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ABSTRACT

NUMERICAL AND EXPERIMENTAL INVESTIGATION ON LASER DAMAGE
THRESHOLD OF HIGHLY REFLECTIVE MULTILAYER THIN FILMS

Ocak, Mustafa

Ph.D, Department of Mechanical Engineering

Supervisor : Assist. Prof. Dr.

Cosupervisor : Assoc. Prof. Dr.

January 2016,48 pages

Thelaser inducedemperature distributia@on theoptcal thin films areinvestigated

in this study Effects of optical design modifications on thermal performance of
highly reflective (HR) multilayerthin films areanalyzed Firstly, a conventional 19
layer HR coating is selecteds areferenceand the laser induced temperature
distribution is evaluaté on it Then, alernative HR designs are devedap by
employing norquarter vave layers,over coat (OC)layers and two high index
materials in the coating stacKremperature distributions for the design alternatives
are thercompued and compared with tleenventionatesign. Herein, sage of non
quarter wave layers decreagsbe maximum temperaturéat most 246%) and the
highest interface temperatuf@ most 216%) at the top layepairs of the alternative
designs;howeverit causes higher absorptidmroughinner layerpairs. Therefore, a
new desigmmethodis proposed for whiclayer thickhesses are calculated using the
developed MATLAB code to avoid high laser absorptioResults confirmthat

(
Tub



proposed desigshows higherthermal performancey decreasing the internal and
interface temperatures (at ma&.4%9 compared to prioalternativedesigrs.

In the meantimgthe conventionaland alternative designs diabricatal for the laser
induced damage threshold IQT) tests and damage morphology investigations
Herein camage types are identified amthanges ondamage characteristicare
scrutinized Results show thatisage ofmodified layer thicknessesncreased the
LIDT by changingthe damage characteristiaad damage profiles due wecreased
temperature rise by the low refractive index layaraccordance with the numerical

simuations

Keywords: Opticalthin films, Temperature field theory, Nequarter wave design,

Three material coatings, Damage morphology
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Laser technologys one of the most promisingchnologiesn engineeringworld
since itsgreat potentiahas been accepted by the engiee8cientificadvancements
enabledengineers tabuild up more powerful (high intensity) lasetevicesin a
variety of wavedngth regimesOutputpower intensits ofcontemporaryasers can
reach kilowattievel for continuous wave operatiofi¥] and petawtt level for pulsed
systemq2]. Suchkind of ultimatelasers ar@mployedin applications including, but
not limited to,military grade solid state laser weapqdBs4] andlaser range finders
[5]. One major problem withhigh intensity laser irradiatiors that it conversely
affects optical components (e.g. mirrors, prisms and lenses) ohtbe assembly
Therefore optical parts of laser systems are desigaddrable as possibkgainsto
destructive effects of the high power lasers. Herein the weakest gfaoptical
lenses and mirrorg@rethin films, which are delicate to higmtensiy laser fluences.
Therefore the endurance limit of these thin filbecome a limitingagentfor the

laser systemsutput intensity 6-8].

As expectedwhen the low intensity laser beam pasdesugh an optical lens or
reflected from an optical mirrpno destructive effect might be seéftoweverif the
output of the irradiation is reachedo avery highlevel it may cause iieversible
modifications (damages) omultilayer thin film coatingssud as delamination
smashing melting, pitting and cracking For this reasonit is importantto reveal
interaction letween laser irradiation anmuultilayer coatingsto predictand avoid



potential damages. The critical laser fluence level or value that teesulnon

reversible changgor in other words damayes named a&IDT.

Researchers sorted damage mechanisimo threecategory[6]. The primary and
significantdamage mechanism is obsenssdthe thermal laser damadée trermal
laser damage is resultant from the absotbsér energyvhichis convertednto heat
actually In detail, he energyabsaption causes sudden andcal temperature rise
and thisstarts thdocal deformationThe second damage mechanism is the drétec
breakdown and the third one is the multiphoton ionization. The seconthiadd
damage mechanisms aedfective when the Electric Field nkensity (EFI) is
extremelygreat to pick offelectrons from the lattice structueg the picoseconds

pulsewidth levels.

As pointed out above durability ¢tiin films became a limiting factor for the laser
system outputntensity. For thisreasonnumerous studies have been perfedion
laser damage for optical materials with analytical, mraé and experimental
methods over the last fortyears[9-11]. In these studiesdurability of optical
coatings have been tried tme increasd by studying the effects of production
methodsand laser parameters on LIDWoreoveroptical design modifications have
also been proposed to increase laser resistance of conventional optical designs. In
most of the studiestanding wave electric field distributions have been modified by
employing oercoat layers, neguarter wave layers or secondary high refractive
index materialsEffects of these optical design modifications have been studied from
a heat transfer point of view bgnly few researchersin those studieslaser
irradiation induced teperature distributiosinside optical coatingare obtained by
solving the unsteady heat diffusion equatiblowever, onlypositive effects of the
modifications on thermal performance of the coatings Haeen stated without

giving any details. Disadvantag of thesenodificatiors havenot been clarified.

In the present studgffects of optical design modifications ¢imermal performance

of HR multilayer thin films are studied. It is believed that both benefits and
drawbacks of these optical design modiiimas on thermal performance can be
revealed by performingersatile numerical snulations on the modified optical
designs. Thenthe observed drawbacks can be scrutinized with in details and

solutionscan be proposedvioreover modified optical designs nabefabricatedto
2



perform experimental LIDTtests. LIDT measurementests and complementary

damage morphology investigations can suppuornhericalstudies

By performing the mentionednumerical and experimentatudies the effects of
optical design modications on thermal performance can be revealed fartter
enhancements on the modified optical coatings can be achieved

1.2 Literature Survey

As pointed out in th@revioussubsectionone of the main goals of this dissertation is
to study the effects of @tical design modifications orthin filmsd thermal
performanceln order toachievethis, firstly thelaser irradiation induced temperature
distribution in mulilayer thin films needsto be calculated. Considering this
requirement, in thisubsectionliterature studies are investigated to understand how
laser irradiation causgemperature rise in the multilayer coatings. In the light of
literature the interaction between laser irradiation and multilayer optical coatings is

clarified as follows.

When a laer ray is pointed upon an optical lens or mirror, some part of energy is
absorbed in the form of heat. The amount of absorbed energy depends on intensity of
the laser beam, wavelength of laser, optical, mechanical and thermal characteristic of
the irradided optical component. The absorbed laser energy which is in the form of
heat causes temperature rise on the component surface as expected. The max
temperature variation behavior of on an optical component can be seigural.l

for different laser pulse temporal shapéls
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Figurel.1 The max temperature variation behavior for different laser pulse temporal
shapesT: Surface temperaturg,Laser beam intensity, time [6].

The temperature rise on the surface or bulk of the material is undesired for most of
the case. Because the temperature rise may causes thermal expansion, strain,
distortion,movement of internal defects, cracking, melting or cataskragitattering

on material. Morever if the laser peak power intensity is increased enormously,
phenomenological events may occur such as self focusing, nonlinear absorption
transmittence, electo-optic effects, > harmonic creatio, optical oscillation and

etc. [6]. The mentioned phenomenological events may cause amplification on the

amount of energy absorbed.

The absorbed laser energy in a cylindrical volume erattis of the laser beam when
passing through a transmitting medium can be calculated using mathematical
relations and laser parameters. In literatyd2-16] absorbed laser energy
computations arecombined with the heat diffusion equation. Numerical and
analytical studies are performed to determine temperature rise on the surfaces of
laser radiation exposed optical components in most of the cases. Studies related with
laser induced heating of optlgaarts can be separated in two groups as laser induced
4



heating on bulk materials (such as on substrates) and laser induced heating of

multilayer optical coatings.

1.2.1 Laser Induced Heating On Bulk Materials

Laser induced heating or in other words laser theafiect as described in previous
parts isthe dominant damage mechanism. Because it causes melting, ablation,
surface morphology changes and etc.. Therefore it is important to predict laser
induced temperatunése and itgistribution on a bulk materialsuch asan uncoated

lens or a silicon detectpat the design stages. In literature numerical studies were
performed to obtain temperature distribution for such ca®he. heat diffusion
equation hadbeenused and the heat source sweomputed @cording to laser

parameterspptical propertieand material propertiesf the heated bulk objects.

Chenget al. [12] usedthe heat diffusion equation imheir studyto numerically
investigate the axisymmetric excitation of the thermstedawaves in plates by a
pulsedlaser The ti me scale of the | a3 pul se
studied the problem of transient thermal conduction and temperature distribution
generated by laser pulses in a planar sample. In order to simuléitegreféect of

pulsed laserthe heat diffusion equation was solved numerically. The pulse duration

of the laser was 4 ns. Mit al. [14] used 2D kite ElementMethod (FEM)based

numerical model in cylindrical coordinates fditm-substratesystem The reat

diffusion equation was used as governing equation. The used pulse duration was 4 ns

in that study. Shujat al. [15] studied on pulsed laser heating of solid surface to

compute melting and mustaones due ttemperatureise

One of the important studies on laser induced heating for a bulk material (silicon
crystal) was performed by Wamg al.[16] in 201Q In this study, thresholds of laser
induced damage were contpd using theoretical and mathematical modelhe
mathematical model that istawo dimensional FEM numerical scheme was used to
compute temperature increase onceih in cylindrical coordinates numerically,

Figurel.2.
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Figurel.2 Schematic ofthe axisymmetri¢EM model[16]. Reprintedfrom fiLaser
induced damage threshold of silicon in millisecond, nanosecond, and picosecond

regimes Dby X., Wang, Z. H., Lu, J., Shen, axd W. Ni, 2010,Journal of Applied
Physics1083), p. 033103.Copyright 25 by theCopyright Clearance Center

One of the remarkable outcomes about thatly was the timescale. It was pointed in

t he st ltipiogon @ivatanche ionization gradually become dominant at pulse

lengths shorterthan 160 and t hat was al so adjoined #fit
heating process of silicon on ther mal cond.vt
Considering thesebservations,the governing equation wastdanired as the hea

diffusion equation. The axisymmetriorm of the heat diffusion equation was given

in the studyas follows
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In Eqn. (1.1), }, kandC are the density the thermal conductivity anthe specific
heat capacity respectively.T is the unknown temperature distribution anthe
N (r,zt) is the key parametdreat sourcéerm The heat source was computed with

using thefollowing equation.

