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ABSTRACT 

Sol-gel derived silica coatings were deposited on soda-

lime-silica by dip-coating. An absorbing metallic layer was 

sputtered onto the surface of the gel to couple near-infrared 

radiation from a Nd:YAG laser into the transparent coating. 

Laser energy was utilized to heat the ceramic coating on a 

substrate which has a lower glass transition temperature than 

the coating. Scanning the sample across the beam's path 

resulted in the formation of a 50 fim wide channel. The 

characteristics of a channel were altered by varying laser 

power, sol-gel coating thickness, and scanning speeds. 

Prof.ilometry and SEM analysis verified that the coating can 

be heated to high temperatures without damaging the substrate. 
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INTRODUCTION 

The interactions of lasers with materials are an area of 

optical and material sciences that will continue to develop 

for many years. Lasers are preferred in many applications 

because of the ability to precisely control the placement of 

large quantities of energy upon a given material in both the 

lateral and depth directions. This thesis investigates the 

potential of densifying a transparent sol-gel coating onto a 

non-refractory substrate with near-infrared laser radiation. 

Sol-gel processing 

Over the last few years sol-gel technology has been 

recognized as an innovative process involving glass and 

ceramic formation at low temperatures. Sol-gel processing is 

a wet-chemical process that provides the opportunity to modify 
•i 

structures from the molecular level. Commercial applications 

of this process are still limited in number due to the high 

cost of precursors and the many problems associated in 

producing large, crack-free monoliths.2 Sol-gel derived 

coatings represent a notable exception to these complications 

as the small amount of needed material minimizes cost, and 
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cracking is seldom observed for coatings less than 

0.5 fim. thick.3 Applications presently include transparent 

conductive coatings, passivation coatings, antireflection 

coatings, high reflection coatings, optical waveguides, and 

coatings used in a number of electronic applications.4 

Traditionally these coatings have been applied to 

substrates with a higher glass transition temperature, Tg; 

otherwise the substrate would melt and/or become damaged as 

the coating densified. The inability to densify sol-gel 

coatings on substrates with a lower Tg has hampered further 

uses of this technology. If it were possible to densify sol-

gel coatings by controlled laser irradiation, we should be 

able to apply dense, thin coatings ( < 0.5 (xm ) of almost any 

ceramic material onto a vast array of ceramic, metallic, and 

polymeric substrates. 

Laser processing of ceramics 

In certain instances, lasers have replaced conventional 

means of heating, melting, and vaporizing materials. Although 

these effects on materials have received substantial 

attention, not much literature exist concerning laser 

densification of sol-gel coatings, and the majority of 

previous studies on laser processing of ceramics have utilized 
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C02 lasers.5 C02 lasers are preferred because the principal 

wavelength ( 10.6 fim ) is highly absorbed by almost all oxide 

structures. These studies have demonstrated that laser 

irradiation can produce a range of affects including 

densification of plasma-sprayed coatings6, and ablation of 

surface material7. 

The only study performed on laser densification of sol-

gel derived silica has been reported by Hench's group at the 

University of Florida.8 They reported the fabrication of a 

two-dimensional optical waveguiding region in gel-silica 

glasses by laser-assisted local densification. Their approach 

utilized a C02 laser to heat a porous gel, thereby locally 

increasing its refractive index. They were, however, working 

with bulk samples instead of coatings, and the key concern of 

this present investigation, i.e. irradiating a silica gel 

coating with a transparent laser onto a substrate with a lower 

glass temperature, was not a factor in their research. 

This thesis is divided into six sections. Section I is 

a brief introduction into the typical methods involved in 

manufacturing silica and its properties. This is followed by 

a detailed description of sol-gel processing of silica. 

Section II is a review of basic laser/solid interactions. 

Section III discusses the approaches used in heating a sol-

gel coating with a Nd:YAG laser. Section IV and V describe 
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gel coating with a Nd:YAG laser. Section IV and V describe 

the experimental procedures and results from this study, while 

Section VI discusses the information obtained in further 

detail. 

SECTION I: SILICA 

Silica is used in many applications because it offers 

an excellent transmission from vacuum UV to IR wavelengths, 

a low coefficient of thermal expansion ( CTE ) , very high 

chemical durability, is isotropic, can be fabricated and 

polished to high standards, and is relatively inexpensive. 

A. Traditional methods of manufacturing silica 

Four types of vitreous silica are commercially available. 

Each comes from a particular method of manufacture and 

exhibits distinct properties ( see Table I ). 
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Table I: Processing and Properties of the Different 
Types of Optical Silicas [from Ref. 9]. 

Type I optical silica is made by the electric melting of 

natural quartz crystals under vacuum. Type II optical silica 

is obtained by flame fusion of natural quartz. Types I and II 

are termed fused quartz. Types I and II glasses are usually 

prepared by melting a mixture of oxides. Type III optical 

silica is fabricated by vapor-phase hydrolysis of pure silicon 

tetrachloride carried out in a flame, while type IV is made 
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subsequently fused electrically or by means of a plasma. 

Types III and XV are commonly called synthetic fused silica.10 

Over the years the process of glass formation has 

significantly improved and today only minute quantities of 

alkali oxides remain in the glass after completion. Several 

difficulties, however, still arise in preparing these types 

of glasses.11 Two major problems are the homogeneity of the 

melt and the high temperature necessary to obtain the glass. 

B. Sol-gel derived silica 

High purity silica also can be manufactured at low 

temperatures by chemical processing. This process, known as 

sol-gel processing, includes the molecular control of various 

types of sols, gels, and organometallic precursors at low 

temperatures. Sol-gel processing has produced new and 

improved glasses and ceramics with superior and unique 

properties. By processing silica in solution different 

properties and characteristics can be obtained. 

