing the deposited film in the 

~~ of laser plasma deposition processes. 

The spatial and temporal resolution of optical emission spectra 

of Alullinium plasma produced by the flash lamp pumped dye laser 

liS studied by Knutdson et. al. [2]. Relative emission intensi ties 

Irovide electron temperatures as a function of time, distance from 

:he target surface and the incident laser intensity and they 

mtained the electron temperature ~ 6 eV 

In this chapter spatial variation of spectroscopic analysis of 

the plaslla ellission froll Alulliniull and Copper targets are 

reported. From the relative intensities of AlO bands population 

~istribution in various vibrational levels and vibrational 

tellperat1,lre of AID molecules are calculated. Using LangDuir 

probe technique in the Aluminiull plaslla various plaslla paralleters 

like electron temperature and velocities of positive as well as 

negative ions obtained are also given here. 

1.2. SPECTRAL CHARACTERISTICS OF METAL PLASMAS 

The experillental arrangement for the spectroscopic analysis of 

the spatial variation of the plasma emission from the metal 

targets (Alullinium and Copper) was described in detail in chapter 

1II. Typical plasma emission from Aluminium and Copper targets 

are shown in the figure (7.D and figure (7.2) respectively. 

The plasma emission spectra from Aluminiull and Copper target 

in the region (A) and region (C) of the plasma are shown the 

rigure [7.3(a), 7.3(bil and Figure [7.4(a), 7.4(bB respectively 

llong with Ilercury spectrull for the wavelength calibration. 

In the case of the plasma ellission spectrull of Aluminiull target 

it is observed that the spectrum in the extended region (C) is 

dOllinated by the intense Ilolecular bands of AID with l:i.v = +2, +1, 

0, -1 and -2 due to the transition froll B2~ --} X2~ ground state 

in the wavelength region froll 447.0 nil to 542.43 nil. The 

spectrull of first positive system of nitrogen Ilolecule due to 
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Figure 7.1. 

Figure.7 . 2 

Typical plasma emissioIl from an AluJl :; n ium target 
(laser fluence ~ 12 J/cmz ) 

Typical plasma emission from a Copper target 
(laser fluence ~ 12 J/cm ) 
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Fig.7.4(b) 
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I:ransitions from B3 1T --) A3 I:, (degraded to violet) with two bands 

7,4) and (8,5) in the wavelength region 654.48 nm and 646.85 nm 

MId IInd positive due to transitions from C3 TT --) B3TT~ (degraded 

:0 shorter wavelength) with two bands (1,5) and (4~8) in the 

-avelength region 426.9 nm to 409.4 nm were also observed. The 

!xistence of bands due to the nitrogen molecule was due to the 

lreakdown of residual air in the partially evacuated plasma 

:hamber by the high intensity laser pulse. But the plasma 

!lission spectrum in the center region of the plasma was dominated 
2+ + 

~~e Al and Al along with neutral aluminum atoms. In the case 

:1 Copper plasma, the plasma emission spectrum in the central 

~ion consists of continuous background with ionic (Cu+ and Cu++) 

and neut\a I I ines super imposed on it, whereas the spec trum in the 

!xtended region consists of well defined neutral and ionic lines 

.ithout any background continuum. Generally the lines due to 

~ic species are less intense and broadened as compared to those 

jue to the neutra I atoms. The laser induced plasma generation of 

:Opper is accompanied by an intense visible emission centered in 

the green region of the visible spectrum. The bands obtained in 

~s region were very weak including the small group of band 

reads. The intense band systems of CuD exist in the red region 

~f the spectrum, which was beyond the detection range 

600 nm) • 

(400 nm 

Thus one notices absence of prominent band system in case 

of the plasma emission spectrum from Copper target. But some 

~ak band heads due to CuD are however seen in the emission 

spectrum in the outer region (region (C» of the Copper plasma, 

whereas ionic lines are dominant in the region (A) of the same. 

