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PREFACE

Originally, when I began this research project, 1 was to study
damage to thin film coatings as a function of laser wavelength. I had
hoped that a careful experimental and theoretical study of the problem
would clearly advance our knowledge of the damage process and provide in-
valuable data to the thin film community. As the project evolved and
initial data taken, it became evident that the scope of the program had
to be greatly expanded to include a study of laser pulse length and film
thickness dependence of damage. Without such an expansion in scope it
would not have been possible to uncover the dominant role of absorbing
impurities in laser damage to thin films.

The capability of increasing the scope of this effort was due solely
to the experimental knowledge of Dr. Arthur H. Guenther who proposed the
original problem. I am indebted to his foresight of obtaining thin films
in a variety of thicknesses and a laser system specially designed to
operate at more than one pulse length. His guidance throughout the ex-
perimental evolution of this research was invaluable. I want to express
my thanks to Maj. Phil Nielsen for his many helpful discussions on
theoretical aspects of avalanche ionization, multiphoton absorption and
impurity induced damage. While several useful products of our dialogue
were published elsewhere and do not appear in this dissertation, the
impurity theory is contained here. A special thanks is given to
Mr. Charles Fry and Mr. Joel Jasso who assisted in taking enormous amounts
of data and performing the computer analysis. Finally, my greatest
thanks go to Judy, Jeff and Stacey for their moral support, understanding

and unlimited patience.
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ABSTRACT

N — \\'

‘"LThe laser-induced damage thresholds of dielectric thin film coatings
have been found to be more than an order of magnitude lower than the bulk
material damage thresholds. Prior damage studies have been inconclusive
in determining the damage mechanism which is operative in thin films.

A program was conducted in which thin film damage thresholds were
measured as a function of laser wavelength (1.06um, 0.53um, 0.35um and
0.26um), laser pulse length (5 and 15 nanoseconds), film material and
film thickness. The large matrix of data was compared to predictions
given by avalanche jonization, multiphoton ionization and impurity
theories of laser damage. When Mie absorption cross-sections and the
exact thermal equations were included into the impurity theory, ex-
cellent agreement with the data was found. The avalanche and multiphoton
damage theories could not account for most parametric variations in the
data. For example, the damage thresholds for most films increased as

the film thickness decreased and only the impurity theory could account
for this behavior. Other observed changes in damage threshold with
changes in laser wavelength, pulse length and film material could only be
adequately explained by the impurity theory. The conclusion which

results from this study is that laser damage in thin film coatings

results from absorbing impurities included during the deposition process.
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I. INTRODUCTION

The importance of laser induced damage to optical thin film coatings
has been recognized for a long time (1). High power laser systems used in
fusion and high energy systems for weapons are required to operate over
long periods of time without appreciable degradation in performance. The
optical coatings employed in these lasers have proven to be very expen-
sive and greatly impact the operation of the system. For example, the
creation of even small damage sites within an optical coating can
eventually degrade the beam quality enough to stop laser operation. Air
Force programs in satellite communications and surveillance are similarly
affected by this same problem and a great deal of resources are expended
each year in an attempt to improve thin film coating technology.

The Air Force has funded many efforts to develop improved coatings,
however, the factors affecting laser induced damage of coatings for a
wide range of laser wavelengths and operating conditions are still not
well understood. Much of the research has been devoted to studying thin
film damage in the relatively long pulse regime (longer than 160 nano-
seconds) and for continuous wave (CW) laser operation. Although many
systems of interest to the Air Force operate under these conditions,
short pulse lasers have become increasingly important. In addition there
has been a strong thrust to develop lasers which operate at sherter
wavelengths (visible). This trend is driven in a large part by the
requirement for smaller and more efficient optical systems. Unfortu-
nately, when the size of the optics is reduced the coatings must
withstand even higher power or energy loadings and in many cases suitable