1. Forming a sol 

The first step in sol-gel process involves forming a 

sol.12 A sol is a distribution of colloids in a liquid. The 
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sol is often formed by the hydrolysis of an organometallic 

alkoxide precursor, such as tetraethoxysilane ( TEOS ) as the 

silica source. When an alkoxide and water are placed in a 

mutual solvent and a suitable catalyst is added, hydrolysis 

of the metal alkoxide bond, Si-OC2H5, results in the formation 

of a metal hydroxyl bond Si-OH: 

Si(OC2H5)A + H20 * (C2H50)3 Si-OH + C2H5OH 

Hydrolysis is followed by condensation of the hydrolyzed 

silica, 

(OC2H5)3Si-OH + HO-Si(OC2H5)3 «• (CzHg) Si-O-Si (OC2H5) + HOH . 

This forms a metal-oxygen-metal bridge ( Si-O-Si ) . In 

solution the rates of reactions are affected by the type and 

concentration of solvent, concentration of water, temperature 

and pressure, etc., and with sufficient control in the early 

stages of formation the properties of the material can be 

tailored upon demand.13 
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2. Forming a gel 

Continued condensation leads to the formation of more Si-

O-Si bridges. Under acidic conditions these bridges become 

linked in a three-dimensional metal-oxygen-metal fiber-like 

network forming a polymeric-like gel; while under basic 

conditions these bridges result in the formation of a highly 

crosslinked, compact colloid forming a colloidal-like gel.14 

At this point, termed the gel-point, the sol has lost its 

freedom of movement and has become a rigid solid, a gel. The 

solution now consists of a high volume fraction of pores, 

filled with solvent. It continues to condense thus increasing 

viscosity, hardness, modulus, and strength. 

As the gel dries solvent is removed from the surface of 

the coating. Once dried, gels are typically amorphous, 

contain large amounts of residual alkoxy and hydroxy groups, 

and are quite porous ( 30 - 50 % porosity by volume ).16 This 

porosity usually consists of interconnected pores which range 

in size from tens to thousands of Angstroms. 

In order to change a silica gel into a silica glass, heat 

must be applied 

heat 

Si02 (gel) -+ Si02 (glass) 
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Heating the gel causes reactions which release organic 

groups in the form of gases. The interconnected pores shrink 

in size and become isolated as the passageways between the 

pores close. The sample shrinks as organics escape with a 

corresponding increase in the density of the gel.17 The 

increase in density also causes the refractive index to 

increase ( see Figure 1 ). 

200 300 COO 500 
Temperature °C 

-j to 

• 146 

- 1.47 

-146 XI 
CO 

-145 3 
o 

• 1.44 
i' 

-143 

-142 & 
X 

•141 

•140 

700 

Figure 1: Film thickness ( white circles ), and 
refractive index ( black circles ) versus 
temperature [from Ref. 18]. 
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The temperature needed for densification of silica is 

« 1000°C depending on the solution. For instance, Nogami and 

Moriya found that acid catalyzed solutions can be fired to 

full density at roughly 800"c, while temperatures greater than 

1100"C are required to densify base catalyzed silica gels. 

This is because base catalyzed gels contain a combination of 

fine and coarse porosity, while acid catalyzed gels contain 

a substantial amount of very fine porosity.19 

C. Advantages of sol-gel derived silica over traditional 

silicas 

Sol-gel technology offers the potential for producing 

glasses and ceramics with novel compositions, microstructures, 

and homogeneity, all at a relatively low temperature. With 

sufficient control of the rate of reactions involving sol-gel 

processing it is possible to produce optically transparent 

pure Si02 components which have substantial quantities of 

• • 20 • • interconnected porosity. The pores are so small visible 

light does not scatter, leaving an almost perfect transmission 

through the visible spectrum ( Figure 2 ). Further, before 

gelation it is possible to cast silica into desirable forms 

( see Figure 3 ). 
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ICO 

240 azo 400 1000 
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Figure 2: Transmission spectra of fused silica (A) 
and dense gel silica (B) [from Ref. 21]. 

Figure 3: Examples of near net shape silica gels 
[from Ref. 22]. 
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One prominent advantage of sol-gel processing is the ease 

of forming coatings. Before gelation occurs, the solution can 

be spun or dip coated onto a substrate. As mentioned earlier, 

coatings less than 0.5 /im tend not to crack and the small 

amount of precursor needed minimizes cost. 

SECTION II: LASER/SOLID INTERACTIONS 

To densify a coating utilizing laser radiation one needs 

to understand lasers, laser properties, and their interactions 

with materials. Further, to densify a coating on a substrate 

with a lower glass temperature one must control the heat flow 

through the coating in such a manner that the high 

temperatures necessary to densify the coating are not 

conducted into the substrate. 

Laser beams can deliver concentrated energy to almost any 

material, and can do so exactly where, when, and in the 

quantity chosen. Transforming materials by laser beams will 

undoubtedly continue to enhance research proposals and ideas 

for many years to come. 

The most elementary form of laser light is a 

monochromatic, linearly polarized plane wave. The electric 
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field of a wave propagating in a homogeneous and non absorbing 

medium can be depicted as: 

E = Eo exp[i (27rz/;t - fit) ] (1)/ 

where z is the coordinate along the direction of propagation, 

ft is the angular frequency, and is the wavelength. The last 

two quantities, ft and A , are related through the phase 

velocity, c/nt, where c is the speed of light and n1 is the 

refractive index, by: 

An expression similar to (1) also holds for the magnetic field 

H. Magnetic and electric field amplitudes are related by : 

where is the dielectric constant in vacuum. On average, 

the electric and magnetic fields each carry the same amount 

of energy. However, the force exerted by the electromagnetic 

wave on an electron is given by : 

= (27r/ft) (c/n^ ( 2 )  

Ho = En. ec O 1 o ( 3 ) ,  
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f = -e[E + (I^/C) (V X H)] ( 4 )  

From this we see that the force on the electron due to the 

magnetic field is smaller than that due to the electric field 

by a factor of the order of v/c ( v being the electron 

velocity « 1/3 the speed of light ). Hence the magnetic field 

is usually negligible. 

The energy flux per unit area of the wave is termed the 

irradiance and is given by : 

The concept of a beam implies that the irradiance is maximum 

near the optical axis and falls off laterally. The most 

common lateral distribution is a cylindrically symmetric 

Gaussian distribution : 

where r is the beam curvature, I0 is the irradiance on axis 

( r = 0 ), and w is the beam radius. The term "intensity", 

often used instead, denotes energy flux per unit solid angle. 