~t in the case of Aluminium plasma intense AID bands are present 

in the visible region. In both cases, the ionic lines in the 

spectrum are general I y found very weak and broadened compared to 

that of neutral lines. This spatial variation in the plasma 

emission spectrum is essentially due to the fact that in the core 

region (A) of the plasma, the plasma temperature is very high so 

that only ionic and neutral species are present whereas, in the 

148 



extended region of the plasma where the plasma temperature is 

comparatively lower, the recombination processes are predominant 

which result in the formation of molecular bands. 

From 

vibrational 

the relative 

temperature 

intensities of 

was calculated 

AIO 

(the 

bands, 

details 

the 

of 

calculations used here are given in the chapter I). Figure (7.5) 

shows the population distribution of AIO molecules in various 

vibrational levels. The variation of vibrational temperature of 

AID with laser energy is shown in the figure (7.6). 

7.3. LANGMUI R PROBE CHARACTER! Sf I CS OF THE ALUM! NI UM PLASMA 

The experimental arrangement of the Langmuir probe 

characteristics are given in the chapter III and the basic 

calculation used for obtaining the various parameters from this 

study is given in the chapter I. The probe consisting of a 

Copper wire of few mm diameter was introduced into the Aluminium 

plasma at a particular distance from the target so that both 

electrons and positive ions can be detected by suitably biasing 

the probe with positive as well as negative voltage. The 

corresponding probe characteristics were approximately measured. 

The probe characteristics for the Aluminium plasma is shown in the 

figure (7 . 7). The details about this type of characteristics was 

given in the chapter I. From the probe characteristics, the 

saturation current (I i ) was found to be ~ 0.4 mA so that 

(7.1) 

where A is the area of the probe 
10 3 

The plasma density was obtained as n = n = 3.6 x 10 Icm e + 
from these parameters the plasma frequency was obtained as, 

= 10.6 GHz (7.2) 
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when the probe voltage versus log (probe current) is plotted, a 

straight line is obtained and from the slope of this curve 

(figure (7.8) the electron temperature was obtained by using the 

equation (l.Sl) in the chapter I, 
4 The electron temperature Te ~ 10.S x 10 K ~ 9.0 eV 

From this velocity of electron as well as velocity of the positive 

ions were obtained. 

Electron Velocity <V > = 2.2 x 108 cm/sec e 
Positive ion velocity <V+> = 9.9 x 105 cm/sec 

Thus various plasma parameters were obtained by Langmuir probe 

Ilethod. 

7.4. CONCLUSION 

The spatially resolved plasma emission spectrum of 

Aluminium and Copper shows distinctly different characteristics. 

The plasma emission spectrum in the outer region of the Aluminium 

plasma was dominated by the molecular bands of AIO and centre 

region was dominated by AI+,AI++ along with neutral Aluminium 

atoms. In the case of Copper plasma, the plasma emission 

spectrum in the central region consists of continuous background 

with ionic (Cu+ and Cu++) and neutral lines superimposed on it, 

whereas the spectrum in the extended region consists of well 

defined neutral and ionic lines without any background continuum. 

Generally the lines due to ionic species are less intense and 

broadened as compared to those due to the neutral atoms. Such 

variations in the characteristics of the plasma emission spectrum 

could result mainly from the variation in the plasma temperature 

at different distance from the target surface. 

From the relative intensities of AIO bands, the population 

distributions of AIO molecules at different vibrational levels 

were obtained. The vibrational temperature of AIO bands was 

calculated and their variation with laser energy was also 

obtained. 

From the Langmuir probe technique, it was found that this can 

be effectively used to diagnose high density plasmas generated by 
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the laser ablation. Both electron temperature and velocity of 

negative as well as positive ions were calculated. Since there 

exists fairly high electron density, it can be concluded that 

substantial optical absorption occurs in the plasma directly. 

Thus this technique will provide valuable insight to the laser 

produced metal vapours in terms of their plasma characteristics. 

It is also evident that the Langmuir probe method can provides 

information which is complementary to that obtained from 

spectroscopic measurements. 
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CHAPTER VIII 

DEP~TION OF METALLIC THIN FILMS BY LASER ABLATION TECHNIQUE 

ABSTRACT 

This chapter is divided into t~o sections. Section A 

describes an experi.ental set up for the preparation of thin fil.s 

by laser ablation using pulsed Nd:YAG laser. As a pre1i.inary 

study~ copper .eta1 fil.s have been deposited by this technique. 