coatings do not exist.
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In order to develop quality coatings, we must understand the funda-
mental damage processes and how they vary with laser wavelength and
pulse length. The three principal processes by which the laser energy
can be coupled into the thin film material are avalanche ionization,
multiphoton fonization and absorption by impurities in the films.
Avalanche jonization occurs when an electron in the conduction band of
the material absorbs enough energy from the electromagnetic field to
impact ionize a valance electron. - The two electrons can undergo the
same process to produce four conduction electrons and so on. The
number density of electrons in the conduction band grows exponentially
with time until a plasma is formed. The plasma more efficiently absorbs
energy from the electromagnetic field and catastrophic damage to the
material occurs. Multiphoton jonization can also produce a plasma,
however, in this case the electrons are promoted from the valance to the
conduction band by direct absorption of two or more photons. The
number of photons required for each ionization depends on the bandgap
of the material and the laser wavelength. Impurity dominated damage is
a thermal process and takes place when an impurity in the film absorbs
enough laser radiation to produce melting or fracture of the host
material.

An extensive amount of research has been conducted in an attempt to
validate one or another of the theories. The research usually involved
studying breakdown as a function of laser wavelength (2-15), pulse
length (16-19), or film thickness (20-24). Historically, the wavelength
dependence of laser damage has been used as the main theoretical testing
ground (2-15, 25-26). In part this is because avalanche and multiphoton

jonization theories predict conflicting laser wavelength dependencies.
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while current theories of impurity dominated damage predict no wavelength
dependence. {

The original objective of this research was to obtain experimental

data on the breakdown of thin film coatings at laser wavelengths ranging
from the near infrared (1.06um) to the ultraviolet (0.26um). Carefully ob-
tained experimental data did not exist for such a wide range of laser wave-
lengths, or at all for many of the materials tested in this research.

The intent of this effort was to compare the results to the various
theories of breakdown and explain the frequency dependence of breakdown

in thin film coatings. However, initial work on the theories soon in-

’ dicated that this would not be a fruitful approach. For example, one
major effort was to properly include the Mie absorption coefficient into
an impurity breakdown model, and for the first time use the exact

solution to the thermal equations in the model. When this was done

there was no longer a clear, definitive and qualitative distinction

, between the wavelength predictions of the multiphoton and impurity

| models. This Tack of distinction comes about because the materials

can only be tested at a few discrete points across the frequency

spectrum (because of available lasers) and as will be shown later, both
theories predict a general decrease in damage threshold with an increase

§ in laser frequency. Further, a careful examination of the theories re-

i vealed that the pulse length dependence of breakdown was also an

inconclusive test of any theory when studied as a single parameter in break-
down. It is shown in this work that the pulse length dependence is a measure

r of the magnitude of the energy loss mechanisms and can vary from a very

weak to a very strong dependence in all of the theories.

BRI RO




These results served to point out that studies of breakdown as a

function of only one parameter can not uncover the dominant mechanism of
laser damage. In fact, single parameter studies have often engendered
controversy, a fact supported by numerous publications in which the con-
clusions drawn from experimental data are in total conflict (7, 9,

26, 27).

Unfortunately, it is not possible to correlate the results of past
research to obtain a multi-parameter study of the breakdown process.
Each individua! experiment was performed on a different set of films and
usually under different experimental conditions. The films varied in
method of substrate preparation, film thickness, quality of starting
materials and deposition technique. The last two conditions are of
vital importance in determining the type, size, distribution and
quantity of impurities in a film.

With these facts in mind, the objective of this research took on
a new direction, to conduct a multi-parameter study of the
breakdown process under controlled conditions which would allow a
correlation of all the data. The parameters that were varied were laser
wavelength, pulse length, thin film thickness, and thin film materials.
Although a few two-parameterAstudies have been conducted in the past
(5, 17, 18, 26), these have been very limited in the amount of data that
was taken. Standard techniques of determining the peak laser intensity
during a single firing often takes hours or days to analyze. To obtain
the large amount of data reported in this work, a new technique was

devised which could provide the results in a matter of minutes. Over

8000 data points were acquired, which would have taken 5 to 10 years by

conventional methods.
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The result was not just a multi-parameter experiment, but a very
comprehensive multi-parameter experiment. It was found that the only
damage process which could consistantly fit with the experimental
results was impurity induced damage. Although this mechanism has
been argued for in the past, it had never been convincingly
demonstrated.