The total power of the beam is then 

I = {ExH} = n^cEo2 ( 5 )  

I(r) = I0exp(-ra/wa) ( 6 ) ,  
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P = 7TW2 Io (7) . 

The distribution (6) strictly applies only to a laser operated 

in its fundamental ( TEM00 ) resonator mode. 

In absorbing media the real part of the refractive index 

n, must be replaced by a complex index n = n1 -f in2. The 

meaning of n2 ( also called the extinction coefficient ) 

becomes evident when (2) is accordingly modified and inserted 

into (1) • The electric field, upon propagation over the 

distance z , now decreases by a factor exp(nn2z/c) , indicating 

that some of the light energy is absorbed. The quantity 

( nn2z/c ) is termed the absorption coefficient. The 

absorption coefficient, a, for the irradiance (2) is : 

a = -(1/1) (dl/dz) = 2itti2/c = 47rn2/7t (8). 

The inverse of a is referred to as the absorption length. 

All materials have an absorption band. To induce a 

temperature rise within a given material, laser light must be 

absorbed. By matching the absorption band to the emitting 

wavelength of the laser source, and the beam power to the 

optical and thermal material properties, the amount of heat 

generated can be determined. If the impinging wavelength is 

far from the absorption band(s), the beam is reflected and/or 
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transmitted with no lasting effect upon the material. 

We find that reflections of a wave normally incident from 

vacuum or air onto the plane boundary of a solid is dependent 

on the refractive index n. The ratio R of reflected to 

incident irradiance is, in this case, given by the Fresnel 

expression 

The reflectance and the absorption coefficient determine the 

amount of beam power absorbed within a material and thus are 

two of the most important parameters when considering laser 

interactions with materials. From equation (2) and (8) we 

see that the amounts of light reflected and absorbed are 

functions of wavelength. The power density absorbed by the 

material at depth z by a perpendicularly incident beam of 

irradiance I is : 

where d is the thickness of the material. Once the absorption 

process is complete, as described by equation (10), the heat 

generated is transferred through the material according to its 

own thermodynamic properties. It is the amount of energy 

R = [<n-l)/(n+1)]2 (9) 

Pa(z) = I (1-R) a[l-exp(-ad) ] (10) 
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absorbed rather than the beam emanating by the laser device, 

which determines what happens to the irradiated material.23 

SECTION III: APPROACHES TO LASER DENSIFICATION 

From Figure 1 we saw that sol-gel derived silica is 

highly transparent from 200 - 3 000 nm. As the principal 

wavelength of a Nd:YAG laser is 1064 nm there will not be much 

absorption and little heat generated within the coating. A 

large temperature rise induced within a material by a strongly 

absorbed beam corresponds to a absorption length typically on 

the order of nanometers. The absorption length of pure silica 

is greater than 1 cm at 1.06 fin. We do find, however, that the 

absorption length is 40 fim at 10.6 fm the wavelength of a C02 

laser.24 

From this it follows that the far-infrared radiation from 

a C02 laser is absorbed by both the coating and the substrate. 

To heat the coating without damaging the substrate, one would 

have to use extremely short pulses to control the depth of 

penetration. Because of this difficulty, utilizing a laser 

emitting radiation far from the absorption band of glass would 

be desirable, if the energy could be coupled into the coating. 
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Two schemes were suggested as possible solutions to 

densifying a sol-gel derived silica coating using a Nd:YAG 

laser. The first consisted of forming a standing-wave within 

the coating, and the second utilized the sputtering of an 

absorbing layer on the surface of the gel. 

A. Standing-Waves 

The first approach attempted to couple laser energy 

directly into the coating. The plan was to produce an 

interference pattern within the coating to form a standing 

wave between the air-film, film-substrate interfaces. 

Standing-wave distributions are defined as quasi steady state 

interference patterns produced by the superposition of 

traveling waves interreflected at various discontinuities.25 

By maintaining a continuous wave ( cw ) operation it was hoped 

the electric field strength would be strong enough to, 

perhaps, cause an electron avalanche phenomena in which free 

electrons absorbing the laser radiation are accelerated in the 

electric field sufficiently to produce ionizing collisions so 

that more free electrons are produced. Sources suggested for 

the initial electrons to start the avalanche included 

PA 
multiphoton absorption and intraband optical absorption. 

From equation (9) we see that reflections at the 
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air-film and film-substrate interfaces are dependent on 

changes of refractive index between them. The greater the 

differences in index the higher the magnitude of reflection. 

From geometric optics we know that destructive or 

constructive interference develops if 2ndcos0 = (m + l/2)\ 

where d is the thickness of the film, n is the refractive 

index of the film, <p is the angle of incidence, m is the order 

of interference, and A is the emitted wavelength.27 Solving for 

thickness, d, we see that quarter-wavelength thicknesses were 

needed to create the interference pattern. 

Standing-wave ( SW ) distributions were calculated 

showing that 85% of the lasers electric field intensity could 

be coupled into the film.28 That is [E(z)/E0+]2 = 0.85 where 

the standing-wave electric field intensity within the film is 

normalized to the electric field strength emanating from the 

laser. These calculations were based on Fresnel reflection 

and transmission coefficients with a film refractive index of 

1.26 and a thickness of 2000 A. 

The power absorbed by the film is then given by equations 

five and ten : 

Pa(z) = o(l-R) (Z)/E0*]a (11) 
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The reflectivity of glass, R, is 4% at 1.06 /Lim, and the 

absorption length is 1 cm. The maximum electric field 

strength of the laser utilized is 106 V/m, and the thickness, 

d = 2000 A. Substituting into (11) we find the power absorbed 

is only on the order of 10"3 Watts/cm3. To verify this, 

several experiments were performed such as launching the beam 

at different angles and changing the polarization of light. 

Observation of samples under an optical microscope indicated 

that no changes occurred in the coating. As it became 

apparent that employing standing waves resulted in minimal 

power absorption, this technique was discarded in favor of the 

sputtering of an absorbing metallic layer onto a dried gel 

coating. 