. ™ |
n ik ©Op Y — Q QO'Q (1.2)

In Eqn.(1.2), |y is the peak power inteity of thelaser 'Y is thereflectivity, Il is the
extinction coefficient _ is the wavelength;Qo is the temporal shapef the laser
pulse ¢ is the beam radiud{€®). For the solution of Eqr(1.1) following boundary

conditions were used
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No heat pux transfers al @nsgthetefore inthadi al

axisymmetric model it was assumibet;
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The initial condition vas given in EqQn(1.6).
"YEo TUH (1.6)

In the study some assumptions walso noted to solvproblem These assumptisn
are (1)silicon material was assumex homogeneous and isotropic, {2 model
was large enough that heat will not transfer to the boundary through laser radiation,
(3) the back surfacef the modelasadiabati¢ (4) convection and radiation #te

front surface were disregarded.

1.2.2 Laser Induced Heating Onh Multilayer Optical Coatings

Due to current trends in optical industry, an optical element (lens or a mirror) can not
be considered without ithin film. Unfortunately (as described in previous chagter
optical coatings are the weakest structures in the optical systems. Since the
thicknesses athe multilayer optical coatings are on the order of-100 nanometers,
material properties are different than bulk forms. Dnger ofthickness and weak
materal properties (according to bulk forms) made optical coatings ey to
damage Consequently prediction of temperature increase on optical coatings has

been drawn more interest in ami systems where high powesers are used

In literature various numerical studies were performed to compute temperature rise
and spatial distribution on optical lenses together with their multilayer optical
coatings. As described in previous chaptdrs computation of the amount of energy
that is absorbed by opticalement is important. The amount of absorbed energy in

the form of heat can be computed as given in. Ef2) for a bulk material such as

7



an optical substrat&élnfortunately Eq. (1.2) can not be usefbr optical coatings due
to reflections from film/film and fil m/subs
equations has been used to compute the amount of absorbeden&sgy in
multilayer structures [17-18]. The computation procedure was given by
Grigoropoulos in his ATransport i n Laser Mi
explanation of Grigorpoulos gives the amount of absorbed laser energy in terms of
poyinting vector as seen in Eq(2.7) for a laser heated conventiondl layer
stratified coating stack

aqY a

0 (xy.zt) & (xytb) ,Q& (1.7)

In Eon. (2.7), 0 is the incident laser intensity distributiomddY ¢ represents
poyinting vector. Explicit form of poyinting vector is also giverEign. (1.8).

Y & :ER Q4 04 (L8)
In Eon. (2.8), @ @ and® & represents the variation of electric andgmetic fields

through the stratified coating stack. Intéees readers may find more specific

solution corresponding to electric and magne

Even though Grigoropoulos gav t he sol uti on of t he Maxvwel
characteristic transmission matrix method for the poynting vector variation thzough

direction, the explicit form of th&  (x,y,t) term was not provided.

Wang et al. provided the explicit form othe spatial and temporal distribution of
laser absorption through a laser heated multilayer optical Sfglre1.3) in their
study, [19]. In that studythe axisymmetric form of the heat diffusioguation(Egn.

(1.1)) wasusedin cylindrical coordinats.
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Figurel.3 Schematic of the axisymmetric model givfor multilayer optical stack
[19.Re pr i nt Effdct df defeats orilorgulse laseinduced damage of two
kinds of optical thin films 0 BhWang, Y., Qin, X., Ni, Z., SheandJ,, Lu, 2010,
Applied Optics49(29), p. 5537 Copyright 205 by the Copyright Clearance Center.

Then the explicit form of(r,zt) (which is the heat source tenm Eqgn.(1.1)) and
boundary conditions were given explicitly (£q1.9) and Ea. (1.10)).

I | . .
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In Egn. (1.9), 0 & is the square of the norfimed EFI, £ is the refractive index

andt“ |l j _is also called as absorption coefficient,

1.3 Objective Of The Dissertation

In the literdure laser resistancenprovements othin films havebeen studiedor
HR multilayer thin films. LIDT of the multilayer coatings is attempted to be

increased using the modified conventional optical desigositive effects of these

9



modified optical desigs on thermal performance of the coatiagsalso studied by

few researchers. Howevarone of these studies perform a systematical assessment
study on the benefits and drawbacks of these modifications on thermal performance.
Considering thigackin theliterature a versatile investigation study that corresponds

to optical design modifications on thermal performaiscaimed. Bth numerical and
experimental studies are performft this purposeFirstly studies which involve
numerical computation othe laser irradiation induced temperature distribution
calculations are reviewed in the literatute. these studies numerical techniques,
governing equations, boundary conditions, material properties and laser parameters
are exploredThen,numerical studies angerformed to find out the effects of optical
design modifications on thermal performante. this end, a conventional 19 layer

HR thin film is selected as eeferencedesign.Firstly, laser induced temperature
distribution is obtained fothis design. Tha, alternative HR designs adevelope

by modifying theoptical layer thicknesse®©ptical layer modifications are done by
employing norgquarter wave layergjpper surface OCQayers and two high index
materials in the coating stacks.

The effects of usagef nonquarter wave layeron thermal performanceare
examined by numerical simulations. In the numerical simulations both single shot
and multiple shot laser irradiations are udeat. the single shot laser irradiation, it is
observedthat temperatures side the high index layers and the interfaces can be
decreased by using the nqoarter wave layerdJnfortunately the nomuarter wave
layers cause penetration of more laser energy inside the inner @agsethe
penetration of laser energy inases the laser absorption amehce,results higher
temperatures. It is also realized that the laser absorption drawbackaphagse
important role forthe multiple shot laser irradiation case. In order to decréase
laser absorptiora newNQWD is propsed.Layer thicknesses of the new design are
calculatedusing the irhouse developed MATLAB cod&he newly proposed design
shows better thermal performance by decreasing the internal and interface

temperatures comparéaother alternative designs.

The dfects of OC layers and three material coatin@EMC) (in which two high
index materials used in the same coating staoklemperature distributiorsse also

studied numericallyHerein no positive effects has been obserwelden the OC

10



layersare used. Othe other hand, for the TMC desigiitsis seernthattemperatures
can be decreased at the top laser resistant layer pairs by modifying a few top layer
pair thicknesseshowever it causes temperature increaséiRtinner layer pairs.
Moreover the modification of top layer pairsalso yields lower maximum

temperature value in the stack compaedonventional quarter wave layers.

In addition to the numerical studiesase degn and alternative designs asa¢so
fabricatedfor the experimental LID testesThe purpose of the LIDT measurements

is to support numerical investigations and to find out optical désigrovement®n

LIDT value and laser induced damage morphologies. LIDT measurestew that

better LIDT performance can be obtained by using the ifiexl optical designs

After the LIDT measurement tesgamage morphologies on these HR coatings are
alsoinvestigatedAccor di ng t o best o fsofoptidaltdesigp s k nc
modifications on damage morphologi@ese firstly studied in this disertation
systematically. These investigations enable itlentification of damage type and
damage profilecharacteristicsResults of theexperimental studiesdicated that

LIDT measurementshould be evaluate@long with the damage morphology
investicationsas only themorphology inestigations camevealthe exactinfluence

of optical design modifications on LIDT performanckiis way, émagetypes
which are resultant from other reasons (coating process resultant imperfections,

contaminations etc.) oabe eliminated.

1.4 Outline Of The Dissertation

In the present studythe effects of optical design modifications on thermal
peformance of HRmultilayer thin films are investigated through numerical and
experimental studies. Numerical studies are emplogefinti out advantages and
drawbacks of the electric field modification methods tire laser induced
temperature distribution insideéhe coating layers. Observed drawbacks are
scrutinized and a newontquarterwave designNQWD) alternative is proposed to
obtain reduced temperatures inside the coating stack. In addition to numerica] efforts
fabrication and experimentdlIDT measurement processare also performedrhe

outline of the dissertation is given below
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In the second chapter material propertteermal conductivity and refractive index
are discussed for the thin film forms. Effecf production methods, film thickness
orders and measurement methods on the material propertiepresentd.
Significant studies which repothe measured thermal caradivity and refractive

index values of commonly used thin film materials arsmmarized

In the third chapter numerical model is presented. Based on the numerical model,
the effect of different parameters are discussadtly, a literature revievabou the
numerical calculatiorof the laser induced temperature distribution on multilayer
stacks ispresentd. Then the performed validation study is elucidated which
involves the details of the followed numerigailocedure. In the third subsection,
numeri@l simulations which are performed witiiternative NQWB are reported in
terms of temperature distributions and laser absorption amduantstigation of
temperature distribution results has continued with the multiple shot laser irradiation
simulations. At the end of this part, a newly proposed alternative design is
introduced. Effects oOC layers on temperature distributianealso reported in the
third chaper. In the last part of thehapter,TMC designs are investigated. Modified
layer thicknesseare used in the design and their effects has been discussed.

In the fourth chaptey experimental studies apresentedinder three subsectignin

thefirst subsectionthin film depositiontechniqueand the fabricated HR coatings are
introducedin detail.In the second subsection, the LIDT measurement setup which is
settled down in ASELSAN Inc. is demonstrated. In the third subsectin,
statistical LIDT measurement results are reported fofghscatedHR coatings. In
addition damage morphology invegations on e tested HR coatings are present

Both damage type identifications and the damage profiles are discussed for each of
thefabricateddesign. Important aspects about the damage morphology investigations

are stated.

