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Riassunto

Nella regione spettrale dellEUV e dei raggi x &gliazioni sono altamente energetiche, conseguenterne
modelli teorici che ne descrivono il comportamestmo differenti da quelli classici usati per le enmlla
regione spettrale che va dal visibile all'infrarogmolto meno energetiche).

In questa regione spettrale, infatti, tutti i matkrhanno un assorbimento non trascurabile delthazione
unito ad un basso contrasto ottico.

A causa di cio i sistemi ottici tradizionali in sraissione (lenti, prismi) non possono essere métiz Si
devono pertanto utilizzare ottiche in riflessiohanateriali ed i rivestimenti monostrato, utilizzatelle
regioni a lunghezza d’onda maggiore, offrono pemtefficienza nulla in questa regione spettrale tual
utilizzate in incidenza normale (come € necesgagiopoter contenere le aberrazioni di un sistertiaoog
per avere dimensioni contenute del “setup” spertaieh E’ pertanto necessario utilizzare degli shécon
“coating” realizzati da sistemi multistrato, oss@nsistenti nel deposito di due o piu materiali.
Generalmente un materiale presenta il piu bassorl@issento possibile, detto anche spaziatore, mentre
I'altro, detto anche assorbitore, presenta un Bgsento relativamente alto rispetto al primo.

Una struttura tipica consiste nella ripetizioneigdica di un film assorbitore alternato ad uno $gtaze
conservando il valore dei singoli spessori lungtiatlia struttura, tale tipo di multilayer viene ihétb
periodico.

Nel caso di multilayer periodici € possibile ricesjagrazie alla legge di Bragg, gli spessori chandiun
picco di riflettivita ad una data lunghezza d’ondiel caso di multilayer aperiodici, invece, risultelto
difficile determinare un metodo per ricavare laltscdegli spessori che diano luogo ad un compontaone
predeterminato in riflessione; infatti essi detevamo le differenze di cammino ottico tra le ondieesse ad
ogni interfaccia, comportando interferenza costratbd distruttiva per le diverse lunghezze d’onda.

Il lavoro di dottorato, presentato in questa tesinsiste nel disegno nella realizzazione e nella
caratterizzazione sperimentale di innovative atrettmultistrato aperiodiche disegnate per le pigriate
applicazioni quali la fotolitografia, I'astronomjeer i raggi x e per I'estremo ultravioletto, e ikessione di
impulsi ultrabrevi, come le armoniche laser di oedielevato generate nella interazione di impulséda
ultrabrevi con la materia.

La procedura seguita nella ricerca della distribneiottimale di strati si compone nelle seguersii fa

« definizione dei parametri liberi da ottimizzare;

« individuazione di una funzione di merito in gradiostimare in maniera adeguata la qualita dellezéoni

al variare dei parametri;

« ottimizzazione dei parametri liberi.

Nella maggior parte dei casi considerati i param@ieri sono gli strati del multilayer e la funzie
obbiettivo € un predeterminato comportamento itegffione. Considerando la forte irregolarita della
riflessione al variare degli strati e I'elevato renm di strati e quindi di parametri liberi del pleina

(generalmente 100), é preferibile utilizzare alfyoridi ottimizzazione globali quali ad esempio ajjoritmi
I



genetici. In questo lavoro di tesi un algoritmo efieo, presente nel toolbox di MATLAB, é stato patiato

con delle regole matematiche di selezione.

Fotolitografia EUV

Uno dei pit importanti campi di applicazione deioprimenti multistrato € la fotolitografia EUV duava
generazione, su cui sono concentrate le risorda geinde industria dei processori (Intel, AMD, diata
ecc). La fotolitografia trasferisce i diversi schetn circuito su un wafer di silicio proiettando waggio
uniforme di luce laser attraverso una maschera@enfiolo convergere in seguito sul materiale foteibde

di cui e rivestito il wafer di silicio. Successivante si giunge al disegno finale del circuito atrao
sviluppo, “etching” (rimozione chimica) e depositei materiali.

Nel corso degli anni si sono sviluppati circuitinggre piu piccoli, il che solitamente ha comportato
componenti elettroniche piu piccole, piu veloci eno costose, mediante I'utilizzo di lunghezze déodd
luce sempre piu piccole. Il ridimensionamento dalleghezze d’onda ha portato a considerare I'atilila
radiazione nel’EUV e specchi a multistrato invebe laser e lenti.

Nella fotolitografia EUV i fenomeni che degradarefficienza delle ottiche sono la deposizione sulla
superficie degli specchi di composti di carbonibossidazione. In particolare I'ossidazione semésaere

il fenomeno piu difficile da arginare, esso ha wrgdagli elettroni fotoemessi che rompono le mole
d’acqua, presenti nelllambiente fotolitografico,ngeando molecole di ossigeno che si depositan@ sull
superficie delle ottiche e conseguentemente reagiscon essa formando uno strato sottile di ossido.
Sfortunatamente I'ossido € una tipologia di materfartemente assorbente per la radiazione nel’EBJV
quindi puo degradare di molto 'efficienza delléidte di un sistema per la fotolitografia EUV.

Una soluzione adottata per proteggere le ottiche felaomeni sopra descritti, e conseguentemente
prolungarne il tempo di vita, consiste nella depiosie di due strati protettivi di rutenio e di nfmleno o
carburo di silicio sopra le ottiche multistratoald tipo di strati protettivi permettono alle oktemultistrato

di raggiungere gli obbiettivi di tempo di vita letiprefissi dalla “roadmap” della fotolitografia EJ
purtroppo pero la loro deposizione sopra una straitperiodica, struttura standard per fotolitografie
abbassa di molto I'efficienza.

Nell’ambito di questo lavoro di dottorato sono stetalizzate e caratterizzate ottiche multistretmperte
dalle tipologie di strati protettivi descritti pran disegnate in modo da migliorare la stabilitaledel
prestazioni rispetto ad ogni possibile cambio dglteprieta ottiche del materiale costituente Iatstr
protettivo e contemporaneamente massimizzare dieffza della riflessione. Tali proprieta derivaralal
differente distribuzione dell’'onda stazionaria degte strutture rispetto le strutture periodicheegalmente
utilizzate. Oltre agli effetti appena descrittidpostamento dell’onda stazionaria ha un altro tefte¢nefico
che é quello di diminuire il numero di elettrontdeemessi, i quali sono la principale causa didzsgone

delle ottiche in ambiente fotolitografico.



In modo da poter testare sperimentalmente le ptipdappena descritte sono stati depositati alampaoni
costituiti da questi disegni innovativi (aperiodi@ ricoperti da tre diversi rivestimenti protettguali
Ru/Mo, Pt/Mo e a-Si//Mo, per poter compararesdle miglioramento ottenuto sono state depositatee
tre strutture periodiche ricoperte dai medesimestimenti protettivi. Le deposizioni sono stateddtamite
un sistema magnetron sputtering nell'azienda RXOLNCY. USA) e successivamente i campioni sono
stati caratterizzati alla linea BEAR del sincroedaLETTRA.

| risultati ottenuti hanno confermato le predizioimifatti, nel caso delle strutture ricoperte daéstimento
Ru/Mo le strutture aperiodiche hanno una rifletéiypiu alta e, grazie ad un confronto tra i divprschi di
riflettivita in funzione dei diversi ricoprimentitilizzati, una sostanziale insensibilita al camlielle
proprieta ottiche del ricoprimento. Inoltre, un’apfondita analisi dei dati ottenuti dalla fotoennisge degli
elettroni secondari ha confermato un sostanzidiezione del numeri di fotoelettroni emessi da pdehe

strutture aperiodiche.

Ottiche multistrato per astronomia nellEUV

Negli ultimi anni telescopi basati su ottiche nmatitato ad incidenza normale sono stati impiegatnslie
missioni spaziali dedicate all’osservazione de¢ swlla regione spettrale dell’estremo ultravialetiome in
particolare Fe-IX (17.1 nm), Fe-XIl (19.5 nm), F&X28.4 nm) e He-Il (30.4 nm). Esempi di missionnc
esito positivo sono SOHO e TRACE. Le prestazioniled®ttiche multistrato in questo campo di
applicazione sono principalmente valutate in terrdirpicco di riflettivita per la lunghezza d’ondk una
predeterminata riga di emissione e capacita dzi@ie delle altre righe.

La coppia di materiali generalmente utilizzata pastituire le ottiche multistrato per osservaziogli’EUV

e Molibdeno/Silicio. Tale tipo di coppia di matdri@a una soluzione ben studiata per applicaziotiane
fotolitografia, e grazie a ci0 in questi ultimi ané& stato sviluppato un notevole background sulla
deposizione di ottiche Mo/Si, inoltre, una voltgdsitata tale coppia di materiali ha un’elevatitta e
resistenza ai carichi termici.

Purtroppo, strutture multistrato periodiche co#itwla Mo/Si, ottimizzate ad esempio per osseriaregga
del ferro Fe-XV (28.4 nm), hanno un picco di rifieta relativamente basso rispetto alle altre ¢epgi
materiali utilizzate in questa regione spettratmltre hanno un riflettivita a larga banda che pudindi
influenzare la diagnostica della riga FeXV a cadilanon trascurabile rumore della riga HE 1.

Sono state studiate diverse soluzioni a questalgratica, ad esempio € stato proposto un disegno
aperiodico delle ottiche multistrato oppure I'®do di altre coppie di materiali quali Mg/SiC,@Si/Mo
oppure BC/Si. Purtroppo tali soluzioni non hanno ancoradptto dei miglioramenti convincenti, inoltre
per le coppie di materiali diverse da Mo/Si manctast e prove di stabilitd adeguatamente approfiondi
Generalmente le ottiche multistrato per missioraz&gi sono protette da dei ricoprimenti costituda
materiali differenti rispetto quelli utilizzati pdiottica. Tali ricoprimenti sono in grado di miglarne le

proprieta ottiche e meccaniche, come ad esempionaggiore resistenza ai rigidi ambienti spaziafue



una determinata riflettivita nellUV o nel visibilén questo lavoro di tesi e stato sviluppato umoirativo
metodo matematico per il disegno di ricoprimentr pe ottiche multistrato che, oltre a conferire i
miglioramenti ottici e meccanici discussi precedemnte, non influenzano il picco di riflettivita lide
struttura multistrato sottostante ma ne migliordamaeiezione alle altre lunghezze d’'onda. La sadoegi
proposta percio, oltre a conferire un miglioramestetia reiezione di parecchi ordini di grandezzaahche
un notevole grado di adattabilita.