Their optical trans.ission characteristics ~ith respect to 

different parameters such as laser energy~ nu.ber of pulses~ 

substrate temperature and the distance bet~een the target and the 

substrate are studied. In order to obtain a better and .ore 

unifor. fil.~ a .odified set up for the substrate heater is also 

discussed in this chapter. Section B presents advant~es and 

some of the applications of laser deposition technique. 
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SECTION A 

8.1. INTRODUCTION 

Ca) GENERAL INTRODUCTION 

The use of intense laser beams to evapourate refractory 

materials for the preparation of thin films was described as early 

as 1965 [1]. While the interest in laser evapouration to produce 

thin film was continued [2], recent developments have seen the use 

of lasers for chemical vapour deposition, photodecomposition and 

electroplating. In addition, laser annealing has been used in 

the recrystallization of amorphous films produced by 

RF-sputtering. Ruby, CO 2 and Nd:YAG lasers have been used in the 

deposition of thin films by laser evapouration method. Generally 

the CO 2 laser is preferred for the evapouration of insulating and 

most semiconducting materials, while ruby or Nd:YAG lasers are 

preferred for evapourating metals. The composition of the 

resulting film has been shown to depend on the geometrical factors 

and pulse intensity [3,4,5]. 

As described in earlier chapters, ablation of sample using 

pulsed lasers produce brilliant elongated plasma extending 

outwards from the target. As the sample kept in the vacuum 

chamber is irradiated, the material is vapourized and ejected from 

the surface towards the substrate, which can be suitably heated 

and placed in the region of the plasma plume [6]. The gaseous 

species condense on a relatively cooler substrate to form thin 

films. 

Cb) METALLIC FILMS 

The ablation of material from a metal target by high 

energy laser pulses and the deposition of the ablated material on 

to the substrate kept in close proximity to the target is a 

challenging alternate technique for patterning micro electronic 
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devices and lithography [7.8]. In order to optimize printing 

method. it is essential to understand laser ablation of metals. 

Laser assisted evapouration is a thin film deposition technique 

that is compatible with ultra high vacuum environment where 

significant amount of energetic species are generated [9]. Ions 

with hypothermal energies in the 100-1000 eV range are produced 

when high power (107-109 W/cm2) pulsed lasers are used for the 

evapouration. The interaction of the laser beam with the 

evapouration target was found to generate a plasma in the 

evapourant stream containing ions with high kinetic energy. The 

thin films grown by this method were found to have bulk index 

values and optical properties that were environmentally stable. 

The improved structural properties were attributed to the 

existance of energetic particles (ionised found in the plasma) 

[10]. produced during the laser ablation of the target. 

When metal films are irradiated in air by a powerful laser 

beam. the corresponding oxides are obtained [11]. In the case of 

Copper. it was found that the characteristic growth depends on the 

initial Copper film thickness. Each point on the film sees the 

laser beam many times. each time with different absorbed laser 

beam power density. oxide thickness. temperature etc. The 

extended thin film of CuO can be synthesized by scanned laser beam 

irradiation of Copper film in air. The optical characteristics 

of the resulting oxide films are dependent on the laser beam power 

density and thickness of the initial Copper film. The substrate 

temperature has dramatic influence on the microstructural 

development of these films. The higher substrate temperature 

induces sUbstantially higher nucleation rate and causes the 

complete conversion of the film into the crystalline structure. 

The increased temperature instead of enhancing the crystal growth, 

leads to larger average grain size [10]. 

This chapter is divided into two sections (A • B). In 

section A. the laser ablation technique for preparing thin films 

of metal (Copper) on glass substrates is described. A 
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preliminary report on the optical transmission properties in the 

wavelength region 350-1000 nm of the thin films of Copper produced 

using this laser ablation technique is given. The variations of 

the optical transmission of these thin films with parameters like 

laser energy (E), number of pulses (6). target-substrate distance 

(d), and substrate temperature (T) are also discussed. A 

modified set up for substrate heater for obtaining better uniforD 

film is discussed in this chapter. The final section of this 

chapter describes the various advantages and some of the 

applications of laser produced plasma deposition technique. 