In the last chaptersumnary of the dissertation, conclusions and the future

recommendations are presented

12



CHAPTER 2

EFFECTIVE T HIN FILM MATERIAL PROPERTIES
FOR LASER INDUCED HEATING

Materialproperties of thin films show discrepancies compared to those of their bulk
formsbecause of microstructure and stoichiometry in thin films and interface effects
[20] .Thin film microstructurgsize and shape of grainvacancies and dislocations,
anisotropy, phase composition, presence of cracks andigteelevant with the
production meiod [21]. Particulary, optical thin films arefabricatedin vacuum
chambers and various techniquesve beerusedto producethesefilms in these
chambers such as physical vapor depositioepuotal vapor depositiorsputtering,

ion plating and etc[22]. All these methods produce thin films atom by atom and
resultant thin filns have thicknesss on the order of nanometers. Susmall
thickness valuesand nontraditional production processes lesml differences in

microdructure and correspondimgaterial propertiesomparedo bulk counterparts

In the currenstudy three of the kethin film material properes are investigated in
the literaturefor their thin film forms They arethe thermal conductivityQ the
refractive index and the extinction coefficietit Actually the last two term can be
combined under a single parameter whiclttamplexrefractive index & QI
The heat diffusion equation and corresponding heat source terms are gi/gm. in
(1.1) andEqgn. (1.9) in pervious chapterAs seen irEgn.(1.1) andEgn.(1.9), these
thin film mateial properties are important for the solutioh the heat diffusion

equation on multilayer stack3, 16-18].
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2.1 Thermal Conductivity Of Thin Films

The thermal conductivity of thin films has become an important pdesramce its

size dependent variation was firstly reportby Amudsen and Olse@3 in 1965
Attentions to thermal conductivity of thin flms have increased since 1980, due to
demands of solutions to thermal management pnablén microelectronics and

optoelectronics applications.

The increasing attention to thermal conductivity of thin films steers researchers to
study on thermal conductivity measurements for thin films. But measurement and
evaluation of thin film thermatorductivity are not easyConventonal measurement
techniques carot be applied to thin films due to the order of the thickness of films
(4100 nm).

One of the earliest studies about thermal conductivithioffilms was published by
Ristau and Ebeift24] in 1986 In that study a thermographic laser calorimeter was
used to measure absorption and thermal conductivity of, $10,, HfO,, Al,O3; and
TayOs thin films. Measurements weperformedfor 4, 8 and 12 quarter wave optical
thicknesses and results are giveraitabular form for each coating material as seen
in Table2.1

Table2.1 Thermal conductivities of the films reported by Ristau Bhdrt P4].

: Absorption coefficient  Thermal conductivity
Material

(cm™) (W/cmlA C)
HfO. 6.7 7.7x10°
Al,03 16.3 3.3x10"
TaOs 6.8 2.6x10*
TiO, 37.2 1.8 x10*
SiO, 0.8 1.0x10°

Ristau and Ebert pointeaut that the thermal conductivities of thin films are much

smaller than those of the bulk materials excepiOAl Extremely low thermal

14



conductivity of HfQ wa s conducted t o Aicracking 0

disconnections of the heat flow across the serfac

Another pioneering study about thin film thermal conductivity was published by
Lambropouloset al.[25] in 1989 They used an improved thermal compard®rice

to measure thermal conductivity.

In that study, both thin film thermal conductivities and film/substrate interface
resistances were reported. The film/substrate interface resistance was introduced as
theindicator of the deposition techniqe&ect Measured thermal conductivities and
interface resistances were sunmiized in a table for varioughin film materials as

shown inTable2.2. As seenin thetable,thin films were deposited on substrates with
usingtwo different techniques. One of them is Electron Beam (EB) evaporation and

the otherone is lon Beam Sputtering (IBS).

Table2.2 Thermal conductivity md interfacial resistance table reported by
Lambropoulost al.[25]

Material / Deposition Thermal conductivity Interface resistance

method (W/ mL K) (mm? K/ W)
SiO,/ EB 0.61 11
SiO,/ IBS 1.05 1.8
TiO,/ EB 0.59 2.7
TiO,/ IBS 0.48 0.54
HfO,/ EB 0.052 N.A.
Al,O3z/EB 0.72 1.0
At the end of tht study it was pointed out of tokxide ramd a | co

fluoride films is as much as two orders of magnitude lower than the thermal
conductivity of the corresponding sbul k s
drawn assilica films showserious thickness dependence in the range from O to 4

micron.
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Decker[26] presented a summary for thin film thermal conductivity measurement
techniques in his paper in 199Different experimental procedures were explained
and thin film thermal conductivities for various materialgevgiven. Measurement
techniques were sorted as direct measurement (using dc potentiometric), comparator
methods and photothermi@chniques. At the end of that work thermal conductivity
valueswere summarized for a fethin film materials which are commiynused in

high power laser applicationResultsalsoindicate variation of thermal conductivity
values for different deposiin techniques such as IBS and &Baporation.

Henager and Pawlewi¢27] studied on thermal condunity values of sputredthin

films in 1992 They both measurethermal conductivities of single layers of
Al(SiO4/SisNg), Al(Al,Oz/AIN) thin films and conventional coating materials $iO
Al203, Ta2@Q, Ti and Si. A thermal comparator based apparatuscossiructed and
employed to measure thermal conductivitiekanegar and Pawlewicz notedat
thermal conductivity values of thin films are-100 times lower than that of bulk
materials on normal to plane. The main reason of this redustsnconducted to
irregularities in theamorphous (glassy) crystalline structure which means that the
thin film lattice structure contains imperfections due to manufacturing type (Note:
Thin films are growth atom by atom in sputtering process and it causes structural
disoder in the film). The second reason of the lower thermal conductivity of optical
thin films was pointed out as the interface between the thin film and the substrate.
This interface behaves likerasistanceagainst tcheat transfer between film and the
sulstrate. And that was also concluded, the interface between film and substrate has

more significant effect on dielectric films according to metal films.

An important review studyon photothermalcharacterization of thin filmsvas
published by Wuet al. [28] in 1997. Various photothermal characterization
techniques such as photothermal deformation, mirage effect, thermal lensing and
photothermal reflectance were explained extensively. These photothermal methods
were declared as honly capable for thermal conductivity measurements but also
for weak absorption measurements, local defects analysis and in sitdilfaser
interactions. In the study, reasurement results of mirage effeghotothermal
repectance, phot ot her maimal dratihgomethroaldaliues n |,

werecomparedor differentthin film materialsWu et al.observed, the results tife

16

and

t



mirage effect methodagree well with those from the transient therngahting

technique and disagree with those from photothermal reflectance and deformation
methods. The discrepay between theesultsof mirage effect metho@nd other
photothemal techniqgues was mainly associated to the existence of thermal
anisotropy in le thin films. Wu et al. concludedt h a't APreci se meas
thermal conductivity can provide information about finite size effects, structural
anisotropies, defects and impurities, as well as the effects of interfaces and grain
boundaries. It can alsgve insight into understanding the roles of thermal effects in

the failure of optical thin ylm coatings

One of the important researches on thermal conductivity value of (&itich isa
commonly used material in opéic coatings) was studied by Burzd al. [29] in

2002 In this studyvariation of SiQ thermal conductivity in the range of 10 nm

was extensively investigated. In addition to that interface resistance value between
SiO, ard gold layers were investigateldh addition thin film thermal conductivities
declared in the@ast studiesvere criticized because tife uncertainties. And that was
concluded Ainvestigating the |literature
namey, that dielectric thin films are characterized by a thermal conductivity
considerably lower than that of bulk samples, but no quantitative conclusions can be
dr awn 0 etalBuged @ ammplicated measurement set up to find thin film thermal
conductiviy and interface resistancehe setip was called asrdnsient thermo
reflectanceBurzoet al.focused their study on four sets of film/substrate samples for
measurements of thin film thermal conductivity of &i®or the first set, silicon
oxide deposité on substrate by a thermal procéss called thermally grownin the
second set, sample was coated with additional chromium layer. In theghsiticon

oxide deposited by IB&chnique and in the fourth set additional chromium layer
was coated. Aftethen all sample sets were coated with Au layer. The purpose of Au
layer coating was to minimize uncertainty toansient thermaeflectancesystem.

The purpose of chromium layer was to decrease interface resistance between silicon
oxide and gold layer. &ults of the measuremergBowed the reductiom the
thermal conductivity of the film with the decrease in the thickness of thel&jér.
Moreover,the results illustrate that the decrease in the conductivity is less than one
order of magnitude, as cqrared with the bulk value. The origin of the decrease in

thermal condudtity was conducted to two reasobg thewriters. The firstreasons
17



the boundary scattering of the thermal carriers. Since the mobility of the phonon

(thermal carrier in dielectrigss affected by the scattering process due to defects and

internal or external boundaries, which can be more important in thin films than in

bulk mateials. The second cause is therastructure and stoichiometry of the SiO

layers. Microstructures dhe thinfilms arehighly porous near the layer interfaces.

Thus, Afa series of anisotropic microvoids or
| ocated at the interface can produce a sign
reduce the heat transpdinrough the interfaces.

Another study about thin film thermal conductivity of Si@as performed by
Yamaneet al.[30] in 2002 In this study an electrical nafestructive measurement
technique (so <cal |l eMeasBramentsewere @eafdrmed fos used
various deposition methods such as thermal oxidatRiasma Bhanced(PE)
Chemical Vapor @position (CVD), Low IRessure(LP) CVD, sputtering ancEB
evaporationResults of the study showehbat the SiQ thin films above~500 nm
thickness growth by thermal oxidation agrees with the reported values of the bulk
SiO,. But for the films which are prepared by plasma CVD, sputtering, and
evaporation are different. For Si€hin films where the film thickness is below the
250 nm (pepared by thermal oxidation, plasma CVD, and sputtering) the observed
thermal conductivity systematically decreases as a functiahioffilm thickness
regardless of deposition techniqguénother conclusion was drawn for the
discrepancy othe thermal coductivity value for different deposition techniques.
Films have different microstructure (porosity) for different deposition techniques and
it greatly affects thermal conductivity of the film. The porosity in the microstructure

causes decreaséthermalconductivity of the film.

Kim et al. [31] performed a study on measurement of thermal conductivity of TiO

thin - f il ms usi ng .3Vvetermpeintddout that, ther@ad GBductivity

measurements have errors due torttedrradiation and heat loss in the temperature

measur ement but 3 ¥ mediffltudtids because itasee thic o me t hes
metal strip as both heater and thermometer. dhstudy film samples were prepared

with two thicknesses of 150 and 8t by a danagnetron sputtering machinBO,

films were deposited on substrates at different temperatures3B0OK) to evaluate

the deposition temperature on coating qualitgp&ted results revealed that thermal
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conductivity of TiQ was increased with the incre&iag deposition temperature and
also it was pointed out in the study the thermal conductivity is dependent to film

thickness strictly.