In questa tesi verra prima presentato il metodadidegno dei ricoprimenti discutendone in maniera
approfondita tutti gli aspetti teorici. Verrannoiggi presentati dei risultati di simulazioni torekli risposta
ottiche multistrato alle quali sono stati integigiesti ricoprimenti, comparandone quindi le prasta con

le ottiche utilizzate attualmente. Infine verrarpresentati i risultati sperimentali e le relativetodologie
di analisi, sviluppate in fase di realizzazione aratterizzazione di tali ottiche, in grado di aretea
comprendere e correggere gli eventuali errori giode&zione critici che si possono avere. Il risdtéhale

sono le misure di tali ricoprimenti fatte al sintome ALS (Berkley).

Ottiche multistrato per astronomia nei raggi x

| telescopi per osservazioni nei raggi x utilizzanogenere le configurazioni ideate da Wolter da cu
prendono anche la denominazione. In passato gichperano ricoperti da un singolo strato e sfuatte il
fenomeno della riflessione totale. Questo appropem diventa molto critico nel caso in cui il “gai
energetico di osservazione supera i 10 KeV, intadtienergie cosi elevate la riflessione totaleemeviper
angoli di incidenza radente molto piccoli. In cogisenza di cio tolleranze meccaniche molto restritige
sono richieste in fase di allineamento e nel magitagttico.

Molto recentemente la scoperta e sviluppo di odtichultistrato ha rivoluzionato la “roadmap” dello
sviluppo tecnologico di telescopi per i raggi x. $aluppo di ottiche multistrato sempre piu perfanti in
guesta regione spettrale & percio diventato unopeniiciale per I'astronomia nei raggi x. Differenti
approcci sono stati usati per trovare strutturetisteto ottimali in termini di riflettivitd a lay banda. A
tale scopo sono stati utilizzati algoritmi di ottarazione globali quali gli algoritmi genetici, ¢garitmi di
“simulated annealing”, capaci di cercare soluziottimali in un dominio molto ampio. Alcuni strument
matematici sono stati inoltre sviluppati per aiatagli algoritmi di ottimizzazione a convergere \@ers
soluzioni ottimali come ad esempio la distribuzidpewerlaw”. Recentemente un notevole passo awanti
stato fatto con la costruzione di un formalismo enatico capace di fornire disegni di ottiche muiai®
con una riflettivita molto piatta.

In questa tesi di dottorato verranno presentatisultati preliminari dell’ottimizzazione di struite

multistrato a larga banda.

Ottiche multistrato per la riflessione di impuldtrabrevi agli attosecondi




Un’applicazione interessante per I'ottimizzazione strutture multistrato aperiodiche e lo studio di
multilayer per la riflessione di impulsi ultrabrelia generazione e la manipolazione di impulsiabtevi di
durata inferiore al femtosecondo da la possibditandagare fenomeni che a causa della loro brienéss
durata temporale risultavano fino ad oggi inacdeissiSecondo il modello teorico di Bhor per eseqpi
I'elettrone dell’atomo di idrogeno compie una rat&e intorno al nucleo in circa 150 attosecondindu
per osservare e controllare gli elettroni in mowvmeebisogna utilizzare impulsi di luce della durdtalcuni
attosecondi.

Gli impulsi ultrabrevi possono essere generatizet@ando porzioni spettrali di armoniche di ordetevato
generate dall’interazione tra un gas nobile ed mpuiso ultrabreve ed ultra intenso. Lo spettro edell
armoniche di ordine elevato é caratterizzato ddi dggikes” di intensita in corrispondenza delleremiche
della fondamentale di ordine dispari e pud cogareegione spettrale che va dall'infrarosso all’XUMue
importanti regioni caratterizzano lo spettro delienoniche d’'alto ordine e sono quella del platesadrétta
della regione spettrale che va dalla quarta arnaofiio generalmente all’XUV ed ha uno spettro pijpt
quella del “cut—off” (e la caduta esponenziale shiea dopo la regione del plateau). Il confineléreegione
del plateau e quella del “cut—off” dipende dallénsita dell'impulso ultrabreve che interagisce gas,
sostanzialmente piu intenso € I'impulso e piu ifoe si sposta verso la regione x.

Nella regione spettrale dell’XUV i rivestimenti ntistrato sono I'unica ottica in grado di garantixelli di
efficienza adeguati per la riflessione ad incideneamale, tali ottiche sono percido guardate coneest
interesse dalla comunita scientifica dell’attofssi©ltre a garantire adeguati livelli di efficienieaottiche
per impulsi ultrabrevi devono riuscire a contradleg possibilmente correggere la forma dell’impulso
modo da ottenere uno spettro gaussiano ed undifi@see; essa € infatti la combinazione che a it
banda spettrale da un impulso di durata temporaiena

Le strutture multilayer periodiche sono caratteatezda una banda di alcuni eV a circa 100 eV. Cio
significa che nel caso di impulsi di circa 100 a#tcondi il corrispondente largo “range” spettraiecgé 30
eV) non puo essere preservato dopo la riflessibasgando percio la durata temporale dell'impulda,qui
la ricerca di strutture aperiodiche con riflettéve larga banda. Oltre ad una larga banda spegiratepulsi
ultrabrevi sono caratterizzati da un andamentadale in funzione della frequenza che puo essezare
oppure quadratico positivo (“chirped”). Questi diieersi andamenti di fase dipendono dalla regiosléod
spettro in cui si trova la porzione di armonichées®nate, infatti nel caso in cui la porzione sella
regione del “cut—off” la fase e lineare nel caseere sia nella regione del plateau la fase e “ekirp

La ricerca di multilayer per la riflessione di intpuultrabrevi &€ percio la ricerca di strutture atéerizzate
da una riflettivita a larga banda possibilmentegiado di ridistribuire e sfasare le componenti tspkt
incidenti in modo da riflettere uno spettro di farigaussiana.

Utilizzando l'algoritmo sviluppato in questo lavodb tesi sono state ottimizzate ottiche multistrpér la
riflessione di impulsi ultrabrevi, piu specificatante sono state ottimizzate strutture in gradedigensare

un fase “chirped” ed in grado di ridisegnare unetsp rettangolare in forma gaussiana. Le strutture

\Y



ottenute sono state poi testate aggiungendo degli easuali dell’'ordine di 2 A agli strati e neono state
riscontrate rilevanti criticitd assicurando pergita fattibilita sperimentale delle strutture.

Verra inoltre presentato in questa tesi un’innoxatimetodologia di caratterizzazione sperimentale,
sviluppata nell'ambito di questo lavoro di tesiecpermettera una ricostruzione molto precisa delie

delle ottiche multistrato partendo dal segnaleidggttroni fotoemessi.

Abstract

A suitable throughput in the EUV spectral range d¢Bn obtained using a grazing incidence optical
configuration, however, for small reflection anglaseful also for limited size of the experimersedup and
optic system aberrations reduced, the multilayiectve coatings have to be used.

A typical multilayer coating consists in a periogdicucture realized by the alternating depositibfilms of
two or more different materials with relatively higptical contrast and low absorption. The mulgiay
working principle is based on the constructive rif@ence among the electromagnetic wave components
reflected at the various interfaces. The films khi&ss is defined in order to comply this principbe
predetermined wavelengths. The choice of the naseis made in order to maximize their optical cast,

l.e. in such a way that their refraction index asedifferent as possible. In this way, accordinthwihe
Fresnel law, the amplitude of the electromagnetiweweflected at each interface is maximized.

In this PhD work have been optimized aperiodic itayler structures for different applications liKEUV
and x-ray astronomy, EUV lithography and reflectairattosecond ultrashort pulses, like those dusgb
order harmonics of laser pulses generated in tieeaction of ultrashort laser pulses with mattdre Tnput
parameters are the multilayer thicknesses, maseaatl layers number, instead the merit functiothés

multilayer reflection.

Multilayer coating for EUV lithography

Pertaining the design of EUVL multilayers, noveedpdic structures covered by capping layers rasidb
environmental attack have been developed. This ileygt offer superior performance for extreme
ultraviolet lithography, in particular an integrdtamtensity increase of up to 2.18 times that olsdiusing
standard periodic multilayers has been estimatid. aFperiodic structures have minimal absorptiothe
top-most layers, which makes them especially insgago both the choice of capping layer matergaid to
any subsequent capping layer degradation due ttat@n or contamination. This property allows foe
use of the most resilient capping layer materialailable, thereby leading to significantly improved

lifetime. We have produced prototype capped a-pericoatings and have measured their performance.

Multilayer coating for EUV astronomy

Space optic instrumentation for the sun observaitiothe Extreme Ultraviolet (EUV) spectral regian i

often based on multilayer coating technology. Scehtings have not negligible bandwidth, and thessfo

Vi



often the detected signal is due to the contrilbutibdifferent very close spectral lines. In thisDPwork we
present a study of innovative capping layer stmas covering the multilayer coating able to imgrake
rejection of the unwanted lines and at the same tpreserving the reflectivity peak at the working
wavelength. The mathematical design method wilptesented and discussed. Moreover, theoreticaltsesu
for some structures designed by the use of the methematical tool will be presented and discussed.
Experimental results related to periodic Mo/Si nfayer covered by an optimized Mo/Si capping lagble

to reflect the Fe-XV line with rejection ratio sdme orders of magnitude for the near He-ll intdimgeare

presented.