The structural morphology of the films produced by the 

laser deposition (Copper and Aluminium) has been observed here 

using a metallographic microscope in the transmission /reflection 

mode. The morphology of these films were also studied as a 

function of the above parameters and are discussed in this 

chapter. 

8. 2. EXPERI KENT AL TECHNI QUE 

The 1.06 ~m laser radiation froD a Q-switched Hd:YAG laser 

(Quanta Ray, DCR-11) having a 10 nsec pulse width at a repetition 

rate of 10 Hz was focussed to a diameter ~ 1 aD (energy density ~ 

20 J/cm2 ) using a convex lens on to the surface of the sample of 

Copper (diameter 2.5 cms and thickness 5 mm) kept inside a 

stainless steel vacuum chamber (Pressure ~ 200 mTorr) provided 

with quartz windows. The target (Copper) is rotated so that 

pitting of the target surface by the laser beam will be uniform. 

During laser irradiation, the bright and elongated plasma plume is 

formed in the forward direction towards the substrate and it is 

slightly divergent [12]. The laser energy was monitored for each . 
laser pulse using an on-line pulsed laser energy meter (Delta 

developments), triggered in synchronization with the laser pulse. 

The substrate (glass slide) is mounted on the heater and is 

placed close to the target surface. The schematic diagram of the 
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experimental set up is shown in the figure (8.1a~ The distance 

between the substrate and the target (d) can be varied up to a few 

centimeters. The optical transmission curve of these 

Copper metal films were studied as a function of number 

(8). laser energy (E). substrate temperature (T) and 

distance between the target and the substrate (d). 

prepared 

of pulses 

also the 

The variation in the surface morphology of the films were 

studied by obtaining micrographs of these films prepared under 

various parameters. 

The thin film prepared by the above set up may not be uniform 

so that a modified set up was used in which the target was 

positioned at 45 0 with respect to the laser beam axis. The 

schematic of the modified set up for the substrate holder is shown 

in the figure (8.1 b). The film obtained by the above set up 

was found to be more uniform compared to that of the earlier set 

up. 

B.3 OPTICAL CHARACTERISTICS OF METAL FILMS 

The optical transmission curve of these metal films were 

taken as a function of the above parameters using 

spectrophotometer (Hitachi model U-3410). 

a UV-VlS-MlR 

From the 

spectrophotometer data. it is ,seen that the percentage of 

transmission decreases towards the shorter wavelength region. 

Preliminary studies show that by controlling the substrate 

temperature. the cut-off wavelength of transmitted light can be 

shifted towards the blue-green region. 

Figure (8.2) shows the variation of the percentage of 

transmission (%T) of the film as a function of substrate 

temperature at A = 600 nm. From this graph it is observed that 

the % T decreases with substrate temperature. indicating that as 

the temperature increases. there is more adhesion resulting in the 

formation of a thicker film. The variation of the % T at A = 600 

nm with the distance d. between the target and the substrate is 
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shown in the figure (8.3). As distance increases, the film 

formed is thinner and more uniform as compared to that formed when 

the substrate is placed close to the target. When the plasma 

expands, density decreases which results in the increase of the 

transmission of the film with increasing distance between the 

target and substrate. As the laser energy E is increased, the film 

again becomes more opaque and uniform (Fig.8.4) and thus %T also 

decreases as a result of the increased plasma density. Similar 

variations in the %T are observed when the number of laser pulses 

(8) is increased (Figure 8.5). 

The morphology and the composition of the film were studied by 

taking the micrograph of the film surface using a metallographic 

microscope (Versamet-2) with a 20x magnification. Figure [8.S 

(a) and 8.6 (b)] show the micrograph of the Copper films prepared 

t b t t t t of 680 C and 250 0 C . 1 a su s ra e empera ures respect1ve y. 