Chienet al. [32] proposed an easy to use technique to meaburefilm thermal
conductiviy. The excellenceof that method wagsoted assimplicity. The setugust

involves commonly used instruments aiadso i t doesnodt i nvol ve
processing circuit. The method was defined as an electrical heating/sensinguigchniq

by authos. Measuement were performed on Sy@hin films. To evaluate the effect

of film thickness on thermal conductivity, measurements were repeated for different
coating thicknesses. In addition to that coatings were also deposited with three
different techniques to appraighe effect of deposition technigue-beam esults

were presented with iRigure2.1.
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Figure2.1 Thermal conductivity of Sigthin film reported by Chieet al.[32]. 32.
Re pr i nt Ehdrmdl comductivity measurement and interface thermal
resistance estimation using SiO2 thin filn@ HbCy, Chien, D. J., Yao, M. J.,
Huang,andT. Y., Chang,2008,Review of Scientific Instrumen&(5), p. 054902.
Copyright 2015 by the Copyright Clearance Center.

The uncertainty othe measurementas reported s appr oxi mately fA1l1l1l

thicknessand3.4% or 500 nm t hi.cknessodo by authors
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As explained in the curremhapter, thermal conduciiy is much smaller (1200
times) than bulk value for thin films. Considering reference studies, the reduction of

thermal conductivity value can be conducted to two main reasons.

The first reason of the reductiontiee microstructural factorény microgructural or
stoichimetric irregularity leads to decrease of thermal condtyct¥ thin films. For
example, amorphous(non-crystalline) structure of thin films is the one of the
microstructural factors that decreases the thermal conductRanpsity (specially

near the boundaries of the thin films) is another microstructural irreguéatyiple
Porosity causes a series of anisotropic microvoids oriented parallel with the plane of
the films located at the interface produce density shortage. The seaswmh of the
reduction of thermal conductivity is theterface resistance. Both film/substrate and
film/film (for multilayer stacks) interfaces affects energy transfer through the film
stack conslerably. The interfaces behalike barriers againsitheat flow because

the mobility of the (thermal) energy carriers (phonons and electrons) are affected by

the scattering process dueniternalor external boundarig22].

However there is an agreement about the lower thernmaluctivity values for thin

films, the order of decrease is not exact. Thin film thermal conductivities are usually
10-100 times lower than conductivities for the same materials in bulk form. The
reason of the variation (10 to 100 times) of order of rednatian be conducted to
deposition (production) technigeig21]. Different deposition techniques cause
different thin film thermal conductivities. Old deposition techniques sucB\éd3

cause much smaller thermal conductivitieart relatively new deposition techniques
such aslBS. The reason of this discrepancy is the energy transferred to material
atoms during the deposition process. As expected more energy transferred to atoms

in new deposition techniques and denser thin fiars be obtained.

The size dependent behavior of the thin film thermal conductivity is well
investigate in thepastassummarizedabove, howevethe temperaturelependence

of thermal conductivityfor optical coatings is not studied literature accordingto
best of authds knowledge.The possible reason of this literature gap may be the
dielectric property of theoptical coating materialsConventional opticaktoating
materialssuch as Ti@ HfO,and SiQ areall dielectric For dielectric materialgt is

known thattemperature dependence for thermal conductivity is very [[33pr
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2.2 Refractive Index Of Thin Films

The refractive index which is a well known optical property can be defined as a
radiometric quantity. It is basibpa a ratio of how hard it is for light to travel through
a mediaComplex efractive index contains bothereal andthe imaginary parts as

givenin Eqn.(3.1),

¢ &l (3.1)

Where the first term of the right hand side,ndicatesthe refractiveindex and the

second terml, indicates the extinction coefficient.

The efractive index values of optictiin films can be foundn literature Typically
these valuesare obtained through optical measurements with the help of
spectometes. The efractve index values of thin films are greatly affected by
deposition methaal For this reasonresearchers usually specifies the deposition
technique together with the reported refractive index validsw literature works

are summarized below that contathe refractive index values for commonly used

thin film materials.

Torchio et al. [34] measured transmittance and reflectance of, %@l HfO, thin
films. These thin films were deposited both with lon Plating (IP) and Plasma lon
Assisted Deposition (PIAD) methods. In that stutthg refractive index valuesere
calcul ated with Anumeri cal fitting of
curves by use of asingleay er Refratteve index esults of thastudy were
summarized ina graphical form as seen iigure 2.1 and Figure 2.2 for SiO, and

HfO, materials.
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Another study was puldhed by Commandre and Peakef35]. They measurethe
extinction coefficientof TiO, films with using sensitive collinear photothermal

deflection method. Measurements were repeated on nineteen samples which were
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fabricated by different manufacturers andleposition techniquesExtinction
coefficientresults wereeportedin atabular formin that study;Table2.3. As seen in

the table both extinction coefficient mean values and corresponding standard
deviations were given for fierent deposition methodsThe lbwest extinction
coefficientmean valuevas obtained when IP methadasemployed for deposition.

EB and IAD methods gve similar results fothe mean valuelt was noted in that
study, comparatively high standard deviatiealues, observed at IBS and IAD
methods, are conducted to the manufactukughors also pointed out that number

of tested samples have to be increased for more accurate calculation of extinction

coefficient values.

Table2.3 Extinction coefficient values reported by Commandre and Pell@&r [

Extinction coefficient

Deposition
method Mean value Standard deviation
EB 1.1x10" 6.1x10°
IAD 1.3x10" 1.1x10"
IBS 2.1x10* 1.4x10"
P 4.5x10° 7.0x10°

Khoshman and Kordesdi36] investigatedhe refractive index value of amorphous
HfO, thin films in their study. A set of single layer amorphddif©, films were
growth on quartz suftrates using Radio Frequency (RF)reactive magnetron
sputtering methodThenrefractive index values were measured using spectrometric
methods. Measurement results wegportedfor variation of refractive index in the

200-1400nm wavelength intervak sen inFigure2.4.
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Figure2.4 Refractive index anthe extinction coefficients oamorphous HD,y | ms
deposited byRF reactive magnetron sputtering methd€. Reprinted fronfiOptical
properties of aHfO, thin films, by J. M., KhoshmanandM. E., Kordesch,
(2006).Surface and Coatings Technolog®1(6), p. 3530.Copyright 2015 by the
Copyright Clearance Center.

Similar studies in wich the refractive index values are reported forGif SiO,,
TiO,, TaxOs thin films werealsopublished byother researchers such@ignzelet al.
[37], Cevro and Cart€f38], Ghodsiet al. [39], Thielschet al.[40], Ai and Xiong
[41].
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CHAPTER 3

NUMERICAL STUDIES

Computation of tempetare rise due to absorption ofser energy by layers of
optical coating hasbeen investigated in literatufd8, 42-55]. In most of them
numerical approaches had been prefemstead of analytical solutiorte compute
temperature rise omultilayer coatng stacks In addition to that, commercial
programs (which are developed for heat transfer analyses) were also used for

conmputations.

According to best o u t hkmawtedge the first numerical study abotite laser
induced heating of mitilayer optical coating was performed by Mansuripet al.

[18] in 1982 In that study, absorption of laser energythglayers of optical coating

and resultant temperature rise were studied extensively. A numerical technique
which was called asmpbhl tetoaatwbegudedechi
the study. The heat diffusion equatioBgn. (1.1) was solved andhe heat surce

term was computed with usirglectric and magnetic field compents The study

was exemplified with a case numerical study in which temperature variation is
computed for substrate (PMMA), aluminum, glasggnetic film (MnBi), overcoat
guadlayer stack. Thicknesseslayers are 32, 72, 12 and 100 nm respectively and
the pulselength of the laser is 40 ns. Pdsie conclusions were drawn abailne

stability of the used numerical technique

Another studyn which temperature increase sveomputed with using heat diffusion
equation was presented by Fainal. [42] in 1992 The multilayer structure which
was a high reflection stack has Zré@nhd SiQ layers. The coating total thickness was

on the order of 2000 nm and layer number was more than 13. The heat source term
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was computed with respetd poynting vector as described ihe first chapter
Similar studies (in whichlihe heat diffusion equation is used atiek heat source is
computed with respect foointing vectoy were published by other researchers such
as Zhao and Fgd 3], Papernov and Schmjd4], Zhaoet al.[45], Hu et al.[46], Liu

et al.[47], Wanget al. [48], Gallias and Commandid9], Li et al.[50], Shanet al.
[5]], Chianget al.[52], Lianget al.[53].

Wang et d. [19 presented a notable study about numerical computation of laser
heating on multilayer coatingas mentioned insubchapter 1.2Heat diffusion
equation was used #se governing equation as usedtire other studie$18, 42-55|.
However in thatstudy the heat source term was computed wdimg equations to
electric and magnetic field componghit waspresented in anorecompactform as
given inEqgn. (1.9). Indeedthe Eqn. (1.9) is exactly the same equation witie Eqn.

(1.7) but expressed in moexplicit mode. Ifthe square of the normalized Efdrm

of Eqn (1.9) is computed with the help of commercial optical coatadesign
software such as MacLebar TFCald™, one can find the heat source term without

solving characteristic transmission matrices separately.

In the following subsctiors, laser induced temperature distributions are calculated
on HR optical coatings. In the first subsectiam example problem isuslied to
examine the capability ofinite volume solver ANSYSFluent and its mesher
GAMBIT about the calculation of lasénducedtemperature distributioron the
multilayer thin films The multilayer thin film configuration is selected from
literatureandused as aeferencein the validation study The conventional quarter
wave design(QWD) methodand its effects on laseabsorption distributiorare
discussed in the second subsection. In tivd,tfourth and fifth subsectienoptical
design modifications and their effects on laser absorption distribution and
corresponding temperature distributions are investigated. le gudssectionssage

of nonquarter wave layersupper surfaceOC layers, twohigh refractive index
materiab in the optical design of thEIR thin films are studied systematicallyAll

these investigations amone through numerical simulationsboth advaragges and
drawbacks of the optically modified designs are scrutinized. Moreover, sources of

the observed drawbacks are inspected to find out possible solutions.
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3.1 Validation Study

The validation studyis used to asseggerformance (applicability) of finite yome
solver (ANSYSFluen) and its meser (GAMBIT) onlaser induced heating of a
multilayerthin film problem Thereforea study, which contains an example thin film
configuration, is selected from literature as a reference sfGély,In the reference
study a laser induced heating problem was sedland temperature values were
computed numericallyor a typical HR coatingstack The outof-scale schematic
view of theHR multilayer coatingstackis given inFigure3.1.