The body of this dissertation is divided into six sections.

The second section is devoted to presenting the theoretical

models of laser induced damage. Each theory is discussed in terms
of the predicted behavior of breakdown with a variation in the
major parameters. Section III gives the experimental arrangement
and technique. The sample preparation and experimental error
analysis is also discussed. Section IV presents the experimental
results and a comparison of the data with each of the theoretical
models. The fifth section is devoted to conclusions and dis-
cussion of the results. The last section highlights the major

unresolved issues and gives recommendations for future research.
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II. THEORY

Background

The theoretical treatment of laser induced damage to dielectric
materials has followed the three distinct paths of avalanche ionization,
multiphoton ionization, and impurity induced damage. Over the past two
decades there has been a concerted effort to compare the theoretical
predictions of these three treatments with experimental data.
Unfortunately, each of the theories is subject to uncertainties which
make accurate calculations of absolute damage thresholds difficult.

Both avalanche and multiphoton ionization calculations require para-
meters such as the material band structure and electron effective mass
which are often not available for many dielectrics. The impurity model
requires a detailed knowledge of types, size, and distribution of
impurities in the host material which are also unknown at the present
time. Because of these limitations it is impossible to calculate from
first principles damage thresholds by each of these theoretical descrip-
tions. One way to determine the most appropriate model would be to
compare their predictive parametric variation of damage with laser pulse
width, wavelength, and film properties. Specifically, this section will
deal with the predictions of each theory of variations in the critical
or damaging energy density with changes in the laser pulse width and
wavelength.

Avalanche lonization

The fundamental approach to avalanche ionization is to calculate
the time evolution of the electron distribution function f(p) and then

obtain the electron ionization rate. The theoretical calculations




start with a quantum kinetic equation, the most general form of which

has been given by Epshtein (28) with an equivalent expression by others

(29, 30). Epshtein's equation is

2 &2 2
p.t) = C
ot = o 3 16 £ Tt x

{['ﬁ‘hi (Nt -'FF NK] J(€p+§ -Cf—fva-[’ﬁw) + o

[’CF-R Nx‘ﬁs(Nﬁ')]J(fp-z —c’,;ﬂ;wn-{’hw)}

where C is the matrix element for the electron-phonon interaction;

J2 is a Bessel function of order &; E0 is the opto-electric field
amplitude; k is the phonon momentum; p is the electron momentum; w is
the frequency of the electric field; Nk is the number density of pho-
nons; ¢ is the electron energy. At present an analytical solution to
equation (1) has not been obtained even though an approach has been put
forth by Keldysh (31).

Epifanov (3, 7, 32, 35) reduced equation (1) to an energy dif-
fusion equation with the conditions, w<<Eg where Eg is the material
bandgap energy and Ac 3f/3e<<f(e). The first condition is valid for
the large bandgap dielectrics. However, the condition is not satisfied
for the smaller bandgap materials (Eg<6ev) at the short (26003) wave-

length. The second condition requires that the electron distribution

function not change significantly during the energy absorption process.

Thus, the gain in energy as a result of the electron-phonon-photon




process must be small compared to the electron energy. Again this
condition is valid for the large bandgap materials. The diffusion caqua-

tion can then be solved with the assumed steady state solution.

fietr = T e e @

~—

where )’ is the ionization rate for the avalanche process. The final

expression for the critical field is given by equation (3).