B. Sputtering of an absorbing layer 

The absorption length of most metals is on the order of 

nanometers. The power absorbed can typically reach 10s - 107 

W/cm3. By sputtering a metallic layer on the surface of the 

gel, the metal would absorb the impinging laser energy and the 

heat generated within the metal would then be transferred into 

the coating. This approach was utilized throughout all of the 

following experiments. In fact, two different metallic layers 

( gold and gold-palladium ) were utilized to explore the 
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effects of heat transfer from the metallic layer to the 

sample. The absorption length of both gold and gold-palladium 

are similar; however, the amount of power reflected at 1.06 

/im differs significantly. The reflectance of gold-palladium 

was experimentally found to be dependent on thickness. This 

measurement was simply found by reflecting the beam off the 

sample at near incidence and taking the ratio of power 

reflected to the power emitted. 

SECTION IV: EXPERIMENTAL PROCEDURES 

Sol-gel processing and general laser properties have been 

discussed in some detail in Sections II and III. This section 

describes the process involved in preparing a sample, general 

theory of laser operation, actual laser characteristics, and 

the experimental apparatus. 

A. Sample preparation 

A sample consist of two layers: the sol-gel derived 

silica coating, and the underlying soda-lime-silica substrate 

( Figure 4 ). 
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SOL-GEL COATING 
mmm 

Figure 4: Sketch of a sol-gel coating deposited 
onto a soda-lime-silica substrate. 

The first step in preparing a sample is the mixing of a 

solution. Both acidic and basic solutions were used in this 

thesis. The base catalyzed sol was prepared by the hydrolysis 

of TEOS. Concentrated ammonium hydroxide solution (57% 

analytical reagent, 9.6 grams) was added as a base to a 

solution of TEOS (31.2 grams) in ethyl alcohol (259 grams) 

with stirring at room temperature. The reaction was then 

allowed to stand at room temperature 2-3 days to allow 

hydrolysis and sol formation to be completed. In brief, the 

acidic solution was a 2:1 by mole of water ( pH = 2 ) to TEOS 

and this was a 4:1 by volume to ethyl. 

After preparing the solution, the substrate was cleaned 

by the following procedure : First it was hand washed in a 
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warm soap solution called Micro Clean ( Cole-Palmer Micro 

laboratory cleaning solution ). Then it was ultrasonically 

agitated in trichloroethylene ( TCE ) followed by acetone and 

isopropyl, each step lasting approximately one minute. After 

cleaning, the substrate was blown dry with a compressed air 

gun. 

The solution was then dip-coated onto the substrate. 

Dip coating involved positioning the substrate onto a computer 

controlled arm and submerging the substrate into the solution. 

Different thicknesses were obtained by withdrawing the 

substrate at different speeds. 

Once the coating was applied, the gel was slightly 

hardened by heating at 100°C for twenty minutes in air. This 

step was necessary for surface profile recordings. From 

profilometer ( Sloan DEKTAK IIA ) measurements the thickness 

of the coating was obtained. Other coatings were dipped onto 

a silicon substrate for ellipsometry measurements. 

B. General theory of a NdrYAG laser 

The Nd:YAG laser is a common solid state laser. It 

provides room temperature cw ( continuous wave ) laser light 

as well as pulsed laser action emanating a principal 

wavelength of 1.064 /xm. The power output of these systems can 
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signal transverse-mode lasers, and up to 2% for large multi-

mode lasers.29 

The Nd:YAG laser, as in most lasers, consists of a medium 

with an optical gain placed inside a resonator formed by two 

highly reflective mirrors. In the medium, spontaneous 

radiation is emitted and then amplified through stimulated 

emission. The resonator provides feedback for the optical 

amplifier, thus forming the laser oscillator. 

The laser rod is made by doping neodymium in a host 

material, in this case yttrium aluminum garnet - Y3A1502 

( YAG ) . YAG is a suitable host due to its low thermal 

conductivity ( 0.14 W/cm -°C ) and its high optical quality. 

Today YAG crystal can be grown to very high quality. The 

laser transition is mainly phonon broadened and the laser is 

basically inhomogeneous at room temperature.30 

The atoms in the doping are active in the host as triply 

ionized neodymium ( Nd+++ ) which give rise to the energy 

levels of the Nd:YAG laser. To create a population inversion, 

the energy of the atoms must be pumped to a high energy level. 

In the Nd:YAG laser, this can be achieved with a 4 level 

optical pumping scheme ( see Figure 5 ) . The system is 

optically pumped from the ground state, El, to the broad band 

of level E4. 
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It is important to match the emission spectrum of the 

flash lamp to the absorption spectrum of the laser rod for 

efficient pumping. A common lamp used to pump these lasers is 

a Krypton lamp.31 This is operated at nearly 3200 *K. Figure 

6 displays the emission and absorption bands of the Krypton 

lamp and the Nd:YAG laser. 
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Figure 5: Typical four level laser pumping 
diagram [from Ref. 32]. 
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Figure 6: TOP: Absorption spectrum of Nd:YAG 
BOTTOM: Emission spectrum of Krypton 
[from Ref. 33]. 

As with all optical pumping devices, only a portion of 

the energy applied to the flash lamp is transferred to the 

laser rod making the efficiency very low, around 0.2% to 2%. 

Figure 7 illustrates typical output power versus pumping input 

power used to achieve pumping. 
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Figure 7: Output power versus pump power [ from 
Ref. 34]. 