Comparing the above two figures, 

and island formation are more in 

lower temperature resulting in a 

substrate temperature increases 

it was observed that 

the case of film 

larger grain size. 

these clusters will 

the cluster 

produced at 

When the 

have more 

energy so that they will orient themselves, correspondingly the 

grain size decreases resulting in a more uniform film. Similarly 

figure [8.7 (a) and 8.7 (b)] show the micrograph of the Aluminium 

films prepared at substrate temperatures of 680 C and 2500 C. 

In this case also it was observed that the film was more uniform 

at higher substrate temperature. 

8.4. CONCLUSIONS 

These preliminary observations show that by optimizing the 

various deposition parameters that control the properties of the 

thin film obtained by laser ablation technique, it is 

possible to obtain thin film (metal) coatings of specific 

reflection/transmission properties. These results indicate that 

laser assisted evapouration can be an advantageous and convenient 
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(a) 

(b) 

Figure 8.6. The transmission micrograph for Copper films 
deposited on glass ~ith substrate temperatures of 
(a) 650 C and (b) 2500 C 



(a) 

(b) 

Figure 8.7. The transmission micrograph for Aluminium films 
deposited on glass with substrate temperatures of 
(a) 65° C and (b) 2500 C 



deposition techniques for producing optical films. Thus these 

films can be used as optical filters so that by controlling the 

deposition parameters optical filters of desired characteristics 

can be obtained. 

SECTION B 

8.5. ADVANTAGES AND SOME APPLICATIONS OF LIP DEPOSITION TECHNIQUE 

I. ADVANTAGES 

Many novel thin film optical devices have stringent 

requirements on their optical performances and must survive in 

severe environments. This has driven the development of 

processes for depositing reproducible, stable, hard and 

stress-free films that are also invariant under various 

environment conditions. These desirable film properties are 

associated with bulk like properties of the material at hand. 

The thin films obtained by conventional physical vapour deposition 

methods contain grain boundaries and various other structural 

defects that are responsible for less than ideal characteristics 

of thin film properties [13,14]. High temperature processes such 

as chenical vapour deposition or post deposition annealing can 

produce dense films with large grain size, but these processes can 

also promote undesirable chemical reaction, diffusion or 

segregation phenomena, which nay destroy the composition profile 

of the multi-component films. Recently, several low temperature 

(~ < 300 K) and high vacuum techniques have produced dense high 

optical quality films [15,16,17]. These techniques are based on 

the bombardment of the growth surface with energetic particles 

during deposition. Pulsed laser assisted 

such technique that offers a unique 

advantageous features. 

vapourization is one 

combination of many 

The specific advantages of laser assisted deposition are : 

a. The production of ionized and excited species with high 

kinetic energies, which result in a crystalline growth of 
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the thin film. 

b. Possibility of evapourating numerous compound congruently with 

negligible heating of the target [10] 

c. Instantaneous control of the evapouration process 

d. The number of independent controlling deposition parameters 

are found to be large 

The advantages of laser sintering [18] as compared to electron 

beam and thermal annealing are reduced contamination, 

nature of the processes and pseudoequlibrium state. 

sintering also appears to have a phase stabilizing 

instaneous 

Laser 

effect on 

materials whereas commercially available techniques 

polymorphic. The optical structural properties of the 

appear to co-relate the starting material conditions. 

deposited from the laser processed material were found 

are 

films 

Films 

to be 

the optically more homogeneous than film deposited from 

inprocessed material. The film produced from a laser sintered 

material were found to have a stable single phase crystalline 

structure. This results indicate that the structural variations 

in the film, which is one of the source of optical inhoDogeneity 

can be reduced or eliminated by using stabilized starting 

material. 

Laser ablation is a convenient method to produce 

like carbon thin films (CVD). The high proportions of 

diamond 

ions to 
neutrals in the plasma produced by laser ablation [19] are 

responsible for the uniform optical quality of the DLC films. 

DLC films which contain no hydrogen offer some unique advantages 

when used in IR applications [20]. 