2 — 2 2
E; = OEgm \/2§(W + B )L
KTe " e/ (5

where Vs is the velocity of sound in the solid; Lac is the mean free
path between electron-acoustic phonon collisions; L is the number of

electron regenerations; and t_ is the laser pulse length (full width

P
at half maximum). 6 is a function of material parameters and the
i electric field strength. However, since 6 occurs within the natural
logarithm, it has only a small effect on the critical field breakdown,
for reasonable ranges of the parameter.

It can be seen from equation (3) that the dependence of the break-

down field on the laser pulsewidth tp is weak. The physical significance

of this can be gleaned by recasting the critical field into the

critical energy per unit area, which is the total energy utilized in




the breakdown process. The energy per unit volume is given by
(1/2)50E2. The total energy per unit area which is incident on the

breakdown volume is 1/250E2ctp, where ¢ is the speed of light. We have

_t (a)
(ENERGY/AREA),.,. ., ()

which is a strong function of the pulse width. The fact that the
process depends so strongly on the rate that the energy is deposited
implies that energy loss mechanisms are important. Thus equation (3)
gives a solution for the damaging field when electron energy losses are
high.

Two alternate derivations of the critical field have been given by

Molchanov (2) and Zakharov (33). Molchanov's result is

2
g2 =  160Tn'vEpVsW? (5)
C - 2 /
e/2m T,KTE?
where n is the refractive index of solid E] is the strain energy
constant for acoustic phonons. On the other hand Zakharov's
formulation gives
272 2
m- Vs W Eq
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It is clear that equations (6) and (3) are very similar if w2 is much
greater than Eg/mLic, the electron-phonon collision frequency in
equation (3).

In equation (5) the critical energy per unit area is independent
of pulse length. This would seem to be in conflict with the other two
equations. However, both Zakharov (33) and Epifanov (32) noted that
their respective formulations reporduced equation (5) if
mzviszg/ezEsz was much less than one. This limit must be taken in
the expressions for the electron distribution function before the dif-
1 fusion equation is solved. It can be shown that the quantity

mzvngEg/ezEsz is directly proportional to the ratio of the power loss

due to spontaneous emission of phonons to the coefficient of electron
diffusion along the energy axis (32). It is exactly this energy loss
by electrons to phonons which gives the strong time dependence of the
critical energy per unit area. Equation (5) represents the "no energy
Toss" solution and equations (3) and (6) are the "high energy loss"

solutions. The expression mzvng 2

Eg/ezE kT indicates that the "no
energy loss" condition is not valid for dielectric materials unless
the temperature exceeds several hundred degrees C. Results obtained i

by Manenkov (25) on the temperature dependence of breakdown were

compared to equation (3) and good agreement was found, which also
supports the Epifanov treatment of avalanche ionization. The conclusion
is that, for dielectric materials tested in this dissertation, the
expected laser pulse length dependence of the damaging energy denisty
is approximately linear as given by equation (4).

The predicted dependence of breakdown on the laser frequency is

identical for the equations (3), (5) and (5) when Eg/ngc’ the square

10

i NPT IR T ‘ PTRIRRC e,




of the electron-phonon collision frequency, in equation (3) is much less

than wz. The breakdown field clearly increases with higher laser
frequency. When the above condition is not met, then by equation (3),
the functional dependence on laser frequency is weaker. Thus, depending
on the magnitude of Eg/ngc, the predicted frequency dependence varies
from no dependence (Eg/mL§C>>w2) to an W dependence (Eg/mL:c<<w2).

The laser pulse width and wavelength dependencies of damage will
now be examined in a multiphoton breakdown theory.

Multiphoton Ionization

Bloembergen (34) postulated that when the photon energy of the
damaging 1ight was about a third of the bandgap energy (Eg) of the solid
then multiphoton absorption could contribute significantly to the break-
down process. As a result the damage threshold would go down as the
laser frequency was increased beyond an equivalent photon energy of
Eg/3. A number of experiments in bulk materials have been directed
toward verifying this trend (4, 7-11, 13-17, 35). At present, in bulk
solids, there seems to be some substantiation that a decrease in
breakdown threshold does occur (4).