Figure 8 shows the energy levels of the Nd+++ in the 

Nd:YAG laser crystal. The primary lasing transition is from 

the 4F 3/2 to the 41 11/2 group, emitting the 1.0642 /im 

wavelength. Other transitions are noted in the diagram but 

are generally much weaker than the 1.0642 fim line. Each of 

the energy levels actually consists of several closely spaced 

but separate levels. For example, the 2 levels of the 4F 3/2 

can decay to any of the 6 41 11/2 levels, so actually 12 

separate wavelengths exist. Of the twelve, there are at least 

eight different laser transitions of varying strengths between 

1.0520 to 1.226 fim wavelengths. Other weaker transitions are 

also possible from the 4F 3/2 levels to the 41 9/2 levels 

( between 0.89 and 0.9562 fim ), to the 41 13/2 levels 
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( between 1.319 and 1.358 fm ) and to the one of the 41 15/2 

levels at 1.833 /im. The last transition is very weak. 
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Figure 8: Energy levels of the Nd*** in the 
NdtYAG laser crystal [from Ref. 35]. 
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The Holobeam Nd:YAG laser used in this project delivers 

up to 30 watts cw in multimode and up to 6 watts cw in single 

mode. It also consists of an acousto-optic Q-switch device 

that delivers up to 50 kilowatts in 1 microsecond pulses at 

repetition rates of 1000 to 20,000 pulses per second. By 

placing a 2mm diameter spatial filter in the laser cavity, the 

higher order modes were not allowed to oscillate. 

The intensity profile, ( see Figure 9 ) , was measured 

using a slit attached to the front of a thermal meter. By 

translating the meter across the beam path using a micrometer 

the beam's profile was obtained. Recall from equation (6) the 

Gaussian distribution. By calculating the 1/e2 point, the beam 

waist size, w0, was 2 mm. This was for an unfocused beam. 

To reach higher power densities the beam was focused 

using a 5 cm focal length converging lens. An upcollimator 

was placed on the optical rail to collimate the beam as well 

as to illuminate the entire area of the lens. In this way the 

full power of the lens was utilized and a smaller beam 

diameter was obtained. The beam was not fully collimated 

until approximately 1.5 meters from the laser. 



39 

Single mode —Q— rotations 
0.5 

0.4 

«" 

o 
5 0.3 

* k 
<o 

5 0.2 
o 
CL 

0.1 

0.0 
0 2 4 6 8 10 12 

Rotations [.05cm/rot] 

Figure 9: Single-mode profile of the Holobeam 
Nd:YAG laser. 

The focused beam diameter was experimentally determined 

by placing a black ink streak onto a slab of copper and firing 

the laser across this streak. Under an optical microscope the 

beam diameter was measured to be about 50 micrometers. 

A silicon detector was installed on the optical rail 

behind the rear mirror to detect relative power while 

performing an experiment. This detector was calibrated 

against a thermal power meter ( see Figure 10 ). There is a 
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linear relationship between current and actual output power. 
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Figure 10: Relative power ( % ), actual 
power ( watts) versus current 
( amps ). Similar to Figure 7. 

When the Q-switch device was activated, the output of the 

silicon detector was tied to an oscilloscope to monitor pulse 
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shape, duration, and period while performing an experiment. 

An energy meter was not available, therefore peak pulse power 

measurements were based on the linear dependency of the 

current supplied to the flashlamps and the amplitude of the 

pulses monitored on an oscilloscope. As current was increased, 

power output increased, and the pulse width ( measured at its 

full width half maximum ) decreased. Also as the repetition 

rate was increased the amplitude of the pulses decreased ( see 

Table II ). 

CURRENT FREQ. AflPLITUOE PULSEWIDTH RISE TIME 
[AHPS1 IkHZ) IV0LTS1 I^SCCI (fjccl 

15 5 

20 

,00 

.05 

20 

20 

"2 

"2 

18 5 

20 

.09 

.07 

12 

12 

20 5 

20 

.10 

.08 

10 

10 

Table II. Power measurements measured from an 
oscilloscope. 
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D. Experimental Apparatus 

The apparatus used to density coatings consisted of a 

silicon detector, a rear mirror, a spatial filter, a laser 

head, an acousto-optic Q-switch, a front mirror, and a 3:1 

upcollimator ( Figure 11 ). The lens was placed 1.5 meters 

from the upcollimator. The sample was placed in focus a 

distance of 5 cm from the lens. By mounting the sample on a 

dual axis translation stage, it could be scanned across the 

beam's path. Also the power density could be adjusted by 

simply translating the sample either closer to or further from 

the lens. 

Oscilloscope 

Q-Switch 

Upcollimator 

e-: 
K b  

Lens 

CAVITY 

Figure 11: Experimental apparatus 
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SECTION V: EXPERIMENTAL RESULTS 

Experiments one thru three involved sputtering a gold 

layer onto the gel-coating. Experiments four thru six 

involved the sputtering of a gold-palladium layer onto the 

gel-coating. In all cases a soda-lime-silica substrate was 

used. 

A. Sputtering gold 

1. Experiment One 

The first experiment consisted of sputtering 1000 A of 

gold onto a 1230 A base-catalyzed silica gel coating 

( see Figure 12 ). 

LASER BEAM 

METALLIC LAYER 

SOL-GEL COATING 

Figure 12: Sketch of an absorbing layer 
sputtered on a gel coating on 
a soda-lime-silica substrate. 
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To control thermal penetration into the substrate, the 

laser was Q-switched. Q-switching enables a large amount of 

energy to be delivered in a short amount of time thereby 

developing a time-dependent temperature gradient within the 

sample. According to Fourier's Law, the temperature at the 

surface decreases with increasing time and sample thickness.36 

Three different power settings were used to heat the 

metallic layer. The beam was launched at normal incidence at 

20,000 pulses per second. The first shot was fired at 15 A 

( peak pulse power, Pp « 19 kW ), the second at 18 A 

( Pp « 28 kW ), and the third at 20 A ( Pp « 32 kW ) all in 

multi-mode. Each shot resulted in the immediate vaporization 

of the gold as the sample was manually scanned across the 

laser beam ( approximately 0.1 mm/sec ). The sample was then 

washed in aqua regia ( a 3:1 nitric acid to hydrochloric acid 

solution ) to remove the gold. Once the gold was removed a 

noticeable line was left on the surface of the gel where the 

sample had been irradiated as it was scanned across the beam's 

path. When subjected to surface profile measurements this 

"line" enabled the user to accurately pinpoint the area that 

had been irradiated through the profilometer's video monitor. 