A
A4

Hio
Symmetry Lo
axis

H»
L1
H1 \

Laser beam with
Gaussian distributic

Figure3.1 Schematic representation ofl layer coatingstackwith a substratéout
of scale).

As seen irfigure, the multilayer stack invdves 19 layes indicatinga HR mirror in
the form of {Air/ (HL)°H/S} configuration TiO,and SiQ materials are given dsgh
refractive and low refractive indexnaterials, respectivelyin high, low refractive
index |l ayers and sufblsdérane AEe, nthamkpec tais
L subscripts indicate the pair numbering of the layers. Laser beairates in thez
direction and hits the Hayerfirstly.
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In order to solve reference problermxisymmetricnumerical modelis drawn in
GAMBIT software using geometricaldimensionsthat arecalculated in accordance

with QWD method The quarter wave laydhicknessesre given in Table 1.

Table3.1 Geometrical dimensions of the multilayer coating

Thickness  Width

High refractiveindex(H) layers 120nm 125 ¢
Low refractiveindex(L) layers 185nm 125 ¢

Substrat€S) 1.25 125 ¢

Two-dimensional domain with 19 layesse meshed using the GAMBIT software,
Figure3.2. Eachlayer of the stack contain30 cdls alongthe z direction. As seen in

Figure 3.2, structued quadrilateral cells are employedthe layers and unstructured
triangular cells are used for thebstrate

Symmetry
axis

TAVAYAVAVAVANAN)

> I

Figure3.2 Two-dimensionalrid of the axisymmetric problem domain. Zoomed in
view of the center region (left) and the entire domain (right)

28



The preparednumerical modeltogether with thecalaulated meshstructure are
insertedin to finite volume solver ANSYSuent After than he heat source term
Eqgn. (1.9), which is atime and spaceependenfunction is computedusing the
squareof the normalizedEFI variation maerial properties (refractive index) and

laser parameters

The important ternof the heat sourcéerm is the square of the normalizeBFI

variation As known, square of the normalizE&I| term gives thevariation of energy
flow through z direction. In orér to compu this parabolicvariation firstly EFI

variationis computedvia MacLeod forthe reference coating stackasgivenin the

Figure3.3

A
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Figure3.3 EFI graph

After then the EFI curves converted to square of the normalized form udtagy.
(3.2).

00

O ¢ 31

In Egn. @.1),' 0 a is thesquare of thdree admittance. Resultastjuare of the

normalizedEFI variation is plotedin Figure3.4.
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Figure3.4 Square of the normalizegl| graph

Thin film material propertieand laser parametease also used for computation of
the heat source term. Thin film material properties are givehaile 3.2, laser

parameters are given frable3.3 andFigure3.5.

Table3.2 Thin film material propertief55].

Specific Heat Thermal Conductivity

(J/Kg gl ( W/ KL

Material Refractive Index

TiO2 (H) 2.21-j0.0005 700 0.018
SiG; (L) 1.447 j 0.0002 841 0.17
Substrate 1.46 1428 0.2

Table3.3 Laser paramete[$5].

Peak Beam Radius Pulse Wave
Power Length length
100 kW 1x10*m 50 ns 1064 nm
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Figure3.5 Temporal shape dhelaser puls¢55].

As the heat source term & complicated polynomidiunction of time and space
(Egn. (3.1)), it can only be inserted tANSYS Fluent with using aUser Defined
Function (UDF).AA use-defined function is a function that you program that can be
dynamically loaded with thANSYS Fluentsolver to enhance the standard features
of the code [56]. In this study UDFs are written in C++ coding language and

insered intoANSYS Fluentastheheat source term

UDF for the heat source term computation

#include "udf.h"
#include "math.h"

DEFINE_SOURCE(h_s_2D 19L hl,cell,thread,dsS,eqn)
{
real x[ND ND];
real source;
real a;
real b;
real T=CURRENT TIME;
C CENTROID(x,cell,thread);
a=x[0];
b=x[1];
if (t <= ) {
source ={( )*{ *pow ( (b* ). 5)
if (£ > && L <= IR
source =(( )*( *pow ( (b* ),3)
if (t > && T <= M
source ={( )*{ *pow ( (b* ). 5)
dS[egn] =
return source;
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Boundary conditions are also definedANSYS Fluent Thetop and sidéooundaries

of the two dimensional computational domain is assumed as adiabatic. Natural
convecton boundary condition, in which heat transfer coefficient is assumed as 20
W/mLK, is applied to the bottom surface.

At the final step ofthe validation study the solution is obtained by marching
numerical modein time forsingle pulse duratiorin the meantime, energy residuals

are also monitored as the convergence parameter during the numerical simulations.
The ANSYS Fluent uses, fovalue, as the convergence criteria for the energy
equation residuals and this criteria is achieved (on the order B #dring the
simulation. Therefore no convergence problem is occuoedhe ANSYS Fluent
solution. After the solution, émperature results are obtaingdne-dimensional

temperaturalistributionalong thez-axis(r = 0) is given inFigure3.6.
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Figure3.6 Temperature distributioalongthe z-axis

Results ofthe presentand reference stigb are also compared inFigure 3.7 as
planned beforeAs seen inthe figure results obtainedn our studyare in well
agreement with the reference study, with small deviatidhas it is validatedthe
finite volume solver i€apableo calculate laser induced temperature distrilmstion

multilayerthin films as desired
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3.2 QWD Method And Its Effects On Laser Energy Absorption Distribution

As mentioned in previzss subsectigncoating layer thicknesses the HR mirror
were calculatedising theconventionalQWD method.In this conventionamethod
coating stack consisf consecutivehigh and low index layers to achiedesired
reflectanceEqn. (3.2) presentghathow physicalthicknesses areatculatedn QWD
method

Q = (3.2)

where Qrepresents the coating lay@rysicalthickness.

Tempeature results of QWD methae given inFigure3.6. As seen in that figure
highest temperature isound to beinside the H; layer. Moeover, there are
temperature peaks inside all otlt¢tayers.Thermal and optical material properties
such as thermal coundtivity, refractive index, extinction coefficient are different at
eachside of the interfaces. That explaingly temperature peaks occurs inside
layers rather than at the interfacBsit, still these peak points are close to interfaces,
causing high iterface temperaturesvhich areindicatedin the figure a filled

circles
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The temperature distribution can also dmeutinizedin terms ofthe absorbed laser
energy by reviewinghe components oEgn. (1.9). One of the importarterns of the
Egn. (1.9) is thesquare of the normalizedFI variation, itsplot is given in Figure
3.4. As seen in thatlot, square of the normalizé&tF| variationpeaks ar@ccurredat
the interfaces.n addition tothatthe refractive index an@bsorptioncoefficient plots
are also given in Figure 3.8 to emphasizehe wide differences between optical

material properties.
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Figure3.8 Variation of optical material properties alongxis; (a) refractive index
and(b) absorption coefficient
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In order tovisualizethe distribution of absorption of laséinroughz directioneasily,
the terms within the curliprackets ofEqgn. (1.9) can be usedActually it is nothing
but the multiplicationof the Figure 3.4, Figure 3.8 andthis multiplicationgives us
the relative distributionfor absorption oflaser alongthe z direction Figure 3.9.
Moreover the amount ofthe laserenergy absorbedn coating layerscan also be
calculatedby integrating the terms within theity brackets oEqn.(1.9) along thez
direction. InEqn. (3.3), d; is an indicator of the absorbed energy for itheoating
layer. Other terms dEqn.(1.9) are not includd in the integral because they wié b
the same for all layers of the coatinfthe resultingf, valuesare plotted inFigure
3.10.
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Figure3.9 Distribution of dsorption oflaser througtz-axis
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Figure3.10 Absorption of laser by the coatitayers

As seen irFigure3.10 the amount of laser absorption by H layers is larger than that
by L layers for QWD.In addition to that(TiO,) H layers have lower thermal
conductivity according t¢SiO,) L layerswhich reduceseat transferAs a result of
these reasonstemperature peaks arebserved in high index layers and

correspondingly high temperature valaes seemt the interfaces.

3.3 NQWD Method And Its Effects on Laser Absorption Induced

Temperature Distribution

In the previousubsectioncoating layer thicknessésmve beemetermined according

to conventionalQWD method This causedigh temperature in high index layers

and high temperatures &t/L layer interfaces, as seen iRigure 3.6. Such a
temperature distribution is not desired because interfaces are weaker regions of
multilayer coatings and high index layers have low thermal conductwitly high

extinction coefficienthence tend to absorb the heat more

In literature it ispointed out,the laser damage resistance R coatings can be
improved bymanipulating coating layer thicknesses whesrentuats electric field
distributionalternation[57-60]. By doing socelectric field peakgan beshifted from
interfaces andcan besuppressed side thelow index layes. If the quarter wave
thicknesses of high and low index layers are changed tauarter waveonesfor

few top layer pairs, EFI distribioin can bemodified as desiredBut computationof
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nontquarter wave thickness¢without reducing thelesired optical performances

not an easy task.

Gill et al.[58] published a remarkable studlyat proposehe usage of nonquarter
wave layergo increase the darga resistance of the reflectofSill et al. claimed
that theirNQWDs are much durabléo laser irradiatioraccording to quarter wave
counterparts. Formulationshich were usedy Gill et al. for the computation of

nontquarter waveayerthicknessesaregiven inEqn.(3.4) andEqgn.(3.5).

Low index layer: O g1 P
&x T Qp
T[ uQ Crx (I)é 'Q. “ c (3.4)
High index layer: ¢ A1 £ T
Qe T Y
T[ uQ Crx (I)é 'Q. “ c (35)

In Eqn. (3.4) and Egn. (35),1 ¢“¢ QAT © ¥_andm being the number of

pairs ofnorrquarter wave layers. represents thepticalphase thickness.