The analytic difficulties of treating multiphoton absorption in
solids are comparanie to those of avalanche fonization. Many
theoretical treatments have been given for two-photon absorption in
semiconductors (35-38, 41) where the band parameters and structure are
well known. There has been no theoretical work for dielectrics, where
the band structure is often unknown. Standard perturbation techniques
have been used to treat up to three photon processes, however, at this
level, comparison with experiment becomes almost impossible. Again,

this is due mainly to a Tack of knowledge of the band structures.

N




There are several treatments of photon absorption to all orders
(39, 40, 43), of which the most widely used is that of Keldysh (39).
Although the main reason for this wide use is that the final equations
are simple enough to obtain numerical results without lengthy and complex
computations, there are more important aspects. The Keldysh theory
gives in most cases the best agreement with experiment (44). For high
order absorption (greater than three) it is the only theory that can
be used at present to obtain meaningful numerical results when compared
to experiments. It has been stated that the Keldysh formula is only
valid for high order photon absorption (35, 40, 42-44). Comparison with
experimental data for one and two photon absorption indicates that this
is not the case (41). Vaidyanathan and this author have shown that the
Keldysh formula reduces to the well known result (46) for one photon
absorpticn. Thus, the Keldysh formula gives meaningful results for
first and higher order photon processes and will be used as a
comparison with the experimental data in this thesis.

The general Keldysh formula for the jonization rate is (39)

N
L= 2w mwf{n??? )Q(a;ﬁ%exp{-rkfwﬁu >

[~ k] /ot

where Y = w( \/mEg Y/eE; F_g is the bandgap energy; K and % are ellip-

o~
tic integrals of the first and second kind; Eg is given by
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The symbol <x> denotes the integer part of x. Finally,

QX = [TT/2KW ZCXP [(W)

nso

ol W)/Eiﬁ—?f)x ¢
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®{z) is the Dawson integral given by
4

B = [ e dy

For breakdown fields E = 106 volts/cm, & is much greater than one and

equation (7) reduces to
1= 2w mWYslocE _o g2
b= g (el oo

exP (ﬁﬂ)(l 4%-:\ (156:'55/2253)@“)

The breakdown criteria can be taken as

(tp) = critical electron density (10) i;

- =

where tp is the laser pulse width and 1 is the electron transition

rate (39). The critical electron density is not as important as the
predicted behavior of breakdown with laser pulse length and wavelength.
Equation (9) can be simplified by noting that in general e2E2/4mw2Eg is
much less than 1. The dependence of the critical energy per unit area

on the pulse width becomes
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From (11) we can see that if Eg is less than 4w, the breakdown process
is time independent. For very high order photon processes, Eg much
greater thanfiw, the process depends linearly on time. This would be
indicative of a high energy loss regime, except in the case of multi-
photon absorption, where it would be more appropriately called a regime
of low energy utilization.

The wavelength dependence contained in equation (9) is complicated.
A computer program was written during this research to plot the break-
down field dielectric materials as a function of wavelength. The
results are shown in Figure (1). Also, included in the figure are the
avalanche model and a combined avalanche and multiphoton model pre-
dictions. Clearly, the multiphoton theory predicts a decrease in the
breakdown field as the laser frequency increases.

Impurity Dominated Breakdown

There has been a great deal of theoretical work on damage produced
by impurities in the host material (47-76). Even now it is not clear
that damage in very pure bulk materials is produced by avalanche
or multiphoton ionization as opposed to isolated impurity sites (75).
Experimental data (17, 18, 26, 38, 75) confirms a spot size of break-
down that is difficult to explain by either multiphoton or avalanche

ionization. In thin films the importance of impurities is expected to

14
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be even greater. For example, the absorption coefficient of most thin

1 +o 1000 cm-], and in bulk form the range is

films is between 10 cm”
several orders of magnitude smaller. Surface absorption falls in between
these two extremes. The high absorptivity of thin films is generally
attributed to impurities which are included during the deposition
process. Experimental data also shows that the breakdown threshold can
be more than an order of magnitude lower for thin films than for the
bulk form of the same materials.