Multilayer coating for x ray astronomy

The configurations adopted in X-ray telescopesbaged on the Wolter designs. In the past mirrove ha
been coated by a single material layer exploithng éxternal reflection phenomena. This approachbean
very critical at energies above 10 keV, since ewkreflection appears at very low grazing incicenagle,
and therefore very tight mechanical constraintsnmrror alignment and on optical mounts are reqlire
More recently the discovery and development of iaykr coatings have revolutionized the roadmaghef
x-ray telescope’s technology. Different mathemataggproaches have been used for finding the optimum
solution in term of broadband reflectivity. Globaptimization algorithms like genetic algorithm or
simulated annealing capable of searching the optinstructure inside a very wide domain of possible
solutions have been used. Some mathematical tdojst #ayer design constraints able to guide thedog

of the algorithms toward specific types of soluti@s depth graded multilayer with a powerlaw layer
distribution. More recently, a further step hasrbegpresented by a math formalism able to provigetic
layer distribution solutions which have gain ofyéat reflectivity.

In this PhD work we show the preliminary resultsssime broadband W/B multilayer design.

Multilayer coating for EUV attosecond pulses

In the field of attosecond pulses generatebiglg—order harmonics both the harmonic spectrapstand
the spectral phase have to be controlled. In tise cd plateau harmonics, the need is to compenisate
phase mismatch between different harmonics androat&aussian reshaping of the spectrum, whiléén
case of cut-off harmonics the phase locking haset@reserved for obtaining a Gaussian reshapirigeof
spectrum. It is worth to be noted that for attosecexperiments it is essential to study opticaligres
capable to comply with the above requirements.tker’VUV and XUV harmonics reflection an interesting
solution are multilayer mirrors. Typical perioditrictures are characterized by energy band coverage
usually restricted to few percent of the peak epery, for example, a few eV at about 100 eV. Th&ans
that in the case of ultra-short radiation pulsegef@tosecond) the corresponding "wide” spectratuiess
cannot be preserved. In this PhD work we studyiagermultilayer designed in order to reflect agedond

pulses.
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Chapter 1: Introduction to the multilayer coatings

During the last decades x-ray research has beatvew in several fields ranging from astronomy to
photolithography and biology. The development gfhhefficiency optics is critical because below &t
nm the reflectivity of materials is close to zerb reormal incidence, and consequently, the optical
instruments adopt grazing incidence configurati@®zing incidence instruments are in general enéhg
complex, have very small acceptance apertures ansequently low luminosity and in addition to this
great problem is posed by the reduction of opttearrations characteristic of these configurations.

So the development of high efficiency EUV opticsnarmal incidence configuration would improve
both the throughput and the resolution capabilitthe instrumentation. The solutions to these negoent
is the XUV multilayer optics, they are constituteg an alternating sequence of thin films of highly
absorbing (absorber) and less absorbing (spacdgriaia [1]. The high reflectivity, also at nearrmal
incidence configurations, derives from the intezfere of the Fresnel components reflected from the
interfaces between materials of high and low aligmrsee Fig. 1). The sum of the thickness of dieso

layer and spacer one is called period (see Fig. 1):

periOd = d.spacer"' dabsorber (1)
and the ratio between the thickness of the absdalger and the period is called
¥y =dspacefperiod (2)

top imfan:e

dabsnrber

spacer

petiod

substrate
Fig. 1 Section image of a multilayer, the period, spaaed absorber materials, the top surface and thessate are

shown.

Typical multilayer designs are periodic, it meahattthe structures have constant period-aratio. In
this case the structures can be easily optimizedtain reflectivity peak at a particular frequensyng the
Bragg law. Differently the aperiodic (inconstantipd andy distribution along the multilayer stack) designs

increases the size of the solution space but isesealso the free parameters for structure definitn fact



the thickness of each layer has to be optimizednfatching the relative phase of the various Fresnel
components reflected and inter-reflected by mugtiphths into the stack, so that in the outgoingesate
various components can interfere constructivelgestructively. The optimization and following sussgil
realization of suitable aperiodic stacks for diffier applications is a problem of great interest tfoe

multilayer community.

Condensor optics Projection optics
Fig. 2 Two images respectively of condenser and projecijatics used for EUV lithography systeffust: courtesy of

Bill Replogle, Sandia National Laboratoires).

Courtesy of Bill Replogle, Sandia Natl. Labs

Mask stage
chamber

Camera
chamber

[luminator
chamber

>

-+
Water stage chamber

Fig. 3 A schematic image (left side) coupled with atpl{dght side) of a EUV lithography system. Theraricalled
C1-C5 belong to the collector optic system, inste¢hd mirror called M1-M4 belong to the projectioptic system.
LPP is the acronym of laser produced pladffeet: courtesy of Bill Replogle, Sandia Nationatoratoires).

In this PhD thesis the design, realization and attarization of innovative multilayers have beerdstd
and discussed. In the second chapter the diffenetitods related to the calculation and optimiza@ibthe
multilayer performances has been discussed. A lddtaliscussion of the recursive model used for the
reflection, transmission and standing wave thecaétprediction is presented in this chapter, moeeown
the final part of the chapter an overview of thedent optimization methods useful in the multday

design is introduced.



In order to clarify the exposition of the thesi® timnovative contributes involving the quite diffat
application fields have been discussed and coraézad in different chapters. In particular the EENd x-
ray astronomy, attosecond ultra-short pulse reflacand EUV lithography fields and relative inndeat
has been discussed respectively in the chapterS 8t 6. In the chapter 7 the conclusions has been

exposed.

1.1  Multilayer coating for EUV lithography

In the case of EUV lithography (EUVL) applicatidmet multilayer efficiency, 30% loss at each mirror,
are somewhat inefficient. This limits the practioaimber of optical elements that can be used apdses
the use of aspheric surfaces (see Fig. 2), makigd and finish specifications even more sever an
difficult to achieve. Respect to the UV lithograplsystem actually used, the EUVL optics system have
some structural differences (see Fig. 3), arisirgdomplexity of the technology employed, likeleefive
photomasks, and new types of plasma light sousbés to generate the short wavelength EUV lightl an
the wafers exposed under vacuum in order to mirEV intensity losses by absorption due to residua
environmental gas.The main goal of the multilayptias applied to the EUVL systems is to obtain high
reflectivity throughput, moreover, other manufarigrgoals are to simultaneously meet the strinfjgote
and finish requirements of the reflecting surfand how to get stable performance without the réiffeyg
degradation. In particular, regarding this lastlgbha EUV optics must meet a requirement of less th%
non-recoverable reflectivity loss during 30000 tigin hours [2], equivalent to 10-year operatingtlihe.
Because the projection optics cannot be heatedcchgewe ultra-high vacuum conditions (as this would
damage the reflective multilayers), they must ofgema an environment with the presence of waterowvap
and hydrocarbons. Under EUV exposure in these tiondj the optics can be subjected to recoveratide a
non-recoverable reflectivity losses: water adsorbedurfaces may be dissociated by EUV photonsyor b
secondary electrons generated by the photons,nigadi oxidation of the reflecting surface and a-non
recoverable reflectivity loss. The dissociatioradsorbed hydrocarbons can also result in elemeathbn
buildup, although this may be removed through ieastwith oxygen or hydrogen and evidence suggests
that water vapor and hydro-carbon partial presscaasbe optimized for a given EUV photon flux sticht
carbon buildup and oxidation are balanced.

Progress in EUVL optics lifetime can be obtainatlging new materials covering multilayer optics and
understanding its degradation under EUVL envirorimigloreover, because the typical multilayer desggn
periodic a further throughput improvement can bmioled through aperiodic design obtaining for exiamp
a better match with the spectral source. In thi® Btamework we have designed and tested a-periodic
multilayer structures containing protective capplisigers in order to obtain improved stability wittspect
to any possible changes of the capping layer dpficaperties (due to oxidation and contaminatian, f
example)-while simultaneously maximizing the EUVlaetion efficiency and match with particular spett

sources.



1.2 Multilayer coating for EUV astronomy applications

In the case of multilayer optics applied to EUVrasbmy, the high throughput at near-normal incigenc
angles of these optics has been the enabling tehntor solar imaging instruments in this specteaige.
In the last decade, narrowband multilayer in normeidence telescopes have been flown aboard recket
and satellites to image the Sun at some EUV wagéhen The main motivation of this approach is the
feasibility in producing experimental setup morenpact than the grazing incidence optical configarat
Multilayer normal-incidence telescopes were firsed to image the Sun from rockets. More recenttly, t
EUV Imaging Telescope (EIT) (see Fig. 4) [3-4] Hate experiment, which is part of the Solar and
Heliospheric Observatory (SOHO), was designed tagenthe Sun in four narrow EUV wavelength bands
centered at 17.3, 19.5, 28.4, and 30.4 nm (seébkidt has a spatial resolution of approximately(fixel
size is 2".6). TRACE [5], aecond multilayer normal-incidence telescope tres launched in early 1998 as
a Small Explorer (SMEX) mission, is designed toaslee the Sun with 1" resolution (pixel size is §'ib
three EUV and four UV wavelength bands. The thr&®/bands are centered at 17.3, 19.5, and 28.4 nm.
Since the wavelength pass-bands of EIT and TRAGErather wide, their response to emission arising
from a particular temperature regime can, as fazigg-incidence telescopes, be fairly contaminatethe
contributes of the near sun lines. The wavelengthdb selected for multilayer imaging were chosen to
provide peak reflectivity for strong spectral lindst are primarily emitted over a single, ratharraw,
temperature interval. Study of the solar spectras fevealed many such possible wave bands [6]., Bhus
comparison of images obtained in different mul@iayands reveals the solar morphology at different

temperatures. This technique works very well faetgGun and active-region structures.