In order to better emphasize thdference between NQWD an@WD, following
square of the normalizdelF| distributionsare plotted irFigure3.11. As seen in this
figure, the H and Ly layer thicknesses are changed. The high index layer thickness is
decreased and low index layer thickness is increasedoBy so thesquare of the
normalizedEFI value is decreased from 0.818 to 0.517 at the first interface. In
addition to that thdirst peak ofsquare of the normalizeF| distributionis shifted

from interface towards to the first low index layer;)(LBut unfortunatelythe
magnitude of the fitspeak of the square of the normalizeBFI distribution is
increased from 0.818 to 1.214.
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NQWD.

Moreoverthe relative distbution and the relative amount of absorption of laser are

also changetbr modified layerdue to changing layer thicknessega®nin Figure

3.12andFigure3.13.
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Figure3.13 Absorption of laser by the coating layéos NQWD.
As seen inFigure3.11-Figure3.13 usage of NQWD methoenable us to chande-|
variation in the coating stack as desireBut the effect of NQWD method on

temperature distoution is not seen yet. Hence it will bevestigatedwith in details

in the following subsectiohy performing aversatilesystematical study.
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3.3.1 Investigation Of Effects Of NQWD Method On Temperature

Distribution For The Single $ot Laser Irradiation

In this subsectionfive NQWD alternatives are develeg by changingthe layer
thicknesses of the basic QWD. Layer thicknesses are changed as ghahief3.4
usingEqn. (3.4) andEqn.(3.5). As shown inTable3.4, thicknesses of the first layer
pair (H, and L) are changed onlyn NQWD1. In NQWD?2 thicknesses of both the
first and the second layer pairsi(H1, H, andL,) are changed. Simildogic is used
to create the other three NQWDs.

Table3.4 Modified TiO,/SiO; layer thicknesse@im) for NQWDstogether with the
reference QWD values

Layer QWD NQWD1 NQWD2 NQWD3 NQWD4 NQWDS5

Hi 120 71 58 50 45 41
L1 185 286 305 315 322 326
H> 120 120 71 58 50 45
Lo 185 185 286 305 315 322
Hs 120 120 120 71 58 50
L3 185 185 185 286 305 315
Ha 120 120 120 120 71 58
La 185 185 185 185 286 305
Hs 120 120 120 120 120 71
Ls 185 185 185 185 185 286

*Shaded cells indicates that these layer thickessm®modified

This subsection s mai nl 'y basedOak M.tSer, Cpé&
Okutucu¥ z y u r(2013, Nbvember). Investigation of nguarter wave design o
multilayer optical thin film cotings from a heat transfer point of view. $PIE
Laser Damagé€pp. 888506388506).
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Numerical computations are repeated for each NQWD alternative by folldieng

stepswhich are explainedin chapter 3L to calculate temperature distributgn

Temperaturdlistributiors are given inFigure 3.14 for NQWDs at the end of one

pulse duration
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As seen inFigure 3.14.a, modified H and L thicknesses resuih the drop of the
peak temperature in the Mayer, as well as the temperature at th&_Hinterfacefor
NQWD1. The maximum temperature in the Hyer is 491 K, which was 650 K
(Figure3.6) for QWD. As a quick positive conclusion one can say that the maximum
temperature is decreased by about 160 K. Also the first interésmpetature is
decreased toZ K, which was 50& for QWD. However, similar temperature drops
cannot be observed for th&?2nd the followingH/L interfaces. For example the
temperature value is 446 K at th® Bi/L interface for NQWD1, which was 394 K
for QWD. Similar trends are observed in all other NQWDs, as showigure3.14.
For example irFigure3.14.b; 1%, 39 and %" H/L interface temperatures are 440 K,
426 K and 407 K, respectively. Thesefeeratures were 508 K, 394 K and 340 K for
QWD.

In addition to émperature distributioplots, layer basedaser absorptiographs are
also plotted irFigure 3.14 for NQWDs As explainedn previous sectionghese bar
type plotspresents thamount of laser absorptidar coating layes individually.
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As given in Figure 3.10 for QWD, the amount of laser absorption by high index
layers are greater than that absorption by low index layEngs resultleads
temperature peaks inside high index layers and high temperature valt#k at
interfaces.But the laser absorption by the first low index layey) (ls greater than
that of the first high index layer g{for NQWD1 Figure3.15) due to modified T
layer pair Hi/L; pair) thicknesses andorrespondingquare of the normalizeBFI
distribution This result isexpectd on the point of thermal performanbecaise low
index layers have highéhermal conductivity ash lower refractive indexaccording

to high index layers

On the other hanllQWD method haside effectsfor examplethe laserabsorption
in the 29 layer pair (H/L. pai) of the NQWD1 is greater than that of QWD.
However, the2" layer pai thicknessesre not modified for NQWD#s presented in
Table 3.4. Unfortunately, his increment causesgher temperature value at th&'2
H/L interface asiotedabove.Similar increments caalso be seen iRigure3.15 for
the 3% layer pair of NQWD2and 6™ layer pair of NQWIB. The reason of h
increased absorption at the Amodified layers is conducted to thecal reflectivity
decreasat the modified layepairs, definitely. Because, the total reflectivity ofie
NQWDs are not decreased considerably as presentdcbie 3.5 compared to
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QWD. Besidesthe reflectivity decrease of tlentirestack careasilybe defeated by
adding extra HL layer pairs to configuratidfiowever the local eflectivity decrease
at the modified layers more importanaand can not be avoided with the addition of
extra layersHerein, he local reflectivity decrease at the modified lay&r8lQWDs

causesthe nt r ®e

of mor e

hearaamaining pamethe gtackandhtr o u g h

corresponds to higher amount of absorption.

Table3.5 Percentage reflectivity values for NQWDs together with the QWD

Considering temperature (Figure 3.14) and laser
distributions,onecan conclude that;lthough NQWD decreases the temperatures at
the modified layer pa interfaces, it causes the increaselaser absorption and
temperature peaks at namodified layer pairs. Increase in the amount of laser
absorptionalso increases the probability of the thermal laser dam@gasidering
these numerical outcomes NQWDhdéor NQWD2 areassesse@s appropriate
alternative designs instead of the conventional QW&rein, he modification of the
first andthe second layepairs enables the suppressionEffl andtemperature peaks

in the durable low refractive index layefhe other alternative designs, for example
NQWDY5, includes more nequarter wave layersvhich causes the more laser
absorption throgh the coating sck andincrease othe damage probability ratio at

the layers of the stack.

Reflectivity (%)

QWD
NQWD1
NQWD2
NQWD3
NQWD4
NQWD5

99.79
99.73
99.63
99.46
99.17
98.61
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3.3.1.1 Investigation Of Possible Effets Of Interface Resistance Values On

Temperature Distribution

Physical naterial properties of thin films showfféirencescompared to those of their
bulk forms, as stated in chapter two. Particulatthe thin film thermal conductivity

is size dependemtroperty Thus, thin film thermal conductivity values are reviewed

in literature and reported in chapter 2.1. It is noted at that chapter, thermal
conductivity of thin films can be one order of magnitude lower compared to their
bulk forms. Hence, thin filmhermal conductivity values are employed in the
numerical simulations instead of butkaterialvalues.Further a particular study is
performed in the present séztionto investigate effect of film/film interface
resistances on laser induced temperatigteiloution on multilayer thin films. Herein,

two typical resistance values are attended on film/film interfaces. The typical
resistance values are determined with respect to literature sf@0je&l-62,75]. In
literaure, it is pointed out the interface thermal resistance magnitude is one order of
magnitude lower than the thin films resistance. Accordingly Pxa6K/W and
1x10 m*K/W residance values are attended to QWD thin film interfaces. However,
no remarkable effect is observed on the temperature distribatié@WD for the
1x10” m*K/W value as presented iffigure 3.16.a Therefore, only 1xI0 m*K/W

value s examined for NQWD1 and NQWDBigure3.17.
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Figure3.17 Effects of interface resistance val(R=1x10° m’K/W) on temperature
distribution througte-axis; (aQ)NQWD1, (b) NQWDS.

Tempeature distribution results show thene interface resistance valuez1x10°
m’K/W, causes the interruption of heat transfer between layers. Due to this
interruption temperature peak magnitudes are increased thsiden-modified high
index layers Accordingly the temperaturgeaks will be highey if an advanced
resistance value is selectedmpared to current one in the numerical simulations
Consequentlyit is comprehendedemperatures are increased indioelayers when
the resistance values are attended to interfaces; howeveetieealytemperature
distribution is not significantly changed. In accordance with that, temperatures inside
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the modified layers are decreas€tj(re3.17) when the EFI peaks are suppressed in

low refractive index layers as shownprevious sections.

3.3.2 Investigation Of Effects Of NQWD Method On Temperature
Distribution For T he Multiple Shot Laser Irradiation

In chapter3.3.1, the authors performed, for the first time in the literature, a
systematical assessmestudy for theNQWD mehod based on the temperature
distributions inside the coating stack83]. In that chapter, umerical simulations
have been performed to calculate the temperature distribution induced by a single
shot laser irradiation overhé coating layersBesidesin optics industry, the
multilayer thin films (e.g. HR mirrorsare also tested under mipte shot laser
irradiation For this reasongpart fom the chapter 3.3.1, multiple shot laser
irradiation is exposed to NQWD alternativiesthe currentsubsectionMoreover a
new high index material, hafnium dioxiddfO,), is used instead of titanium dioxide
(TiOy) as well In the chapter 3.3.2 firstlyhe advantages and characteristics of
hafnium dioxideare summarized in the firssubgction (3.3.2.1) Then numerical
studies that are performed for multiple shot laser irradiation aesgresented in the

second subsection (3.3.3.2)

3.3.2.1 Advantages Ad Characteristics Of Hafnium Dioxide As A High

Refractive Index Material

Hafnium dioxide (HO,) material is one of the most commonly used high irtthéx

film materials for laser damage resistant multilayer mirrors. As known high
refractive index and low extinction coefficient are primary concerns for high index
layers. Amorphous structure, lawechanical stress and high density are also desired
too [64]. HfO, meetsthesedemands by its low extinction coefficient, amorphous
structure, high density and low mechanical stress (on its crystalline structure). In
addition b that high melting point, cheoal and thermal stability arether
advantages of theélfO, [65]. High density of theHfO, is also a benefit which
prevents impurity diffusion durinthin film processeg36)].