The model which was developed in this research for impurity
damage is that of spherical absorbing particles embedded in a host
material. The impurity is assumed to absorb the incident radiation and
then heat up. A straightforward solution to the thermal equations can
be obtained by assuming that the heat flow out of the particle is
determined only by the thermal conductivity of the host material. This
assumption is true if the thermal conductivity of the impurity is

infinite, in which case the temperature within the impurity is uniform.

The appropriate thermal equations are given by equations (12) and (13).

JZ(ZT—) — TZ(PT) =0 r>d (12)
dr

= _ [ ]2l dpr =

T(r,s) and T](r,s) are the Laplace transformed temperatures with respect
to time inside and outside of an impurity of radius a. We have the

following definitions: M is the mass of the impurity; Cp specific heat
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density; K

b is the thermal conductivity of the host material;

q* = (S/Dh)]/2 where D

h is the thermal diffusivity of the host material;
Q is the absorption cross-section; J is the incident laser intensity;
s is the Laplace transform variable.

Equation (13) is an energy conservation equation which replaces the
diffusion equation inside the impurity when a uniform temperature dis-
tribution is assumed. The solution is straightforward and the result

has been given by Hopper and Uhlmann (47) for metallic impurities in a

dielectric material. The temperature in th- host is

T = 2CPDhmr{q_— Z(Qtf)w ‘1_+m er cz&t:)vz
] exp[ﬁ-zmxr-a)+<ct—nfo.,gg]e,.fc'r-g (@M.t
q

(14)

- 4q? @(Dhtf)lé*- 2a
i 4 =] exP[c’."'m)(""q (LMDt ]erfc Pr-a (q_+m)(1),,tg)
; T+m 2a 42 2Ot 22

Inside the impurity we have

_ 3QI LT to(L-MF), e (A-MDit o
Te = 2c,TD,,mq{1-mL' “"""(’Q”Z'c?—l>e'f°<( '2_aD" 2

(15)
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Cp is the volume specific heat; q = 3Ch/Cp and m = (q(q-4))]/2.
Equation (15) is the result that has been often used in impurity damage
work (47, 54, 76). Note that equation (15) is not valid for q less than
or equal to 4. For q greater than 4 we must have Ch greater than

(4/3)Cp which is usually the case for metallic impurities in glass. If

q is less than 4 the correct solution derived by this author is

_ (L-MPDute) o . fo LUDsE £%
T. = %ngm{l+exp(__a:2—bl)erfc(—2h;i)x

" e MOyt : (16)
(L snELm —cos(2imit 2 exfErdite 0

VD, ts
- et [ ¢ oo - 2y
_%COS(2¥358§P2% — 2%"\42&:2122;]) JY

It can be shown that under the proper limiting process that both
equation {15) and the correct equation for q = 4 are obtained from
equation (16). In equation (16) m equals (q|q-4|)]/2.

Figures (2) and (3) show plots of equations (15) and (16) respec-
tively. These plots represent the energy per unit area incident on the
impurities required to raise the impurity temperature to 2000%K. For
simplicity, the cross-section Q has been taken to be equal to one.

Both equations give meaningless results when the impurity size is less
than some critical value because of the assumption that the

temperature is uniform within the particle. If r2 is much greater than
Dhtp’ where r is the radius of the impurity, then the internal temper-

2

ature should be approximately uniform. However, if r® is less than

D, t_, then the thermal diffusion rate out of the impurity becomes

h'p
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great enough to make the uniform temperature assumption invaiid. The

points on the plots at which the equations are badly behaved correspond
exactly to a non-uniform particle temperature. The equations have
been checked to insure that the observed effect is a result of the
equations and not due to a computer generated error. Examination of
the figures would seem to imply that the range for which the equations
are invalid is not significant. The size of the particles that are
easiest to damage are larger than where the discontinuities occur. How-
ever, if we assume that the largest size impurities which can occur in
the thin film has a diameter equal to the film thickness, then for very
thin films the invalid range of the equations is important. For example, a
2600R thick film would contain only 26008 diameter impurities and
smaller. There is evidence that this last assumption is valid (77),
and is one of several reasons why equations (15) and (16) must be used
carefully when applying them to thin films.