Fig. 4 A photo of the EIT telescopes flying on boarchef$OHO missioffont: http://Jumbra.nascom.nasa.gov/eit/




Fig. 5 “This composite image combines EIT images froreghwavelengths (17.1 nm, 19.5 nm and 28.4 nm) into
one that reveals solar features unique to each leagth. Since the EIT images come to us from theespaft in black
and white, they are color coded for easy identffara For this image, the nearly simultaneous imaffem May 1998
were each given a color code (red, yellow and bare) merged into one.”

http://soho.nascom.nasa.gov/gallery/images/tridoil.h

Because of their good time stability, Mo/Si mulga are conventionally used for all the EUV
wavelengths, even if, at the longest ones they haelatively low reflectivity peak and spectral regmn
with respect to other material couples. A suitatderower reflectivity multilayer than the periodio/Si
case has been obtained through an a-periodic desigio/Si structure [7]. Moreover, further enhanesn
of peak reflectivity can be obtained using othetearial combinations like Mg/SiC [8], &£/Si/Mo [9] or
B,C/Si [8]. Although for some of these structurest tend proof of lifetime stability must be investigd.
Study of new capping layer and multilayer desigte ab improve the spectral filtering of the mulgiéa
reflectivity will be showed and discussed in thigdis, in particular thank to a multilayer desigsdd on
the standing wave distribution into the multilagémucture interesting results in term of refledtivgpectral

filtering have been obtained.



1.3  Multilayer coating for x ray astronomy applicatons

Hard x-ray observations allow us to study physprakesses that either do not occur at lower enengie
are dominated at low energies by thermal emisgiom the hot (10K) plasma commonly found in high-
energy sources. High-sensitivity observations imharay spectral region have not been carriecbegtuse
the imaging systems used, collimators and codedtapemasks, cannot satisfy the required sensitivit
levels. Focusing telescopes have provided highitbétys observations for spectral region lower tha@
keV. The use of focusing in the low energy x-rapd&egan with the Einstein Observatory (1978 - 1981
0.1-4 keV) [10]; it had a ratio of detecting to lesting area of 13-10° and it was hundreds of times more
sensitive than its non-focusing predecessors. Sulestly, the energy range of focusing telescopesbkan
extended te= 10keV with the Chandra X-ray Observatory (CXO)e($8g. 6) and XMM-Newton (see Fig.
7), both launched in 1999 [11-12]. CXO, with aras®at imaging performance has a collecting to datgcti

area ratio of roughly 107.

E=2=

—— 9

L—_—

Fig. 6 Workers at Eastman Kodak in Rochester, N.Y. thesalignment of the Chandra observatory's HigheRe®n

Mirror Assembly (font: www.nasa.gov/.../chandra/assembly.htm_prt.hphoto of Eastman Kodak).

Focusing optics have not been used at energieedlibkeV because the optics currently used on x-ray
telescopes are difficult to employ in practicaldharray telescopes. Today’s focusing telescopedased
on total external reflection, in fact in the x-rayghere the refractive indices of materials areln#han
the vacuum refractive index, total external reflattoccurs at grazing incidence angles, on theroofle
several milliradians. The grazing incidence optised by Chandra, XMM and all previous x-ray focgsin
telescopes are difficult to use at higher enerdiesause the critical reflection angle, above which

reflectance is negligible, is proportional to 1/Ehe main problem with total external reflection zjrg
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incidence optics is that the reduction in the caitiangle at higher energies translates directtyandecrease
in the field of view of the telescope. In additidhe small grazing angles force the telescope defig
employ either small radius optics or a long foeaidth. Small radius optics are undesirable becthese
dilute the sensitivity gains of focusing systemdoAg focal length (> 30m) increase the power (hedce
weight and cost) requirements on the spacecratft.

Reflectance at angles greater than the criticategg@ngle can, however, be achieved by using depth
graded multilayer coatings on the mirror surfac&3-14]. Typical material couples for the hard-x ray
spectral region are tungsten and silicon (W/Siplatinum and carbon (Pt/C)). Designing suitableragalic
multilayer (super-mirror) one can obtain broad bangy reflectors operating at angles greater tthan
critical one. Several multilayer mirror telescoes currently being developed to extend focusinsbdity
to higher energies. These efforts include at leastballoon instruments, "In Focus” [15], being é&ped
by Goddard Space Flight Center and Nagoya Uniyensidapan, and the High Energy Focusing Telescope
(HEFT) (see Fig. 8) [16-17], being developed byt€ai, Columbia University, Danish Space Research
Institute, and Lawrence Livermore National Laboratdn addition, the Constellation-X mission contep
[18] includes a hard x-ray focusing telescope. @heign of performing and feasible aperiodic broadba

structures will be treated in this thesis.

Fig. 7 One of the mirror modules from the XMM-Newton X-talgescope. This module consists of 58 mirror shell
made of gold-plated nickegffont:
http://www.esa.int/esa-mmg/mmg.pl?b=b&keyword=xmn@¥drors&single=y&start=18




Incoming pholsh

Fig. 8 “ a) The High Energy Focusing Telescope’s (HEFTI8gYic mirrors are made from glass originally devatd

for flat-panel computer monitors. The glass is thaelly formed and then covered with a multilayertoma composed
of alternating layers of materials that vary in ¢kihess. (b) Seventy-two mirror shells are assemfuedach of
HEFT's three telescopes. (c) The multilayer streetis efficient for a wide range of angles and mimotvavelengths
(energies). Photons are reflected off the interfaeveen the different materials, thus “trickingglt into seeing more
mirrors. The colored arrows indicate the reflediyvirom a range of x-ray energies, from the lowpstik arrow) to the

highest (violet arrow). "(font: https://www.lInl.gov/str/November04/Craig.html

1.4  Multilayer coating for reflection of EUV attosecond pulses

Generation of ultra-short light pulses of relatwéligh energy photons has opened a new frontier to
matter physics in a very short time scale. Ultraspalses can be generated in the interaction gathjets
of femtosecond laser pulses focused at high powasity; the ionization of the atoms in the lasetdfi
produces a spectrum of laser harmonics extendorg the near infrared up to the x-ray region [18hds
been proved that the high order harmonics (HOH)eang#ted in a time corresponding to a short fracod
the fundamental laser period by the electrons acatd in the laser field. A HOH spectrum is chemazed

by three main regions (see Fig. 9):

1 the first fall involving the first harmonics
2 a region where the harmonics have the same inyeradied plateau regions
3 cut off region, is the region where the harmonitdawn, this limit is related to the intensity of

the femtosecond laser pulse interacting with trsejga
Correspondingly, by suitably selecting a portiorthef HOH spectrum pulses with sub-femtosecond time
duration can be obtained [20-21]. In particulaleseng only the HOH cut—off region generated bw fe
optical cycle infrared LASER guide pulse, a singi®second pulse can be generated. Differentlgctab
the discrete HOH spectrum in the plateau regioratessecond pulses train can be obtained. On ther ot
side preservation of ultra—short time structures lsa achieved by compensation of the non—lineasgha

trend introduced in the reflection processes bylsptical components.



The ultra-short time characteristic of high enehgymonic spectrum has been used in some noticeable
experiments. In pump-probe studies the analystsamSient atomic phenomena like the relaxationové<
excited atoms [22] or to the study of the excitatad photoelectrons in the presence of strong lighdl is
analyzed [23-24]. A different use of ultra-shortgas is their use like seeding source for x—rag &lectron
LASER [25]. In all these applications types thet sefay pulse obtained by selecting a portion & HOH
spectrum has to be steered and focused with seitalics. Attosecond pulses generation from HOH
spectra has been obtained through a opportunerapitering. Moreover some filters presentinguatable
Group Delay Dispersion (GDD) can compress the trattsd pulse [26].

Considering that suitable designed multilayer cwggtican manipulate and lead the attosecond pulses,
and therefore give further improvement in the a&tosid science employments, in the last years some
studies concerning the applications of multilayeating to the reflection of attosecond pulses hasen
presented [27].

The design of broadband EUV multilayer for the eeflon and (thanks to the phase compensation)
compression of attosecond pulses has been studiguisi thesis. Some different cases are showed and

discussed, moreover, experimental realization astdf such type of structure has been showed.
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Fig. 9 A schematic representation of the High Order Hamine spectrum.
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Chapter 2: General aspects related to the multilayecoatings interaction with

radiations

2.1 Optical constants in the EUV spectral region

In the EUV region to describe the radiation we niedse the complex refractive index such as:
n=n-ig=@1-9)-ip (2.1)
wheren and f are the material optical constants,is the imaginary termektinction coefficientand
establish the wave absorptiam,is the real term correspond to thefractive index, i.e. is related to the
change in the wave group velocity when the radmatiass trough the interface between the vacuunthend
material.

After to have defined the optical constants, we caw describe an electromagnetic wave with a
wavelength in the soft X-ray, with angular frequeng,, travelling through a medium with complex
refractive index n, such as its electric field:

—j(z—”ﬁx—wot] —xﬁz—” —j(z—”nx—wotJ
E(t)=e ) =g b =e M@ b = g/ [pilomcan) (2.2)

whereKg is the wave vector in the vacuum media.

In the equation (2.2) the terei™°” takes into account the waves absorption, and the ¢g'*™ 4" is g

wave propagating in a media with refractive indexThe dielectric functione(w) is such therefore
n =.,/&(w) is the media response at the radiation fieldhle function are substantially recorded all the

effects of the materials aggregate nature like ate&rbound and the collective excitations (phon@ns); in
x-ray fields the energies of this effects are rggple respect the other ones of the incident raxhat

The electronic excitation regard generally the atomternal shields that is negligibly affected the
field of the other atoms because is shielded byettternal shields. The electrons valence are cereid
free electrons in the radiation interactions in XtV spectral range, this because they have erergyunts
negligible respect the other ones of the incideatev Considering the previous hypothesis the cliete
function (and consequently the refractive indexpete only by the atomic composition and material

density. It is possible therefore write:

2

i=1-A N nt
21T i

2
n:1—r§jT N, f, 2.3)
p=1A N g

277_ a'2

where:

s I, = ez/(mcz) is the classic electron radius
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* N, is the atomic density

* N is the atomic number of the i-th element presertheé compound

« f = f,—Jf,, is the diffusion atomic factor of the i-th eleméhnat is given by the ratio among the

i

diffuse amplitude of the atom and the one thatikhbe diffuse by the single atom. Theand fare

the atomic scattering factors which account fois the real part related to the number of electron

not involved in bonds (like they were free in thaterial), while thd, accounts for the absorption.