From Figure 13 we see that when the power was set at 

15 A ( Pp « 19 kW ) a 276 A deep, 45 Jim wide, channel was 

formed. As the power was increased, both the depth and width 
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of the channel increased. Figure 14, for example, indicates 

that a channel 428 A deep and 55 jum wide was formed at 18 A 

( Pp « 28 kW ) , while a current setting of 20 A 

( Pp « 32 kW ) formed a channel 639 A deep and 66 /im wide 

( Figure 15 ). 
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Figure 13: Surface profile of a 276 A deep, 
45 jiTo. wide channel formed from 
a peak pulse power, Pp ss 19 kW. 
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2. Experiment Two 

This experiment consisted of sputtering 1000 A of gold 

onto a 2153 A base-catalyzed silica gel coating. The laser 

was set for multi-mode at 20 Amps at 5,000 pulses per second. 

A 5 kHz repetition rate was used in this experiment as 

compared to a 20 kHz repetition rate used in Experiment One. 

Again a channel was created by manually translating the 

sample through the laser beam's path. A channel was also 

formed in the substrate. In that way any thermal damage to 

the uncoated substrate caused by the laser could be used to 

draw conclusions about the morphology of the heated coating. 

After the sample was irradiated, the gold was taken off with 

the aqua regia. Profilometer traces showed that a channel 800 

A deep was created in the coating ( Figure 16 ). 
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The channel formed in the uncoated substrate was also 

measured ( Figure 17 ). This channel was shallower 

( 500 A ) and slightly wider ( 112 ) than the one formed 

in the coating. 
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The sample was then prepared for SEM analysis. Figures 

18 and 19 are photos of the area where the laser beam was 

scanned across the uncoated substrate. Both are of the same 

area as seen under slightly different magnifications. 

Figure 18: SEM photo of the channel formed 
in the uncoated substrate ( mag. 
= 250X ). 
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Figure 19: Same as Figure 18 but under 
different magnification ( mag. 
= 500 X ). 
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Figure 20 shows the surface of the coating. The blackened 

area is where the beam was scanned across the sample. Surface 

profile measurements show that the width of this channel was 

some 60 /xm wide. 

Figure 20: SEM photo of the surface of the 
coating. The black area depicts 
the heated region. 
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Figure 21 shows the "blackened" area of Figure 20 under 

increased magnification. The heated-coating / unheated-

coating interface can be found in the lower left-hand corner. 

Figure 21: SEM photo looking inside heated 
area of Figure 19. 
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Approximately 6 weeks later, it was noticed that the 

depressions formed in Experiments One and Two were 

disappearing due to the coating shrinking by as much as 50%. 

As shrinkage to this extent has not been observed with acidic 

solutions, an acidic solution was substituted for the base-

catalyzed solution in the remaining experiments. 

3. Experiment Three 

A computer controlled translation stage was installed so 

that constant scanning speeds were available. Four different 

scanning speeds were used to investigate the heating effects 

while maintaining a constant absorbing layer thickness, 

coating thickness, power density, and repetition rate. 

1000 A of gold was deposited onto a 1150 A acid-catalyzed 

silica gel coating. The acidic solution, had a pH = 2 and an 

initial refractive index of 1.42. Experimentally it was found 

that with an output of 20 A ( Pp a I3kw ) at 5 kHz with a 50 

/itm beam diameter, in single-mode, scanning speeds greater than 

0.3 mm/sec generated no surface depressions even though the 

gold was vaporized and a noticeable change of color was seen 

on the surface of the irradiated gel. 

With a scanning velocity of 0.3 mm/sec, however, a 

depression did form. An uncoated substrate was also scanned 
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at that rate in order to compare its morphology to that of the 

coated substrate ( similar to Experiment Two ). Figure 22 

shows the surface profile of the coating after irradiation 

with a scanning speed of 0.3 mm/sec. 
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Figure 22: Surface profile of a 60 nm vide, 
450 A deep channel formed with 
a Pp « 13 kW in single-mode at 
a scanning rate of 0.3 mm/sec. 
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Profilometer readings recorded no surface depression 

along an uncoated substrate. SEM photos ( Figures 23 and 

24 ) show the morphology of the coating and of the uncoated 

substrate. Figure 23 is a photo illustrating the area 

( magnification = 250X ) where the beam has been scanned. The 

choppiness on the left-hand side is due to the acceleration 

of the motor to reach the desired velocity. 

Figure 23: SEM photo illustrating the area 
where the beam was scanned in 
the coating ( mag. = 250X ). 
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Figure 24 is a higher magnification ( 500X ) of the laser 

irradiated region. 

Figure 24: Same as Figure 23 but slightly 
magnified ( mag. = 500X ). 



Figure 25 ( magnification 

surface of the channel. 
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= 2500X ) examines the inside 

Figure 25: SEM photo of the surface inside 
the channel ( mag. = 2500X ). 
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Figure 26 shows where the beam was scanned across the 

uncoated substrate. Although the same black "bubbles" which 

appeared in the last experiment again occur there are fewer 

of them. 

Figure 26: Morphology of the thermal damage 
seen to the uncoated substrate. 
Note "black" bubbles appear but 
quantity much less ( as compared 
to Figure 17 ). 
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B. Sputtering gold-palladium 

1. Experiment Four 

While the above experiments consisted of sputtering gold 

and Q-switching the laser, the next two experiments 

investigated the possibilities of using a metallic layer with 

a lower reflectivity in an effort to heat the absorbing layer 

with a continuous beam power of 0.5 Watts without changing the 

phase of the metal. A gold-palladium layer ( 60 wt% Au ) was 

sputtered onto the silica gel. The reflectivity depended on 

the coating thickness. For a 200 A thick Au-Pd layer the 

reflectivity was 18%, while for a 400 A thick layer the 

reflectivity was 38%. 

A 400 A Au-Pd layer was sputtered onto a 1200 A acid-

catalyzed silica gel coating. With slow scanning rates 

( below 6.4 mm/sec ) the Au-Pd vaporized and the substrate 

cracked. With high scanning rates ( above 25.4 mm/sec ) 

there was no noticeable change in either the Au-Pd or the 

coating. 
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2. Experiment Five 

A 400 A Au-Pd was sputtered onto a 1200 A acid-catalyzed 

silica coating. Power output was maintained at 0.5 Watts. 