Further improvements have also been performed to increase endurance limit of the
HfO, against the laser irradiance. Adjustment of the oxygen partial pressure and

deposition temperature during the coating process are well known methods which
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increase the laser resistance of &, layers. Fadekt al. [66] reported that the
stability and the hardness BIifO, thin film layers are increased when the substrate
temperature is heated to 573 K without effecting gnaissvity and reflectivity
spectral distributions. Haquet al. [67] stated that high band gap, high refractive
index and low void conteriifO, layers can béabricatedwith keeping the oxygen

partial pressure 130% during the coatmprocess, as well.

HfO, particulate reduction during the deposition process is another research area for
the production oHfO, layers with higher quality. Milleet ald §68] study showed

that number ofHfO, particulates ca be reduced on the order of 50% by
manipulating electrostatic fields and deposition rate. Similarly, reduction of the
deposition rate can also increase the laser resistance by preventing hafnium metal
(Hf) and/or HfO, nanoclusters inside coated layersived et al. [69] found that

usage of production rates lower than ©/6 can increase laser resistance ofHf@,

layers by preventing crystalline inclusions 1fO, within the desired amorphous

structure.

Usage of hafniunmetal as a coating material insteadH#©, may also increase the
laser resistance by providing cleaner deposition ambient in the coating chamber.
Stolzet al.[70] pointed out, the quality, in other words laser resistancdf@$/SiO,
multilayers can be increased by evaporatitignetal instead oHfO, in an ebeam
coating process. By doing so, the defect density and plume instability may be
decreased-30 times and 3 times, respectively. contrary to thisZhanget al.[71]

noted that usage of Hf metal as starting material may causexntines Hf particles

in HfO, layers which is one of the main factors that decreases the LIDT value.

Selection of appropriate coating method also enables prodwdthigh qualityHfO,

layers. It is stated in Aet ald $41] study, increase in refractive index and density
can be achieved by selecting ion assistant deposition and ion beam sputtering
methods instead of conventional @len beam deposition metho&election of
xenon as theworking gas in the plasma ion assisted deposition process is also
another functional way for the increment of packing densitifal, layers. S¢énzel

et al. [72] proved that higher refractive indices, lower band gaps and smoother film

surfaces can be produced using xenon as a working gas instead of argon.
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Annealing (as a post process)fO, layers after deposition process increases the
laser resistance as well. M@iong et al. asserted that annealing of hafnium oxide
coatings at 473 K yields removing of water, hydro carbon and carbon contaminations
from the HfO, layers. Removed ontaminations increasdaser resistance by
decreasing absorption. On the other hand annealindfO, layers within higher
ambient temperature (>48E) cause corruption of amorphous structure. Blanehin

al. [73] reported that crystalline structure formation starts when the annealing
temperature exceeds 480which isnot desired for high qualitfO, layers.

Although hafnium dioxide is the most preferred thin film material for the high power
applications, it has some disadvantages which are low refractive index and scattering
drawbacks.The dher popular high index ateriak such as T#Ds and ZrQ have

higher refractive indes Also TaOs tends to make lower scattering than KHfO

3.3.2.2 Numerical Studies For The Multiple Shot Laser fradiation

In this subsectioNQWD methodis investigated numerically for the multiple shot
laser irradiation case. Agaiayer thicknesses are modified aating toEqn. (3.4)
and Egn. (3.5) as done inchapter3.3.1. As seen irEqgn. (3.4) and Eqgn. (3.5
refractive index is the requirexptical material property for thenodificationof layer
thickness. @tical and thermal material properties for Hfénd SiQ are given in
Table3.6.

Table3.6 Optical and thermal material properties of H#hd SiQ [75-77]

Material  Refractive Index Specific Heat  Thermal Conductivity

(J/Kygl (W KL
HfO,(H)  2.033-j 0.00M3 320 0.68
SiO, (L) 1.464i1 j 0.00(01 2000 1.1
Substrate 1.46 1428 0.2

Modified layer thicknesses are given Tiable 3.7 for five NQWDs. As shown in

This subsection is mainly baCcakdV.,
Sert, C., & Okutuce¥ z y u r t(2015,TDe@ember). A novel highly refleati
multilayer optical coating design with modified layer thicknesses.
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table, thicknesses of theiHnd L layers (first layer pair) are changed oribr
NQWD1 as done in chapter331. In NQWD2 thicknesses of both the first and the
second layer pairs (L1, H, andL,) are changed. Similar logic is used to create the
other three NQWDs.

Laser parameters have also been changed to simulate multiplessratriadiation.
Laser parameters and the laser temporal shape are givieabli@ 3.8 and Figure
3.18 The laser paranters which are used in this subsectivdetermined regarding
the sudy of Stolz and Runkel7B] in which multilayer HfGQ/SiO, HR mirrors are
tested under multiple shot laser irradiation.

Table3.7 Modified HfO,/SiO; layer thicknesses (nm) of NQWDRwsgether with the
reference QWD thicknesses

Layer QWD NQWD1 NQWD2 NQWD3 NQWD4 NQWD5

Hi1 131 80 66 58 52 48
L1 182 270 290 301 308 313
H> 131 131 80 66 58 52
Lo 182 182 270 290 301 308
Hs 131 131 131 80 66 58
L3 182 182 182 270 290 301
Ha 131 131 131 131 80 66
La 182 182 182 182 270 290
Hs 131 131 131 131 131 80
Ls 182 182 182 182 182 270

Table3.8 Laser parameters for multiple shot laser irradiation case

Peak power Beam radius Pulse Wave
. . # of shot
intensity (@) length length
1500 25x10*m 20 ns 1064 nm 200
MW/cn? '
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Figure3.18 Tempoal pulse shape of the lasen(ltiple shot laser irradiatign

As seen inFigure 3.18, more than one shot (totally two hundred) is sent to coating
stack in the current case in orderdimulatemultiple shot laser irradiationfhen
numerical computations are repeated for QWD and NQWD alternatives by following
steps which @& eplained in chapter .2 to calculate temperature distributions.
Calculated temperature thibutions are given irfrigure 3.20 at the end of 200 shot
(t=8000ns)
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Figure3.19 (continued)Temperature distributions alotige z-axisresultantrom
multiple shot laser irradiatioifa) QWD, ) NQWD1,(c) NQWD2,(d) NQWD3,(e)

NQWD4 and (f) NQWD5
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Figure 3.8 (continued)Temperature distributions alotige z-axis resultant from
multiple shot laser irradiatioifa) QWD, ) NQWD1,(c) NQWD2,(d) NQWD3,(e)
NQWD4 and (f) NQWD5

As seen irFigure 3.19, temperature distributions are quite different when compared
with the temperature distributions that are giverfrigure 3.14 for sinde shot laser
irradiation case. In the current case temperatures are increased both in QWD and
NQWDs due to multiple shot laser irradiation as expedikeover sharp peaks are
vanishedin temperature distributionsecause laser irradiation duration isreased

due to multiple laser shots and that provides much more time for hbemil
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equilibrium. In additionthermal conductivity of high refractive index matet#O,

is higher than TiQof single shot case.

Effects of NQWD methodn temperature dishutionsare obvious aseen inFigure
3.19. It is observed tht the highest temperature, 1487is inside the Hlayer and
the Hghest interface temperaturelid68K which isat the £ H./L interfacefor the
temperature distoution of basic QWD Herein he employment of 5L NQWD
alternative induce temperature distribution change. The highest temperati#b2s (
K) inside the H layer and the highest interface temperaturd#&49K) at 1° Hy/L,
interface are decreasdd. addition temperatures at the following, H, layers and
2" 3% interfaces are also decreasgden NQWD1 is usedremperature distribution
for NQWD2 (Figure 3.19.c) is also reveals thatnly the highest temperature (1479
K) is decreasedcompared to QWDIn NQWD3, NQWD4 and NQWD5 both highest
temperature value and interface temperatures are higher than the tarepesbthe
basic QWD Figure3.19.

In orderto scrutinize effects of NQWD on temperaturstdbution laser absorption

amountsare calculatedising—values ofEqn.(3.3) and given irFigure3.20.
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Figure3.20 Absorption oflaser by the coating layefsr the multiple shot caség)
QWD, (b) NQWD1,(c) NQWD2,(d) NQWD3,(e) NQWD4 and (f) NQWDS5.
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Figure3.20 (continued)Absorption of laser by the coating layéos the multiple
shot casefa) QWD, p) NQWD1,(c) NQWD2,(d) NQWD3,(e) NQWD4 and (f)
NQWDS.
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Figure 320 (continued)Absorption of laser by the coating layéos the multiple
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As seen inFigure 3.20, the amount of laser absorption Bylayers are larger than
that byL layers for QWD. Whereas for NQWD1, the laser absorption by ileyer
is larger than that of thid; layer (Figure3.20). While more absorption is eected in
L, layer (due to increased;layer thickness) compared to; Hayer, usage fo
NQWND1 also results increaséser absorption in the'®? 39, 4" and 8" layer pairs.
The same treth can also be observed fiigure 3.20.c for the 3, 4" and 8" layer

pairs of NQWD2.
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Although NQWD decreased the laser absorption in the H layers of the modified layer
pairs (e.g., H layer for NQWD1), higher absorption has been observed in the
succeeding nomodified layers. Becaugsbe employment of NQWD methodesults
penetration of laser energy inside coating stack and it causes higher laser energy
absorption which is not favorable in terms of laser induced damage. As seen in
Figure3.19, employment of NQWD3, NQWD4&dnd NQWD5 have no positive effect

on temperature distribution compared to temperature distribution of QWD.