Recent research (77, 78) indicates that the impurities in fluoride
thin films are oxides. For example, thorium fluoride (ThF,) contains

ThO

a)
2 and/or Th0F2. Oxides and other dielectric materials typically

have a very small coefficient of thermal diffusivity (79). The small
coefficient violates the basic assumption made in obtaining equations
(15) and (16), and these equations can not be used in treating dielec-
tric impurities in dielectric host materials.
In light of the above discussion, an exact solution is required to the

thermal equation for spherical impurities. The exact thermal equations

are given in equations (17) and (18).




Where ﬁﬂ is the Laplace transformed temperature. The solution to these

equations was obtained by Goldenberg and Trantor (80). The result is

.-l
[

QI JLKe 4 Ly r% _
- +6(' )

Ke 13 K a? (19)
o2t
Y,
2ab [ € " (SINy=yCOSy)SINry/a))dy
r1T [(cSINy —yCOSy)? + b3 2SINY]

Where }{] = a2/Dp, c= 1-(Kh/Kp), b = (Kh/Kp)(Dp/Dh)]/z' The exponen-

tial in equation (19) which involves time, contains Dptp/az, where
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equations (15) and (16) contain Dhtp/az. Since the integration in
equation (19) is from zero to infinity, it is easy to make a change of
variable and cast (19) into the same form as (15) and (16). Figure (4)
shows a plot of the incident energy per unit area required to heat a
particle's boundary (r = a) to a temperature of 2000%K as a function of
the particle size. Curves (1) and (2) are equations (15) and (19)
respectively. The material parameters are for a typical metallic im-
purity in a glass host material. As expected the agreement between
equations (15) and (19) is excellent over the range of impurity sizes
that were used. Figure (5) shows a comparison of equation (19) (curve 1)
and equation (16) {(curve 2). The material parameters are for dielectric
impurities and q less than 4. In this case very poor agreement is

found between the two equations. This is a result of the uniform tem-
perature assumption made in obtaining equation (16).

The integral in equation (19) converges rapidly and remains well
behaved for all values of the impurity size, so there are no practical
reasons for using equations (15) or (16) instead of (19). It is clear
to the author that the Goldenberg and Trantor (80) solution to the
thermal equations is not known to researchers working in the field of
laser induced damage. This fact is pointed out by observing that in
the work on impurity dominated damage (50-76), there is no reference to
this solution. However, in the research cited there are many refer-
ences to the solution of Hopper and Uhimann (2), given by equation (15).

To date, every treatment of impurity dominated breakdown has used
an assumed constant for the absorption cross-section Q. This is only
valid if the impurity is much greater in size than the wavelength of

incident radiation. In the case of thin films the impurity size is
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limited by the thickness of the film and therefore, the impurity sizes
are of the same order as the wavelength of light. It can also be seen
from the previous figures that the size of impurity which is easiest to
damage is of the same order of magnitude as the wavelengths of the laser
radiation used in this research. If impurities of this size produce
damage, the energy absorption is determined by the Mie absorption cross-
section given by a Mie scattering calculation.

In equation (19) with a constant value of Q there is no frequency
dependence. However, if we introduce an asymptotic analytic expression
for the Mie absorption cross-section for Q in equation (19), this is
no longer the case. Such an expression can be obtained for the Mie
cross-section if the real index of refraction is between 1 and 2, and

the imaginary index is much less than one. We have (81, 82)

— 2€ (e - u) ,
Q = ﬂclz(| + (8‘"}\!3,6) + S (20)

This cross-section is valid for a dielectric impurity and gives a
wavelength dependence as well as an additional impurity radius de-
pendence. The range of n and n” over which equation (20) is valid
would not include metallic impurities.