The first scanning rate was set at 6.4 mm/sec. The sample was 

then examined under an optical microscope. The Au-Pd was 

darker in color, and cracking of the substrate was apparent. 

The same sample was then used, all parameters identical, 

but scanned at 6.9 and then at 7.6 mm/sec. Again the Au-Pd 

changed a darker color but this time no cracking was observed 

in the coating when viewed under an optical microscope. 

SEM indicated that the coating was no longer uniform 

( see Figures 27 and 28 ). The photos in Figures 26 and 27 

show the sample when scanned at 6.9 and 7.6 mm/sec 

respectively. 
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Figure 27: SEM photo of the coating. 
Scanning rate = 6.9 mm/sec. Note 
coating is no longer uniform. 
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Figure 28: Same as Figure 27 except 
scanning rate is 7.6 mm/sec. 
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3. Experiment Six 

This experiment utilized the same parameters as 

Experiments Four and Five ( 400 A of Au-Pd, 1200 A acid-

catalyzed coating, and 0.5 Watt output beam power ), except 

for changing the scanning rate. The sample was now scanned 

at 7.9, 8.4, and 8.9 mm/sec. In all cases, the Au-Pd had 

changed color where it was irradiated, but when viewed under 

an optical microscope, no cracking was observed in the 

substrate. 

Surprisingly, when subjected to SEM, the sample showed 

no change in the morphology of the coating and surface profile 

measurements indicated no surface depression. 

SECTION VI: DISCUSSION 

In these experiments attempts were made to explore the 

feasibility of using both a pulsed and a continuous NdtYAG 

laser to develop a transient heat flow in sol-gel derived 

silica solutions coated on a soda-lime-silica substrate. Q-

switching enabled large amounts of energy to be delivered in 

a small amount of time, while cw operation required a rapid 
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scanning rate in order to prevent heat from penetrating into 

the substrate. By scanning at a fast rate a continuous beam 

can have the same affect as a single stationary pulse. 

A. Pulsed laser action 

The maximum temperature rise induced on the surface of 

the gold by a Q-switched laser is given by, 

T(0,0,t) = (l-R)Pa/2K7T3/2 arctan(S/w) (11) 

where R is the reflectivity ( 0.98 ), Pa is the power 

absorbed, K is the thermal conductivity ( 3.17W/cm-°K ), 

S = 2/ktp k is the thermal diffusivity, tp is the pulse 

width, and w is the beam radius.37 The value of thermal 

conductivity quoted here is for a bulk sample of gold. It has 

been shown that thin films have a thermal conductivity that 

is a one to two orders of magnitude lower than bulk materials; 

therefore a value of 0.317 W/cm-'K will be used as an 

approximation.38 It can be shown from equation (11) that the 

temperature rise induced in a metallic layer of gold can be 

quickly raised to its boiling point. The temperature at the 

surface of the gold is raised to the vaporization temperature 

( normal boiling point ) in the time, tv, given by : 
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tv = (7T/4) (Kpc/P2) <TV - T0)2 (12) 

where K is the thermal conductivity, c is the heat capacity, 

p is density, and F is the laser flux density. Tv and T0 are 

the vaporization temperature and the initial temperature.39 

For gold the specific heat equals 0.007 J /gm'C, the 

density is 19.32 gm/cm3, and the boiling point equals 2970 °C.40 

Substituting these values into equation 12, we find that the 

surface of gold is raised to the vaporization temperature 

within nanoseconds. 

Further the rate of material removal as a function of 

total laser energy in the pulse is given by 

Vss = F / p[L + C(TV - T0)] (13) 

where L is the latent heat of vaporization = 446 cal/gm. 

Substituting the appropriate values into equation (13), 

we find vss » 103 cm/sec. This means a 1000 A gold layer is 

completely vaporized in « 10 nsec.41 

This time span is much shorter than one pulse width, so 

in effect, one pulse can vaporize a 50 ftm diameter hole in the 

gold. Once the gold is vaporized no further radiation is 

absorbed and no more heat is generated. Hence a heat source 
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of 2930 °C is generated on the surface of the gel for 

approximately 10 nsec. 

Experiment One showed that an increase in peak pulse 

power resulted in the formation of a deeper and wider channel 

in the coating. However equations (12) and (13) show that as 

the power density increases the time to reach the boiling 

point of gold, tv, decreases and the rate of material removal 

increases. This suggest that as the power is increased the 

gold is removed at a faster rate thus implying the heat source 

is generated faster and likewise disappears faster as compared 

to a lower energy pulse. From this it follows that thermal 

penetration should actually decrease with a more intense 

pulse, thus leading to the formation of a shallower channel, 

not in the creation of larger ones. In order to explain this 

discrepancy two interrelated hypothesis are tentatively 

suggested: the possibility of metallic debris radiating heat 

and the notion of the gel being removed due to the impact of 

the pulse. 

1. Metallic debris 

Experiment two showed the morphology of the coating and 

of the uncoated substrate after the sample had been 

irradiated. The uncoated substrate showed a myriad of white 
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and black "bubbles" within a channel that was formed 500 A 

deep ( Figures 18 and 19 ) . Although the chemical composition 

of these bubbles is unknown at this time, it was surmised that 

the white bubbles represented gold while the black bubbles 

were believed to be sodium that had boiled out of the 

substrate due to the intense heat generated by the laser 

within the gold layer. These same bubbles also appeared in 

the morphology of the coated substrate ( see Figure 21 ) . 

This signified that the coating had been heated and the 

underlying substrate had been thermally damaged. 

Experiment Three demonstrated that when the peak pulse 

power decreased and the scanning rate increased, the 

morphology of the uncoated substrate after irradiation 

revealed these same white and black bubbles though there were 

fewer of them and no surface depression was recorded. 