3.3.2.2.1 Proposed MWNQWD For The Laser Absorption Bduction

The purpse of the usage of NQWD methad explained inrpvious chapters, is to

shift squae of the normalizedEFI peaks from interfaces towards to low refractive
index layers. By doing so interface temperatures are made to be reduced. On the
other hand usage of NQWD layer thicknesses results higher absorption of laser
energy through coating sta As shown in previous subsection usag¢hode,four

or five modified layer pair thickness casskigher interface temperatures for
multiple shot laser irradiation case. In order to come up withlteeg higher
absorption drawback, a new NQWIB propsed in thissubsection In the new
NQWD alternative (so calleBlQWD5-M) the first five layer pair thicknesses are
modified similar to NQWDS5. Different than NQWD5, dhe modified layer pairs

have identica(single)layer thickness, as given irable3.9.
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Table3.9 Coating thicknesses (nm) for QWD, NQWD5 aiQWD5M

Layer QWD NQWD5 NQWD5-M

Hi 131 48 78
L1 182 313 273
H> 131 52 78
Lo 182 308 273
Hs 131 58 78
L3 182 301 273
Ha 131 66 78
L 182 290 273
Hs 131 80 78
Ls 182 270 273

As seen in the tablall modified high index layers havé8 nm thicknesses and all
modified low index layers Ave 273nm thicknessesThe basic idea behind the
method is tdessenamount oflaser absorption while the EFI peak® shifted from

H/L film interfaces. For this purpose modified layer thicknesses are calculated in
developed MATLAB codeSimply for each iteration, MATLAB code changes the
guarter wave thicknesses and calculatesr labsorption amounts for individual H
and L layers. Then compares these absorption ammevith those of prior NQWE

If the absorption amounts are lowered at the desiresr lpgirs compared to prior

NQWDs, the iterations are stopped.

The primary expectéion from NQWD5-M is the lessamount ofabsorption of laser
through oating stackas mentioned beforéPercentagabsorption oflaser plot is
given in Figure 3.21 for NQWD5-M. When Figure 3.21 is comparedwith Figure

3.20, it is obvious that laser absorption is decreased significardiypare to
NQWDS.
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Figure3.21 The relative amount of absorption of lag@reach coating layer
individually for NQWD5-M.

ComparingFigure 3.20 and Figure 3.21 one can realize that the total absorption at
the £ andthe 2" layer pairs are lowed for NQWD5M according to NQWD1. In
addition, EFI paks are shifted from the first five H/L interfaces with the usage of
NQWD5M. In NQWD1, EFI peak is only shifted from the firgtterface.lIt is
obvious, the total absorption at, 2" and 3" layer pairs are lower fakQWD5-M
according to NQWD2as wel. Moreover EFI peaks are only shifted from the first

and second interfaces for NQWD2

Simulations are performed for the evaluation of proposed new dé$igwD5M)
and the resulting temperature distribution is givekigure 3.22. This graph should

be compared against the ones giveRigure3.19.
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Figure3.22 Temperature distoutionsalongthe z-axis forNQWD5-M.

As seen inFigure 3.22, the highest temperature is (1375 K) lowered according to
both NQWD1 and QWD. In addition to that temperatures at the"d, 3¢ and 4"
interfaces are decreased according ones for QWD and NQWDL1. It is obvious that
NQWD5-M shows better therrhgerformance compared to both QWD and NQWD1
due to reduced laser absorption amourts the ' and 29 layer pairs (where
considerable amount of laser is absorb&dhould also be noted that the EFI peaks

are shifted fronH/L interfaces for the firstife interfaces.

Considering temperature results and amount of laser absorption it seems that
NQWD5-M meets requirementBoth the highest irnaland interface temperatures

are lowered whereas EFI peaks are shifted from interfaces as desired.

3.4 Upper SurfaceOC And Its Effect On Temperature Distribution

One of the important methsavhich is used to increase LIDT of the optical coatings
is the upper surfac®C layersor in other wordgrotective upper surface laygf9].
Theseniceableeffect of OClayerson LIDT valueswas demonstrated by researchers
[80-91]. Most of the researcher8(85] used lowrefractiveindex materialOCswith
half waveoptical thickness without reducing the desired reflectivity for HR coatings.

Carnigliaet al.[80] measurd that the half wavethick SiO, OC layerincreases the
LIDT value nearly 506 for the 15 layer (SiO./TiO2) HR coating.They alsoshowed
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that thesquare of the normalizeelF| variationhas an additional and increased peak
(1.92) inside theOC while the square of the normalizddFI variationat the rest of
the coating(in which highest peak is 0.8& the first interfaceis not affectedThe
serviceable effect of upper surfaceOC layers was explained asmechanical
enforcement in another study by Hatt al. [81]. They claimed that mechanical
strength of the HR coating increased with the additionalf wavethick OC. They
also measuredearly 100% increment in LIDT value with the usage lwdlf wave
thick OC layerontheHR coatings.

The effect of OC optical thicknesson LIDT performancewas also studies by
researcherto furthelly increase thaerviceable effedi86-91]. In this regard, idies
show that thickelOCs increase the mechanical strength of the coaliogieverit

may causgstress provokedpper surfcecracks

Consideringstudies completed in the pabalf waveOC layeris added to coating
configurationNQWNDD5 (which is studied in chapter3®1) and called as NQWD5QC
Numerical computations are repeated for the current configuration (NQWD50C) and

temperature distribution is obtained as givefrigure3.23.
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Figure3.23 Temperature distributioralongthe z-axis for NQWD50C
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As seen inFigure 3.23 temperature distribution has an additional pedkch is
approximately 590 K inside th@C layer. The rest of the distribution isot affected
significantlywhen compared witlrigure 3.14.e. The nav (highes} peakis far from
the OC/H; interface which is desired fardurable coating.

However OC has no positive effect on temperature distributasnseen irFigure
3.23, LIDT improvementeffectof OC has beeproved by experiments in literature.
Thereforeit is concludedas mentioned in past studies, granary serviceable effect

of OC layerson LIDT is the mechanical enforcement against to the local heating

induced delamination.

3.5 Investigation O TMCs With NQWD M ethod

High LIDT value is one of the most imgant concerns for theoatings ofhigh
powerlaseroptics. In order to increase LIDT value ofdulaser resistartoatings,
electric field alterationstudies and alstemperature field design studibave been
performed in the pa$é2, 55, 63, 74]. Recently,TMCs, in which two different high
refractive index materias and one low refractiveindex material are used together
havebeen proposetbr coatings of high power laser opticehe basic idea behind
TMCs is to use highly laser resistant high refractive index materials such a®HfO
Y03 with the comparatively low stress high refraetimdex materials such as;0g

or TiO, in the same coating stadkigure3.24.

———>
L L L H L HL|H Substrate
\ ]\ / H: T.@O& Ti02
Y Y L: SIO,

Top few layers Rest of the coating R:HfOz, Y205

Figure3.24 TMC structure schematic
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Accordingtobesbf wri ter6s knowledge, two recent

the investigation of TMCs fothe high power laser optics. The first study was
performedby Menget al.[92). TMC design of Menggt al.was constructed biyifO,,

TiO, and SiQ materials. Themployeal plasma sputtering deposition technique for
the fabrication of th&@ MC stack.HfO, as the high refractive index matenehs used

in the first three layer pair (where EFI values are high) together with theilsiO
orde to obtain high laser damage resistance. For the rest of the coatipgvasO
used as the high refractive index material which provides higher reflection compared
to HfO,. Finally they reported the LIDT values for the conventional 34 layer HR
mirror (congructed from TiQ/SIO, only) and 34 layer TMC HR mirror as 24.6
Jient and 39.6 Jich respectively. The second studlgat issues TMCs was
published by Patekt al [93]. In order to increase laser damage resistance of
Ta,0s/SIO, coatings, TgDs layers was replaced with HfGand Y,O3 layers in the

top few layers in thattsdy. LIDT evaluations wer@erformed according t60%
damage probability criteria. Results showed that the LIDT value was increased from
16 J/cni to 22 J/crhard 25 J/criwhen Y03 and HfQ materials are used in the top

few layers, respectively.

However TMCs have been investigated by these two studies, no one &NPWeD
methodon TMCs before. In order to fill thikack in literature, norguarter wave
layer thiknesses are employedTMCs in the currensubsectionThe usagef non
guarter wave layerss expected to be increaseetmal performance and thermal
performancef TMCs.

In order to investigate effects of NQWD method on thermal performance of TMCs, a
27 layer HR optical coating stack is used. The configuratiothefHR coating is
specified as {A/4AL (RLY4L(HL)°H/S} where R represents the Hf@naterial in the

first three layer pair, L represents the Ki® represents the TiOmaterial, S
represents theubstrate and A represents the air. Numerical procedure which was
described ad usel in previous chapter (chapte33l)is applied on both quarter and
nonquarter wave TMC designs. Firstly, numerical studies are performed for the
guarter wave thicknessebable 3.10. After than numerical studies are repeated for
the nonquarter wave thicknesseékable3.10. These two designs are named as FMC
QWD and TMGNQWD. As seen in tableonly thefirst three layer gir (HfO./SIO,)
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thicknesses are changed for fTRIC-NQWD which means thatest of the coating
(TiOL/SIOy,) still have quarter wave thicknesses. As knptlie conventional quarter

wave thicknesses provides theoretically highest reflectivity.

Table3.10 Coating layer thicknesses (nm) for QWD a¥QWD TMCs

QWD NQWD
R 131 78
For the first three layer pai
182 273
H 12258 122.58
For the rest of the coating
182 182

* Shaded cells indicate that thesgdathicknesses are modified

Temperature distributions are givenkigure 3.25 both for TMC-QWD and TMC-
NQWD and it is obvious, employment of NQWD thicknesses results temperature
reduction in HfQ layers The pel temperature is decreased from ~585 K to ~450 K

in thefirst layer pair and also the temperature peak is shifted inside to&8i€ of

the first layer pair. On the other hand, usage of NQWD thicknesses causes
penetration of laser energy inside to inteyers and it corresponds to amount of
laser absorption increment iine TiO,/SiO; layer pairs. As seen iRigure3.26, TiO;

layers absorb more laser energy when NQWD thicknesses are used and it
corresponds to higit peak temperature the first TiO,/SIO, layer pair.However,

the peak temperature in tAidMC-NQWD is ~490 K and it is still ~100 K lower than

the peak temperature of tié1C-QWD.
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Figure3.25 Temperatue distributionsalongthe z-axis for TMCs
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