Using laser ablation technique for high Tc films is 

direct technique to produce very thin films with 

superconducting properties (2). This is the fastest 

reproducible method for the fabrication of high T 
c 

[21]. 

a (1) a 

excellence 

and most 

thin films 

Evapouration techniques using thermal sources produce primarily 

neutral materials in gas phase and result in oxygen deficient 
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films [22]. It may be possible to enhance the formation of metal 

oxides within the plasma by producing ionic forms of the species 

during laser ablation. Transporting materials from the target to 

the substrates primarily as gas phase oxides may be the reason to 

eliminate the deposition of oxygen deficient films. Compared to 

other techniques. the formation of high T thin films can be c 
prepared using a background oxygen ambient gas in the plasma 

chamber. The elimination of post-annealing process is important 

in growing multiple layers of different materials [23]. Laser 

deposition has been demonstrated to be a viable method for 

producing high quality superconducting thin films [24.25]. 

Pulsed laser ablation of the materials is relatively simple to 

implement and can transfer large amount of materials from the 

target to the substrate at large rates. The energy of the 

ejected species tend to appear in the transitional rather than the 

internal (electronic. vibrational. rotational) degrees of freedom 

[25-28]. Consequently. for many materials. large molecules can be 

transferred from the target to substrate without decomposition so 

that the stochiometry of the target can be preserved in the 

deposited film [29]. 

11. APPLICATIONS 

The pulsed laser deposition is an effective technique for 

depositing multicomponent oxide glass films on various substrates. 

These films retain the composition and optical properties of the 

bulk glass. This method also have shown promise to allow the 

building of the integrated all optical elements [12]. 

Pulsed laser generated material plumes have wide range of 

applications in the thin film deposition and surface microanalysis 

and as fast atom beams. X-Ray sources or ion sources for beam 

lines and controlled fusion devices. 
7 14 2 laser vary between 10 to 10 V/cm. 

relatively low laser fluxes (107 - 108 
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In the laser ablation. 

V/cm2) are used. So the 



plasma plume is expected to consist of a much cooler plasma than 

in other methods. The particle mean kinetic energies were in the 

range 10-100 eV which causes high degree of ionization [30]. 

This kinetic energy affect the thin film properties in a 

significant manner. 

For many applications, the ability to prepare different 

structures of the thin film of the material is important. 

Interest in diamond like carbon films is motivated by their unique 

combination of physical hardness, electrical strength, high 

thermal conductivity and optical transparency [31]. Studies have 

been accelerated by prospects of their commercial applications for 

optics and semiconductor technology [32]. 

Many microwave and microelectronics applications of the metal 

oxide based high Twill 
c 

require high critical current 

superconducting thin film. Laser deposition offers considerable 

promise for the fabrication of such films [33]. The rapid energy 

deposition possible with laser source results in temperature 

so rapid (> 1011 K/sec) that congruent evapouration can 

without significant elemental fractionation. 

rise 

occur 

Although high T thin films have often been prepared with post c 
annealing at high temperatures, preparation of as-grown 

superconducting thin films by low temperature processes is needed 

for device application. As grown films are generally prepared by 

oxygen atmosphere or with its plasma activation so that stronger 

oxidizing gas is required for the formation of crystallized as 

grown film at lower temperatures [34] 

high T 
c 

Recently a variety of applications of films 

from IR detectors to fast optically triggerd switches has 

ranging 

emerged 

[35,36]. These applications depend on the the nature of optical 

interaction on these materials and how the superconducting 

electrical properties are thereby affected [37]. One can 

rightfully expect that laser deposition of thin films of all kind 

will play a major role in technology in the days to come. 

f 
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CHAPTER IX 

GENERAL CONCLUSIONS 

High power lasers are ideal tools for the production of 

plasma from various target materials. The previous chapters of 

this thesis describe such studies on laser induced plasma from a 

variety of targets including metals, ceramics and polymers. 

Discussions and important results from these studies were included 

in them. This chapter gives the general conclusions derived from 

the present studies. 

The investigation made here are centered around the study of 

plasma characteristics from different solid targets mainly by 

spectroscopic technique. The optical emission from laser induced 

plasma (LIP) has been shown to be very useful in characterizing 

both the laser target interaction and the resulting plasma. The 

time resolved studies of the plasma gives some vital information 

regarding the evolutionary processes of a particular state of a 

constituent after the plasma is formed. Thus this measurement 

was found to be important in unravelling the complicated ablation 

and the transport processes occurring in the plasma produced by 

the laser ablation technique. 