The photos of the coated substrate showed no signs of 

gold within the channel though some seemed to have splattered 

on the sides. This suggests that the higher energy pulse of 

experiment one, upon impact, splattered the gold and forced 

it into the gel and substrate. Since the gold was not 

completely removed it may have continued to radiate heat 

further thermally penetrating into the sample, thus causing 

damage to the substrate. 
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The lower energy pulse of experiment three was able to 

completely remove the gold ( as seen from Figures 23, 24, and 

25 ) suggesting that a heat source was generated on the 

surface of the gel for « 10 nsec with no subsequent heating 

from metallic debris. This heat was then transferred into the 

coating without damaging the substrate. 

Although the scanning rate should not affect the 

heating/cooling process ( this heating/cooling process 

occurring much faster than the quickest scan ), this rate does 

seem to have an affect. Experiment Three, for example, 

indicated that at high scanning rates the gold vaporized yet 

no surface depression formed within the coating while a low 

scanning rate did result in heat transfer. 

Studies involving laser vaporization of thin metallic 

gold films on sapphire have also suggested that both power 

density and sweep speed affect substrate damage, yet no 

explanation was given.42,43 Possibly the scan rate affects the 

way heat is transferred from the gold to the gel or perhaps 

the gold/gel interface was not continuous. 

2. Vaporization of sol-gel versus densification 

In addition to possibly forcing gold into the gel, the 

impact of a high energy pulse, combined with the intense heat 
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generated within the gold, may have removed a portion of the 

gel. 

Although profilometer traces indicate the approximately 

half of the original thickness remained, this reduction may 

have occurred solely through densification, or may be a 

combination of both material removal and densification. This 

issue remains an open one. 

B. Continuous laser action 

Using a continuous beam can result in reaching the 

melting and boiling points of Au-Pd, as described by the 

following equation, 

T(0#0,t-»o) = (1-R) Pg/ZTTKW (13) 

where the thermal conductivity is ~ 0.02 W/cm°C.w 

Experimental results showed that scanning at a slow rate 

vaporized the metallic layer and damaged ( cracked ) the 

substrate. Increasing the scanning speed resulted in the 

heating of the metallic layer without a phase change and with 

either surface damage or no effect whatsoever to the coating. 

At an intermediate scan rate, the morphology of the coating 

after irradiation showed that the coating was no longer 
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uniform. The black areas in the photos of Figures 27 and 28 

depict a seemingly undamaged substrate but the white line some 

3 0 /zm away from the irradiated region may be a crack either 

in the coating or substrate caused by thermal stresses. 

Though cw operation seems feasible, more insight into 

thermal properties of sol-gel derived silica needs to be 

obtained. Specifically, how heat flows from the metallic 

surface into the coating and substrate given laser parameters, 

coating thickness, and scanning speeds should be investigated. 

C. Comparison of pulsed and continuous laser action results 

Pulsed laser action formed a channel in the coating 

whereas continuous laser action cracked the coating. It is 

known that coatings crack because either the heating or 

cooling process is too fast. However when the laser is pulsed 

the heating/cooling process is much faster yet no cracking of 

the coating results. Another reason why cracking may occur 

is that during densification, if complete removal of all 

residual chemical species does not have enough time to escape, 

the coating may blow up and crack.'45 

If this is the case then under pulse laser action it is 

possible that these species did not have time to even begin 

to escape being that heating/cooling processes are much 
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quicker than with a continuous beam and perhaps are trapped 

inside the gel structure. 

SUMMARY AND CONCLUSIONS 

The ability to heat a sol-gel coating utilizing a Nd:YAG 

laser onto a soda-lime-silica substrate with a lower glass 

transition temperature has been successfully documented. 

Using a laser beam in this process has the added benefits of 

being able to densify the coating without detrimental damage 

to any surrounding components, and to form complicated 

patterns, such as curved channels, by computer-controlled 

translation of the laser beam. 

Standing-Waves 

At first it was believed that coatings could be densified 

using near-infrared laser irradiation without damaging a 

substrate with a lower glass transition temperature by 

coupling energy directly into a thin film of a quarter-

wavelength thickness. The electric field strength was not 

strong enough to cause any significant temperature change. 
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Sputtering of an absorbing layer 

By sputtering a thin absorbing layer onto a gel-coating 

and irradiating with laser light a localized heat source on 

the surface of the gel was induced and confined to 

approximately the beam diameter. This heat was then 

transferred into the gel resulting in a gaussian depth profile 

with no damage to the substrate. When a base-catalyzed 

solution was used, the depression disappeared within a few 

weeks. An acid catalyzed solution which reaches full 

densification at approximately 1000°C was substituted for the 

base solution in later experiments. 

Two methods of distributing laser energy were 

explored : Q-switching and cw operations. Through surface 

profile traces and SEM analysis it has been shown that when 

Q-switched, sol-gel derived silica can be heated and perhaps 

densified on a substrate with a lower glass transition 

temperature. CW operation has the feasibility to do the same, 

but more insight into material dynamics and thermal modelling 

is needed. 
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Future experiments and suggestions 

Several unresolved issues must be addressed in order to 

fully understand the effects of laser irradiation on a sol-

gel coating, such as determining the extent of coating 

densification and the composition of the bubbles formed in the 

sample when using a pulsed laser. Also, when using a 

continuous beam, problems developed in coating uniformity. 

An additional issue concerning the usefulness of an acidic as 

compared to a basic catalyzed solution also needs to be 

examined further. 

Because of the different results obtained when using a 

continuous beam as compared to Q-switching additional 

experiments concerning both approaches should further be 

investigated. For instance, a refractive index measurement is 

needed of the surface of the channel formed in the coating 

when the laser was pulsed. This would give us an idea of the 

level of coating densification. Also an approximation of the 

temperature rise the coating was exposed to may be inferred 

from refractive index measurements ( recall Figure 1 ). 

Further Auger spectroscopy is needed to look at the 

chemical composition of the channel. To examine whether 

organics are burned out or trapped in and whether the white 

bubbles are gold and the black bubbles are sodium. 



76 

different thicknesses of the absorbing metallic layer. By 

choosing an appropriate thickness and scan rate the 

heating/cooling process of the coating may be controllable. 

Thermal modelling would be very useful here. This technique 

should incorporate material and beam parameters such that 

charts of temperature versus different scanning speeds as well 

as temperature versus different coating thicknesses could be 

easily obtained 
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