The Mie absorption for metallic impurities can be approximated by

— 2 AN
Q = Ma (7555- + E9 (21)
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Figure (6) shows an exact and approximate equation for metallic and di-

efectric impurities. ?
An additional point must be made in connection with equation (20). i
Recently it has been predicted, from more sophisticated computer %
calculations of the Mie absorption cross-section, that resonances occur
which can give rise to anomalously large absorption spikes (83, 84).
Considerable discussion has been devoted to the physical meaning of
the resonances (83, 85, 86). The equation (20) is a simplified
analytic asymptotic approximation to the full Mie absorption cross-
section. The recent computer calculations (84) give the same form as
equation (20), with the exception that the resonances are superimposed.
Major points can be made in favor of retaining equation (20) in
the theoretical calculations. First, the calculations are for perfect
spheres. The resonances are easily destroyed by any deviation in
symmetry (84). This deviation undoubtedly occurs for real impurities.
Second, the predicted resonances are extremely narrow and in general for
a fixed wavelength the particle radius must be exact to one part in
7000; i.e. r = a + ,0007 (84). The probability of finding particles
with such exact uniformity and radii would be extremely low. Finally,
the resonances have never been observed experimentally, a fact that may
be a result of the points discussed above. Therefore, equation (20) will
be used in the theoretical calculations of this dissertation.
The greatest difficulty in applying a Mie coefficient in the
theory is that the composition of the impurities is not known for most
films. In addition, the imaginary index of refraction n’ of the
impurities is a function of frequency and as a result, comparison

between experiment and theory must be relative and not absolute.
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That is, the impurity model can only predict trends in the breakdown
field and not absolute damage thresholds.

The breakdown criterion which will be used with the Mie impurity
model will be one of temperature. A fixed critical temperature is set,
for example the melting temperature of the host material, and the
incident energy density is plotted against the impurity size. The
minimum energy per unit area required to heat an impurity to the critical
temperature is taken as the damagé threshold.

Calculations of impurity damage involving stresses (47), shock g
waves (57, 66, 71), and even avalanche ionization (55) have been i

carried out in an attempt to study the final stages of damage. It is

assumed in this work that once the critical temperature is reached the
damage proceeds catastrophically. This assumption is supported by the
fact that as the temperature approaches the melting point of the host or
impurity, the absorption increases dramatically (55, 57, 66, 71, 74).
At this point the breakdown then develops non-linearly and rapidly.
The slower process by which the critical temperature is reached deter-
mines most of the physical nature of the breakdown event. Therefore,
the critical temperature criterion for breakdown should predict the
relative trends in the experimental data.

The time dependence contained in equations (15}, (16) and (19) is
not obvious. Hopper and Ulhmann (47) have taken limiting cases of
equation (15) in order to examine the time dependence of the impurity

temperature. They obtained

_ (3Q a >> (D, tp)"
B = (4c,2 heF

~ Qlaf, __a (Dt )v2
Tp 4Kh(l (ﬂD;.tr)Q a << \OLp

(22)
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The first equation of (22) is expected and is the constant energy per
unit area result when there are no diffusion losses. The second

1/2 term can be

equation gives the maximum loss case and the a/(HDhtp)
neglected. The breakdown energy per unit area is linear with the
laser pulse width. Again this gives the same limiting cases as in
avalanche and multiphoton ionization.

Researchers have found that in the nanosecond time regime the
critical energy/area fits closely to a square root of time depend-
ence (19). This time dependence obviously falls between the two
limiting cases of equation (15). It is interesting to compare the laser
pulse width dependence predicted by equation (19) with experimental
data taken for bulk surfaces. Figure {7) shows how this can be
accomplished. The two curves represent 5 and 15 ns damage curves as a
function of particle size. It is clear that as the pulse width is de-
creased the thr