The spatially resolved plasma emission spectra obtained f,rom 

all the materials studied here show distinctly different 

characteristics. It was observed that the spectrum in the outer 

region of the plasma is dominated by molecular bands (C2 
molecules in the case of Teflon and graphite, AIO and CuO 

case of Aluminium and Copper targets), whereas the same 

inner region of the plasma is dominated by emission line 

highly ionised states of the constituent element. 

and ~ 

in 

in 

due 

From 

the 

the 

to 

the 

relative intensities of the above bands the 

temperature of these bands were calculated and their 

vibrational 

variation 
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with laser energy were investigated. The non-linear interaction 

between the laser and the plasma gives rise to phenomena like self 

-focussing, which exhibit threshold like characteristics and this 

is clearly observed in the variation of vibrational temperature 

with laser energy in the extended region of the plasma. 

From the time resolved analysis of the different species in 

the plasma the variation of the time delay as well as 

of emission at different regions of the plasma were 

decay 

obtained 

time 

and 

several interesting conclusions related to the structural 

composition of the plasma could be drawn froD these Deasurements. 

The time resolved analysis of the plasma emission throw much light 

on some of the complex interaction processes occurring in the 

plasma. From such measurements, it is seen that in all the three 

regions of the plasma, the molecular bands (C2 and CN in the case 

of Teflon and graphite and the corresponding oxides in other 

targets) have got larger time delays as compared to that of the 

ionic/neutral species. FroD such time delays it is also observed 

that the spectral lines of higher ionized species are the first to 

appear and these are followed in turn by those of successively 

lower states of ionization. In general there is a decrease in 

tiDe delay as laser energy increases. FroD the results obtained 

from the time delay of different species it was concluded that the 

time of flight is not the major cause of the emission delay in 

many cases as in molecular systems. Similarly from the decay 

time of emission of all species, it was seen that the molecular 

bands have got larger decay time as compared to ionic/neutral 

species. Also increased laser energy will produce much larger 

densities for the various species thereby decreasing the mean free 

path and increasing the collision rate. All these complex 

processes result in a decrease in the time delay as well as decay 

tiDe of emission of various species in the plasma with laser 

energy. Such decrease in tiDe delay as well as decay time with 

plasDa teDperature are found to occur as we go towards the central 

core of the plasma. 

FroD the time delays observed in the case of higher laser 
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energies, it can be safely concluded that the molecular species 

are not originating from the target surface but are formed as a 

result of recombination processes as the plasma cools down, i~, 

the molecular species are formed in the expanding plasma due to 

the collisions of the atomic and ionic species expelled from the 

target surface. 

The plasma characteristics were also studied by the Langmuir 

probe technique and from these different plasma parameters like 

plasma temperature, plasma density and the velocity of positive as 

well as negative ions were calculated. In the Langumuir probe 

studies of high T material, from the log t-log I plot of decay of 
c 

emission of plasma intensity it was seen that nature of the 

of probe currents depends on the probe voltage. At low 

decay 

probe 

voltage electrons form a sheath around the probe which result in 

slow decay and this decay was found to be faster when the probe 

potential breaks the plasma sheath. Studies made with a Langmuir 

probe indicate that some control on the stochiometry of the film 

can therefore be effected by creating an electric field near the 

substrate during the laser plasma deposition of the high T 
c 

materials. From the high electron density obtained here, it can 

be concluded that substantial optical absorption occurs in the 

plasma directly. So this technique will provide valuable insight 

into the laser induced metal vapours in terms of their plasma 

characteristics. The spatial composition of the ionic species in 

the plasma were also studied by the Langmuir probe technique. 

Studies made here indicate that monitoring of laser deposition of 

thin films can be done with such ion probes. 

The final chapter of this thesis deals 

practicability of thin film deposition by laser 

with the 

ablation. 

Successful deposition of Copper and Aluminium on suitable 

substrates has been achieved by laser ablation technique and 

optimization of thin film characteristics has been carried out. 
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