These equations (2.3) are only approximation whvoith only for a wavelengths shorter than a value

around 40 nm and longer than 0.041 nm (correspgrdirand energy going from 30 eV up to 30 keV). In
this region the energy is enough high to consiggfigible the interaction with the valence electeod the
optical response could be well approximated comsidethe interaction only without the inner electso
The macroscopic effect can be seen as the sumeotdkbh atom response. At longer wavelength this
approximation cannot be done because the interawiiih valence electron became significant. Thenéto
scattering factors can be retrieved through expartal measures in the cross section of the elemyenta
matter [1] and nowadays many database are avaweiliethe atomic scattering factor to obtain bdtle t
refractive index and the extinction coefficientpae all worth to mention the “Center for X-Ray Qjsti [2]
database of the Lawrence Berkley National Lab. @inthe “Lawrence Livermore National Laboratory”.
Nevertheless the optical constants in the EUV a®y wensitive as well, explained by the [2,3], e t
density of the material which is usually determibydhe making process of the material, hences@afty
for thin films, an accurate determination of theicgd constants or a literature review has alwaybé

made.

2.2 Reflection and transmission of a multilayer coating3-5]
| have reported the main parts from [5].
First of all, the behavior of a plane electromagnetave at an idealize interface has been congidéme

Fig. 1 a schematic of the abrupt interface betw®en semi-infinite media, the complex refraction éxd
A =n-ig is given in the two regions ag and ﬁj. The incident wave vector, with electric fiela,
makes an angled, with respect to the interface normal (the z axi$)e amplitude of the reflected and

transmitted electric fieldsk' and E, . respectively, are given by the well-known Freswlations:

E{‘ n [tosh -, [Eosl, _ .

= — =, (2.4)
i‘ i [tosA, + 1, [£0sH,

and

E, 2. [£0sh,

TJ‘ = j S i Etijs (2.5)
i‘ i [€osA, + 1, [€0sH,
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for s-polarization (i.eE perpendicular to the plane of incidence); and

@ _ ﬁ [¢osd, - @- (tosd = (2.6)
‘ i‘ f [tosd, + N, [toss

and

E: 20 [eosf  _ .o 2.7)

l

i [€osd, + 7, [tosf

for p-polarization (i.e.E parallel to the plane of incidence), whéres the angle of refraction, determined

from Snell’s law:

n 3ing =n, 3ing, . (2.8)

=i

=

=

L)

Fig. 1 Schematic of the abrupt interface between two-ggfinite media.

In order to account for the loss in specular réflace due to interface imperfections (i.e., intaeh
roughness and/or diffuseness), the case wheréhtirege in index across the interface is not abraptideen
considered, but can be described instead by arfan&eprofile functiorp(z) (see Fig. 2).

That is, following the formalism developed by Steaf6] , p(z) as the normalized has been defined,

average value along the z direction of the diele¢tnction, £(X) :

j j £(X)dxdy

p(2) = , (2.9)
(£~ ) [ dxdly
Where
_ E,Z - +oo
£(X) ={ (2.10)

gj' Z - —00
Stearns has shown that in the case of a non-abnigufaces, the resultant loss in specular reftexga

can be approximated by multiplying the Fresnelefbn coefficients (equations (2.4) and (2.6))thg

function w(s) , the Fourier transform afi(z)=dp/dz That is, the modified Fresnel reflection coeffitis are
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given by r;j =r, OW(S)
(2.11)
where s =4-7-co%)/4, and/ is the light wavelength.

Note that the loss in specular reflectance depentlson the average variation (oweandy) in index
across the interface. Consequently, the reflectanoebe reduced equally well by either a roughriate,
in which the transition between the two materialabrupt at any poinkfy), or a diffuse interface, in which
the index varies smoothly along the z direction byr an interface that can be described as some
combination of the two cases).

The width of each interface profile function is theterized by the parameter(see Fig. 2), which is a
measure of either an rms interfacial roughnestharcase of a purely rough interface, an interfaicth, in
the case of a purely a diffuse interface, or soamlination of the two properties in the case ofraerface
that is both rough and diffuse; it is the parametélong with the choice of interface profile furmet) that
is specified to account for the effects of inteefamperfections using the modified Fresnel coedffiti

approach.

ff:'ﬁiisz*-

Fig. 2 Schematic of the differences among the diffusiod roughness for the interfaces.

The o parameter can be incorporated in the Fresnel iqusimply multiplying the (2.4) and the (2.5)
by the Debye-Waller factor:

_2_[ 2070, (G0 ]2
Debye Waller factore (2.12)
and obtain the total reflected intensity R sumnilmgsquare root of the Fresnel coefficient:
2 2
A L T
R = + =R +=R 2.13
2 2 2 * 2 ° ( )

Now, the method for calculate the reflection ofewvezal layer can be easily deduced extending the
Fresnel coefficient to a multilayer structures.
First of all to understand when we want to builchatilayer made of two different material we cakda

into considerations the optical contrast just wgtthe Fresnel coefficient in the (2.13) for norimmaidence

e. §| =0:
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R =(51 _52)2 ':1(:81 _182)2

(2.14)

In this way we can see the reflectance value amthterials interface. To get a very high refleceanc
would necessary to find two materials with differ@ptical constants. From the tabled value of &om
scattering factor for Mo/Si for example we can fma a value of R= 1.9 x T0at 41 nm & 30 eV) and of
R= 1.6 x 10 at 13.5 nm. But when we build a multilayer with nmdhan two layer we can improve the
overall reflectance by means of the interferendecefof the reflected wave at each interface. Iricaal
multilayer the materials constituting the interfacare homogeneous, that means that the sum of the
secondary waves diffracted at any point of the natgive negligible contributes (see Fig. 3) vanamow

not consider the Debye-WaIIer factor).

\./m N N N

\/ \/ \/

i

2

Fig. 3 A schematic behaviour of a three phase opticatesys substrate (2), thin film (1), environment (0); a

multilayer made two different materials: materia™(2), material “b” (1) and environment (0).

We take a multilayer made by the material 1 ofkhéss d the material 2 with a thickness with n,

n, the respective complex refraction index (see Figh8 phase delag of the wave from the interface (01)

and that from the interface (12) is:
0=t cod8)). (2.15)
The total reflection of a wave by the thin layethsrefore the sum of the infinite reflections:

g -2ig |l
r="ro +lptiol,€ ? ¢Z [rlorlze ? ¢7] (2.16)
i=0

and solving the geometric series we obtain:

tortiol,€27

=1y, +—ri0i ot (2.17)
1-r,r,e 7

Posingr, =r,, =—I,, andr, =r;, and using the relationship

t.t. +r =1 (2.18)

1) JI

we obtain:
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—2ig
(=t +r.e

. 2.19
1+r1,r,e? (2.19)

2.3  Standing wave distribution of a multilayer coating[5]

| have reported the main parts from [5].

When the EUV radiation interacts with a multilaygructure, the superposition of the incident and
reflected fields generates a standing wave. Thenpmenon can be studied for understanding thelbdaiita
thickness of absorbing materials in periodic angriaplic multilayers.

In order to compute the standing wave intensity &snction of depth in a multilayer stack we coesid
the interface between the i-th and the j-th layera multilayer stack, where we now have both pasit
going and negative-going electromagnetic plane wawéoth layers. Solving Maxwell's equations isth
case, we can show that the positive-going and rneggoing field amplitudes at a distangeabove the

interface are given by:

E'(z) =t1[e‘“3'<4> D|=T.*(0)+£imé‘ﬂ'<4> OE(0) (2.20)
and
E (z) =[i[e“ﬂ'<4> DFT.*(O)+%DéW4) OE(0) (2.21)

respectively, wherg3 (z) = 207l (hl¢osq /A, E;(0) and E; (0) are the field amplitudes at the top of
the j-th layer. Again, a recursive approach cand® to compute the field amplitudes throughoeitstiack,
starting at the bottom-most layer (i=N, j=s) witietfield amplitudes in the substrate givenEBY0) and
E. (0). The net reflection and transmission coefficienftshe film can then be computed from the field

amplitudes in the ambient:

_E)

“E0) (2.22)
and

1

T EN0) (2.23)

Once the transmission coefficient is computed fEn (2.23) the field amplitudes versus depth heat

rescaled using
E*(2 - tCE (2 (2.24)
~i.e., by taking the incident electric field to leaunit amplitude and the field intensities ®rand p

polarization are computed from
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1(2)=|E"(9+ E(3[ . (2.25)

2.4 Multilayer structures design [7]

| have reported the main parts from [7] section“Qftimization techniques”.

When there is a problem with one or more independanables, it is often desirable to maximize or
minimize a characteristic merit function (MF), otiwese known as optimization. The location of a
maximum or minimum is found and then the maximurmaorimum value of the function is calculated.

The solution space for a function to be optimizad be represent two dimensionally as in Fig. 4ni
only looks between points a and b in the Fig. imimum will be found but it is only a local minimu
From the Fig. 4 one can see that there is a despemum between points b and c. Since this is thietp
with the lowest value for the function in the saatspace, this is the global minimum.

Optimization techniques utilize information abol¢ tproblem which is encoded in a merit function. As
the function is changed in the search for a maxirouminimum, the merit function is recalculated aelis

how good the solution is. Thus, if one is searcHiorga minimum, the best solution will have thehegt or

lowest merit function.

Fig. 4: representative trend of a one dimensional spatgtiea case.

2.4.1 Local optimizers

Local optimization procedures take advantage ofitarease in value of the function near a minimoim t
converge to a solution. Thus, if the initial stagtipoint is near a local minimum, that will be thaution
found and there is no way of knowing about or fiqdbetter solutions. Two types of local optimizase
different approaches to take steps in the solujmce: those that find the direction in which théug of
the function is decreasing by blind searching amuké¢ that use information about the gradient of the
solution space at a point to find a minimum. An rapée of this first type and one of the simplest
optimization techniques is the downhill simplex hwat developed by Nelder and Mead and explained in
Numerical Recipef8]. The solution space is encoded into a simplaxmultidimensional shape. An initial
guess is given and at each step in the processofoiine sides of the simplex is extended, contdobe
reflected through another side to find a minimuntiuga Successive steps lead to a local minima by

following the direction of decreasing value. Thgaalthm terminates when the step taken is smatian &
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tolerance defined or the decrease in the functednevat the last step is smaller than a certaigradakce.
This method can be compared to someone walkingdark cave high up in a mountain. He will feel in
different directions with his feet until he findsetstep that will take him lower. He then followsstmethod
until he cannot go any lower and hopefully he haslenit out of the mountain. Unfortunately, one gah
stuck in a local minima, which is not the globahma. Although this method has no allowance fomfix
this problem and has to have an initial point i@ $ipace given to it, it is very simple to apply.

The second type of local optimization requiresabmputation of derivatives. An example of thishe t
conjugate gradient method [8]. This approach allawe to find a local minimum quickly with the
calculation of the gradient and one-dimensional-mitimization. An initial point is chosen and the
gradient is computed. Then the conjugate to theslignt is found and the direction is followed white
function is decreasing. This is repeated until@leninimum is found. The conjugate gradient methasd
relatively fast convergence but is not very useftien the derivative of the function to be optimized
difficult to calculate or does not exist. The simpland conjugate gradient methods are both local
optimization techniques. These methods do not leaddicrete variables, discontinuities in solutiooss,
parameter constraints well.

In optimizing a function, one wants the best solutor global extreme rather than a local extreme.

2.4.2 Global optimizers

A global optimizer is one which samples most of seéution space and is more apt to find the global
extreme rather than just a local extreme. Glob&ihopation procedures such as simulated annea8r]
and genetic algorithms [11] are able to handleglSiculties well and are less sensitive to atiahguess.
These global techniques begin with a random inzéilon and converge to a solution through a secgien
structured changes in the parameters. The randemnesmovements and in the initial population allow

global extreme to be found but make these methdd=ently very time intensive.

2.4.3 The multilayer design approach

The design of the optimal aperiodic multilayer stue is an optimization problem with many free
parameters, that are in general the layers thicknasd with a non linear function (the reflection).
Consequently a global optimizers has to be usedrdler to design suitable aperiodic ML a Genetic
Algorithm (MATLAB toolbox) [12] has been used.

In order to improve the performances of the Genalgorithm, the genetic rules, for the choice oé th
best individuals, has been substituted by some enaltical rules properly studied for the multilayer
domain; thank to this substitution the algorithrauses toward multilayer structures that in additmnhe
high efficiency have stable performances varyinghi layers thickness [13,14]. This mathematio&gs
permit the algorithm to acquire domain knowledgeirdy the evolution and they are explained into the

international patent [15] (will be public startifgm April).
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2.5  Multilayer fabrication [16]
| have reported the main parts from [16] chapteultithyer fabrication”.

2.5.1 Deposition methods

Any method for the deposition of the films can Isedi for the fabrication of coatings for the XUV

region. Compared to coatings for visible light, tiicknesses and the permitted thickness errors are
about a factor of 100 smaller, and the number yér&is typically a factor of 10 higher. Therefdighter
control of the deposition process is required. fhany coatings, the quality of the boundaries isrttest
important parameter for the performance of the aiog. Boundaries have to be sharp within 1/10hef t
multilayer period, and the search for depositiomcpsses which produce sharp boundaries has beajpa m
effort in the development of coatings for the x-ragion.

The limits on the quality of the boundaries is oficse determined by the size of the atoms, and séme
the best boundaries reported in the literatarec @ A) are close to this limit. Drastic improvememntger
such a value could only be expected with crystallmultilayer structures, where a perfect crystallin
structure is maintained throughout the entire stack

Perfect boundaries would require that the growtbraf atomic plane starts only when the previousepla

is completely filled, and that one would be aldewitch materials exactly at this moment.

Sputtering Thermal evaporation
Very stable rates Deposiotion rate can fluctuate
Thickness control by timing Needs error compengatim-situ thickness
monitor
Substrate holder rotates past sputter source Slniftent of sources

Good uniformity requires large depositioisood uniformity over large areas
system chamber diameter >3 - mirror

Might run unattended at high deposition rate Dianetmirror diameter

Kinetic energy of deposition usually largeKinetic energy smaller than 0.5 eV not
than 100eV can be adjusted adjustable

Film surface bombarded by sputter gas ions lorspoiig added for smoother boundaries

Laser plasma source has higher kinetic energy
than conventional thermal source, adjustable

Table 1 Main differences between a sputter depositionesysind a thermal evaporation system for the faliooaof

multilayer x-ray mirrors.

Sputter deposition and thermal evaporation arentbst widely used methods for the fabrication of

multilayer XUV coatings, and the main differencedviieen these system are shown in Table 1. The diigge
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advantage of a sputter deposition system is itslgya Gas flow and power to the plasma can be/veell
stabilized. In the system pioneered by Barbee [17]

The substrates rotate past magnetron sputter emyupcoducing one film of each material for each
rotation of the substrate holder.

Thickness errors well below 0.1 A per layer haverbachieved with accumulated thickness errors below
0.5 A after the deposition of more than 100 layers.

Thermal evaporation sources cannot be stabiliz¢@ine level for a variety of reasons: big chaniges
vapor pressure for small changes in temperatumgg lime constants in any feedback loop due to the
thermal mass of the evaporant and crucible; tenmyperaariation over the evaporant produced by caang
in the surface geometry of the evaporant. Evapmratith pulses, eliminates some of these problemd,
very good multilayer mirror coatings with over 10&yers have been produced by this method [25].
Chemical vapor deposition induced by laser light hso been used to produce multilayer structut®s |
20].

Successful deposition of x-ray mirrors by electtmeam evaporation has bee obtained with in-situ
measurements of the x-ray reflectivity of the cogtduring the deposition [21-24] in analogy to ogli
thickness monitors used for visible light. In suchmonitoring system, the top surface of a growihg f
moves through the standing-wave field that is disiadd in front of the film. The reflected intensit
oscillates with a period that corresponds to thepen the standing-wave field assures that thedenerrors
do not accumulate from layer to layer; an error abwmays be kept below the requirements. Accumulated
thickness error below 3 A can be routinely obtaifreanultilayers with periods of 30 A. In additiothe
immediate feedback of an in-situ monitoring systeas a great advantage when new material combirgation
are to be explored. Roughness of the boundariesliffiudion at the boundaries are immediately recogph
[22,24].

The kinetic energy of the evaporant is a major eddhce between deposition n methods. For
conventional thermal evaporation, the kinetic epesfjthe evaporant is determined by the vapor piress
curve of a material, cannot be adjusted, and isvbél5 eV. An advantage of this low energy is thehage
to the growing film is minimized. Crystallizatiorf amorphous films can more easily be avoided flova
energy deposition process, and amorphous filmsllyshave better boundaries then polycrystallinen§l
On the other hand, bombardment of the film by higireergy particles can enhance sideways diffusfon o
the surface atoms and help them to settle in theygaof the structure, thus producing smoothendil It is
often desirable to add an additional source oftiérenergy to the thermal deposition system. Bohiment
of the film during or after its deposition with i®fas successfully been used to obtain smootherdaoies
[25-27]. Higher substrate temperatures in an ulfalvacuum thermal deposition system have also

improved the quality of the boundaries for Mo-Silttayer mirrors [28-32].
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Laser evaporation with short light pulses can poeda plasma up to temperatures in th® deéigrees
range; this temperature can be adjusted by pulapeshnd different focusing and can be optimized to
produce the smoothest films.

Within the plasma of a sputter deposition systeenkinetic energy of the evaporant is usually lathan
100 eV, and in addition, the growing film can bertbarded by secondary electrons and inert gas iots a
atoms. Magneton sources can decouple the growingffom the substrate and eliminate many of the
negative effects of the high-energy bombardmenis;energy of the evaporant can be further reduged b
thermalization in an inert gas between the plasntatiae substrate [17,33]. For many material contlina
(Mo-Si, Rh-C, Ru-C, Ru-Si) optimized sputter depiosi system have produced sharper boundaries than
thermal evaporation [34].

It appears that sputtering is the method of cheiben a large number of similar coatings have to be
fabricated routinely. Once the optimum parameteys d material combination are determined, the
deposition process can b easily automated. In ashitthe thermal deposition with in-situ monitoring
requires more skill from the operator or the corepudystem that controls the deposition. The x-ray
reflectivity is monitored continuously being usexd tlecisions on the deposition process. The sigoiak
ratio can be low at the beginning of a deposition, when the reflectivity is low and longer depiosit
times per layer are needed. However, the monigmasigives an immediate feedback on the qualitthef
growing structure. An increase in the roughnesthefgrowing film is recognized as a smaller sigaald
hopefully, the cause for this increase can be ctede Thermal deposition with in-situ monitoringtie
system of choice when a single, large, and expersibstrate, like the mirror of an x-ray telescdyzes to
be coated. X-ray mirrors with 25-cm diameter haeerbcoated with a thickness control better thaf0.5

using thermal evaporation [35-37].

2.5.2 Performance of multilayer systems

The measured performance of a multilayer can beedalvan that expected from theory far several

reasons:
1) errors in the layer thickness
2) uncertainties in the optical constants;
3) contamination, especially of the spacer layer;
4) mixing of the coating materials, producing smallapdulation in the optical

constants; and
5) quality of the boundary.
The last two items pose the most severe limitaiiamne fabricates structures with small periodseOn
can reduce the effect of the boundary quality @ ghrformance by producing coarse multilayer cgatin
(large period) and by reaching the desired wavéhengy rotation to normal incidence. With this nueth

one can explore the performance limit posed byatlalable optical constants first and can alsohwite
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coating, explore a large range of possible wavetendpy changing the incidence angle. In a second
experiment, ano can produce a coating with a smakeiod, and can recognize the influence of the
boundary quality when comparing it with the coaisee. The drop in reflectivity for the finer coajirs due

to the quality of the boundaries.

2.5.3 Substrates

Requirements on the quality of the substrates fdtilayer x-ray mirrors are more demanding tharstho
for visible light; the roughness of the substratewd be smaller than 1/10 of the multilayer period
addition, the requirements smoothness extend teiderably higher spatial frequencies. The capgbiidit
polishing and testing of surfaces [38-41] has drally improved during the last decade; polishedsstates
are commercially available with roughness valee$ A over a range of spatial frequencies from him 1
um. Roughness of substrate for the high spatial fagies above 10m™ that are important for x-rays can
be obtained from x-ray reflectivity measurementgjlypolished mirror substrates have roughness galue
below 4 A in this range. The performance of mugamirrors is presently more limited bu the praiesr

of the deposited films than by the substrate [42].
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Chapter 3: Innovative design of EUV Multilayer reflective coating for

improved spectral filtering in solar imaging

3.1  Introduction

In recent years telescopes based on near normdémse multilayer mirror technology have been
employed in many missions dedicated to the Sunreagen in EUV wavelengths, as in particular Fe-IX
(17.1 nm), Fe-XIl (19.5 nm), Fe-XV (28.4 nm) and-H€30.4 nm).

Examples of successful missions are SOHO (EIT) ayl TRACE [2]. The performances of the
multilayer optics in this applications are mainlyakiated in terms of peak reflectivity at working
wavelength and rejection capability of unwante@sin

The Mo/Si material couple is conventionally usetbithe multilayer stack, also at these relativelyd
wavelengths, for their high stability, even if thiegve relatively low reflectivity peak with respeotother
material couples. Moreover, in case of a Mo/Si quio structure optimized at 28.4 nm, the refletyivi
curve is quite spectrally broad and includes tinenst Hell line, that can affect diagnostic with e line
signal. A suitable narrowband solution which cutsvd the Hell reflection has been obtained througlaa
periodic ML structure design [3]. Moreover, furtresrthancement of peak reflectivity can be obtairgdgu
other material combinations like Mg/SiC [4],@Si/Mo [5] or B,C/Si [4]. Although for some of these
structures, test and proof of lifetime stabilityshbe investigated.

In this PhD work has been developed an innovatigthod for designing suitable capping layer covering
the multilayer structure which do not affect thélaetivity peak while rejecting unwanted emissidar
example from relatively close lines. The cappingelasolution can be adopted both in case of periadd
a-periodic multilayer, made by different materialie capping layer can be realized using a MLcstine
of different materials, for example to get addiabmechanical or optical properties, as the cajgplof
surviving in harsh environmental space condition®cuitably reject visible/UV spectral ranges.

In this chapter both the mathematical tool andttie®retical results for some optimized structurds w
be presented and discussed. In conclusion expeaai@sults related to periodic Mo/Si multilayewveoed
by an optimized Mo/Si capping layer able to refldet Fe-XV line with rejection ratio of some orslef

magnitude for the near He-ll intense line will begented.

3.2  Design of multilayer coating with improved spectralfiltering

The innovative basic idea is to take advantagbefé.m. field standing wave configuration generatethe

multilayer structure by the superposition of incitland reflected fields. As already pointed oufay the

last protective layer in a multilayer structure ¢en grown at the node-position of the standingeafgeld

intensity distribution in the multilayer. In fadty suitable design of the last uppermost layeis ftossible
to shift the standing wave distribution at the wipthe multilayer. In this way the performance bét

structure result essentially insensitive to thellegpr characteristics.
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Let’'s now consider two wavelengths, the fikgt. is the “useful” wavelength and the secdngls. is the
wavelength to be rejected. ML (multilayer) is tremating sub-structure constituted by the repetibbtwo
or more materials designed in order to obtain tast Weflectivity peak at thg,..x wavelength and CL
(capping layer) is the structure made of last lsys®vering the ML, which is designed in order tesarve

the,cacWavelength signal and suppress thg. wavelength signal (see Fig. 1).

Chijectives
L — N R(-}'*peak) — presevation
L L — 4 B( '},moise)—rrejection
ML 5 - R(.}'*peak) ~mastnization
L e |

Fig. 1 A schematic view of the conceptual subdivisiowbeh CL and ML and of their performance.

The CL structure, like the ML structure, is congtid by a sequence of absorber and spacer matgséas
Fig. 1), the materials can be the same or diffefremb the ones in the ML, in any case their thidsenust
be suitably optimized.
The optimization design sequence of an optimatsine consists of the following steps (see Fig. 2):
1) design of the ML (periodic or a-periodic) in orderhave the maximum reflectivity peakigtax
2) computation of the standing wave in the ML stnoe for A,.awavelength, and also computation of
the standing wave in the ML structuré\gfsc wavelength
3) optimization of the thicknesses and the nunab¢he CL layers by growing the absorber layers int
the Apeak Standing wave nodes in order to preserve theateflty at thedy..cwavelength and as close as
possible to the anti-nodes of thgis.Standing wave in order to efficiently reject thentdoution at this
wavelength
4) finally we optimize the CL layers and the ML joel andy parameters in order to improve the ratio
R(Apea/R(Anoisd While keeping high peak reflectivity.
By Positioning the absorber layers into the stagpdirave node we minimize the detrimental radiation
extinction effect at theé\,..« wavelength almost preserving the same reflectpitgik of the ML structure. At
the same time, due to the different standing waleabior at different wavelengths, we can have ghéhi

radiation extinction at thi,.se Wavelength than at thigeacone.

28



step 1 step &
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n paratneters
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—1 |cL 41
+4 +
L] i|CL
I - ML
LIL

Fig. 2 A schematic of the sequence of steps followethéomultilayer optimization, here , for clarity, lgrthe standing

wave atlpeakis shown. Step 1, ML design; step 2, Fields coatjuut; step 3, CL design; step 4, optimization.

Case| ML materials| CL materials| Apeak | Anoise

1 Mo/Si WI/Si 335 | 304
2 Mo/Si Pt/Si 28.4 | 304
3 Mo/Si Cr/Si 28.4 | 30.4
4 Mo/Si Mo/Si 28.4 | 30.4

Table 1: column 1, the index of the different cases, mol2 and 3, respectively the ML and CL materiaxdlumn

4 and 5, respectively thé,caandingise Wavelengths in nm.

3.3 Simulation of some applications

Different structures have been designed for rdfigcthe 33.5 nm or the 28.4 nm lines while rejagtihe

strong 30.4 nm one. These structures are basedod®i ML structures with different CL, and are rejgor

in Table 1. In this section we show and discussthieeretical simulations, performed with IMD progra

[7]. The considered cases can be very interestingX¥ample for GOES-R mission [8].

3.3.1 Casel

Mo/Si ML with W/Si CL working at 33.5 nm with higrejection at 30.4 nm have been designed. The W
absorption coefficient is reported in Fig. 3, ibals a very high extinction at both wavelengthsnbéiiest, in
addition thin W layer deposition has been alreadyetd for ML structures for X-ray mirrors.

In Table 2 the structure of the optimized multilaigereported. In Table 3 and in Fig. 4 the perfance of

the optimized structure is compared with the penfioice of a standard Mo/Si periodic multilayer. Tiegv
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design shows a peak reflectivity loss of 2.6% isadlite percentage with respect to the standaradtieri

ML but with a considerably improved, about two adef magnitude, rejection ratio.

*g 100
i )
§ 1 o :r:fn_e_ak
_g oot .J"'Jn oige
£ 0.0001
20 30 40

Wavrelength (ru)

Fig. 3 The behavior of the W extinction coefficient hia 20-45 nm spectral range.
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Fig. 4 In the case a) The reflectivity behavior of théimjzed multilayer with a W/Si CL, continuous cynemmpared
with the performance, dashed line, of a standandopé& multilayer optimized only for thg..wavelength. In the case
b) the same data of the case a) reported in logdescahe reflectivity is optimized and calculated 5t normal

incidence.
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CL Structure Value
w 2.0 nm
a-Si 16.5 nm
w 2.2nm
a-Si 16.5 nm
w 2.0 nm
ML structure Value
Period (a-Si/Mo) 18.2 nm
Ratio 0.89
Period number 35

Table 2 The structure of the optimized multilayer for case

Table 3 Columns 2 and 3, respectively the reflectivitih@t A,cac andingise Wavelengths for the case 1.

3.3.2 Case?

The next three cases are based on Mo/Si ML strestwith different CL, designed in order to reflett

R33.5 nm R30.4 nm

Standard periodic

0.197] 0.044

Optimized ML+W/Si
CL

0.171 | 1.79x1d

28.4 nm with the highest rejection at 30.4 nm.

In this case a Pt/Si CL has been designed.

material for this spectral region (see Fig. 5).

Pbé&es chosen because it is a very suitable CL bésor

CL Structure Value
Pt 2.2nm
a-Si 13.4 nm
Pt 2.0 nm
a-Si 12.8 nm
Pt 2.0 nm
a-Si 11.6 nm
Mo 2.0 nm
ML structure Value
Period (a-Si/Mo) 15.3 nm
Ratio 0.87
Period number 35

Table 4. The structure of the optimized multilayer fore&s
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The structure is reported in Table 4, in Table 8 mnFig. 6 the performance of the optimized maitér are
compared with a Mo/Si periodic multilayer desigmearder to reflect the 28.4 nm wavelength. In ttase
we have obtained a reflectivity loss of 4% in abs®percentage but with improved rejection of dllbree

orders of magnitude.

R28.4 nm R30.4 nm
Standard periodic 0.25 0.045
Optimized ML + PY/Si CL 0.21 6.7*10
Optimized ML + Cr/Si CL 0.2 3*19
Optimized ML + Mo/Si CL 0.196 2.62*10

Table 5 Columns 2 and 3, respectively the reflectivityhat Apeacandingse Wavelengths for cases 2,3,4.

L. oo 7
.'E g 1 :J'Jpeak
T - I S A
g S 001 }'*n-:uise
25 30 35

Wavelength ()

Fig. 5 Pt extinction coefficient in the 25-35 nm spectaaige.
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Fig. 6 In the case a) The reflectivity behavior of théimjzed multilayer with a Pt/Si CL, continuous ceirnncompared,
with a standard periodic multilayer optimized ftveti,..,wavelength, dashed line. In the case b) the sarte afehe

case a) reported in log scale. The reflectivitpjgimized and calculated at 5° normal incidence.
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CL Structure Value
Cr 3.2nm
a-Si 12.3 nm
Cr 3.05 nm
a-Si 12.6 nm
Cr 2.9 nnm
a-Si 12.8 nm
Cr 2.7 nm
a-Si 13.1 nm
Cr 2.5nm
a-Si 12.1 nm
Mo 2.0 nm
ML structure Value
Period (a-Si/Mo) 15.2 nm
Ratio 0.87
Period number 35

Table 6 The structure of the optimized multilayer for c8se
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Fig. 7 In the case a) The reflectivity behavior of thérojzed multilayer with a Cr/Si CL, continuous ceirvcompared
with, a standard periodic multilayer optimized fie A,.acwavelength, in dashed line. In the case b) the sdae of

the case a) reported in log scale. The reflectiaity optimized and calculated at 5° normal incidenc

3.3.3 Case 3
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The next two cases have been chosen in order te &@weasier deposition procedure, i.e. with a lower
number of sputtering target materials.

In this case a Cr/Si CL has been adopted. A Crsadhdayer between the substrate and the multilegar

be grown in order to avoid any adhesion failuremreaver, the Cr layer tends to absorb surface
contaminants on the substrate, and it also haddestgess which balances the large compressiessss in
the multilayer. The high stress in the multilaygidue to high gamma ratig) (value of the Si/Mo coatings
optimized for this spectral region.

In this case the Cr material has been used boghGik absorber layer and adhesion layer, this irerotd
permit the deposition of an optimized multilayerusture by utilizing a magnetron sputtering deposit
system with only three cathodes.

Cr doesn’t show the best property as candidatehi®rCL structure, in particular the absorptionasiér
than for the Pt or Mo cases. For this reason imofitenization process the Cr layers are slightlsptiiced
with respect to the 28.4 nm standing wave nodes. riéw positions give the best ratio value betwéen t
standing wave area into the CL structure at thé 861 and 30.4 nm wavelengths.

The resulting structure is reported in Table 6, Mghlight the high number of CL layers necessary t
obtain a high enough rejection, due to the low giigmn of Cr. The resulting performance is reporited
Table 5 and in Fig. 7

3.34 Case4
In this last case only Mo and Si have been tak@maccount as possible materials both for the kd GL

structures.

CL Structure Value
a-Si 14.7 nm
Mo 2.2nm
a-Si 57.75 nm
Mo 2nm

ML structure Value
Period (a-Si/Mo) 151.5 nm
Ratio 0.868
Period number 35

Table 7 The structure of the optimized multilayer for cdse
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Fig. 8 In the case a) The reflectivity behavior of thémjzed multilayer with a Mo/Si CL, continuous aeirvcompared
with the performance, of a standard periodic maijtér optimized for thé,..wavelength, dashed line . In the case b)

the same data of the case a) reported in log sddie.reflectivity are optimized and calculated anbrmal incidence.

Mo has a relevant absorption coefficient in thispal region, it assures a good time stabilitypted with
Si, only one Mo layer for the CL structure placiedan optimal position that corresponds to a stageiave
node for the 28.4 nm wavelength and standing watienade for the 30.4 nm wavelength has been chosen
The multilayer structure is shown in Table 7, irblea5 and in Fig. 8 the optimized multilayer penfiance

is compared with the standard periodic multilayer.

3.4  Experimental results

In this section the experimental results are preserSamples deposition has been performed at RXO
with magnetron sputtering technique [10] and chiarézed by the RXO laser plasma facility [11] andiee
ALS synchrotron.
In the first step the sample Mo/Si ML + Cr/Si Clafsple 1) showed in table 6 has been realized. Beca
of the noticeable mismatch among the experimentdlthe theoretical results both a single-layer ion f
(sample 2), and a Si/Cr (sample 3) periodic myléitahave been deposited and characterized. Inttiact
cause of mismatch noticed in the sample 1 has a#ghbuted to an intermixing at the Si-Cr interfacand
consequently to a Si and Cr systematic thicknesssrThe Cr film thickness cames out within 2%thuf
target thickness and the Si/Cr multilayer was wit?o of the target but the XRR results indicateat the

relative Si/Cr thickness ratio was a little offggesting that there is indeed some intermixing gain.
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According to the information obtained by the chésaeation of the sample 2 and 3 another multilayer
Mo/Si ML + Cr/Si CL (sample 4) has been deposited aharacterized with the Si-Cr deposition rates
corrected in order to compensate the intermixinglikd our expectations the multilayer reflectivipgak
has been reduced. In order to understand the iligtadnd the mismatch with respect to the theaadti
predictions showed by the samples 1 and 4 some fitat@s have been performed varying to various
parameters trough IMD program [7]:

1) Si, Cr and Mo layer thicknesses (see Fig. 9 and 10)

2) interdiffusion at the interfaces.
From these simulations we have concluded that tisen®t a clear indication of what went wrong dgrin
deposition, but also that the structure proposeithénsection case 3 has some intrinsic weaknessne
simulation cases the thickness errors are defyniédceedingly larger than the deposition unceryaint
however in others they are not so large.
However, from the standing wave distribution it denseen that the layers mainly affecting the perémce
of the coating coincide with an anti-node of thensling wave field (see Fig. 11). This condition bandue
to both systematic and casual layers thicknesgsettmat can result in a critical shift of some abgwy
layers. In conclusion, it seems that this structlesign is to critical and correspondingly has \&ringent
manufacturing requirements. The reason can bealtheetvarious Cr absorbing layers, some of themdoei

located in unstable positions not corresponding#x#& nodes of the standing wave.

0.15 T T T T T T T T ]

I | 27 iterations. ¥°=0.02613/72 degrees of freedom = 0.000363 .
Levenberg—Marquardt algorithm. Mo weighting.

z [a-Si]: Initial value: 131.420 A; Final ua?ue: 137.522 A 1,

z [Cr]: Initial value: 25.317 A: Final value: 30.495 A I

z [Cr]: Initial value: 32.335 ﬁ«; Final value: 30.147 A
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z [a—Si]: Initial value: 128.030 A; Final value: 135.463 A
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Fig. 9 Experimental results, including the error bar, ftve structure sample 1, dotted curve, with thelltesf a fitting

where the free parameters are the CL thicknesgdaye
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Fig. 10 Experimental results, including the error bar, five structure sample 4, dotted curve, with thaultesf a

fitting where the free parameters are the CL th&dsilayers.
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Fig. 11 The standing wave distribution of the sample sec@ the simulation of the nominal structure (sdde 6, and

case b) of the nominal ML structure plus CL laythiskness obtained by the fitting showed in Fig. 11

37



CL Structure Value
a-Si 15.4 nm
Mo 3.55 nm
a-Si 41.2 nm
Mo 3.55 nm
ML structure Value
Period (a-Si/Mo) 153 nm
Ratio 0.768
Period number 40

Table 8 The structure of the re-designed multilayer usiptjcal constants of Tarrio et al.[9], see text.

In order to avoid the experimental difficulty ofethMo/Si ML + Cr/Si CL structures, a sample Mo/SiL M
Mo/Si CL has been deposited. In the first attersptr(ple 5) the experimental result was differentnftbe
theoretical prediction. However using the opticahstants experimentally measured and reported byoTa

et al. [9], instead of the optical constant prodidey IMD program, the theoretical simulation fiteth
experimental results in better way. Therefore, & sgucture has been designed accordingly to tmadls
optical constants (see Table 8). A prototype of tmmple has been deposited (RXO) and tested. The
reflectivity has been measured with a laser plafsmidity [11].

In Fig. 12 the experimental results for the a-p#inooptimized structure, dotted curve, compared ihie
theoretical simulation. In Fig 13, instead, a congma among the experimental results of both péciadd

aperiodic structures.
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Fig. 12 Experimental results (included the error bar) ftve a-periodic optimized structure of table 8, ddtcurve,

compared with the theoretical simulation.
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Fig. 13 Experimental results (included the error bar) file a-periodic optimized structure of table 8, gremirve,

compared with the periodic structure, red curve.

The good agreement between theoretical and expet@meesults is noticeable. Simulations show that t
critical parameter of this multilayer is the tkmess of the second 41.2 nm thick Si layer (sele @) a
relative error of only a few percent can affeohsiderably the final performance, resulting in éow
reflectivity peak and shifting of peak and rejectealvelengths. In order to accurately measure tieetion
ratio at the 30.4 nm wavelength a measurements beas performed at ALS synchrotron. The
measurements performed by laser plasma facilityiafact, limited by the signal to noise ratio.
In Fig. 14 the result of the ALS measurements shoreflectivity peak of about 0.19 and a minimum
reflectivity value of about ID at 32.5 nm. However the experimental curve showmesimportant
differences with respect to the computed one. Efieativity peak is higher and slightly shiftedaifout 0.1
nm and the minimum of the R curve is at longer Meavgths, furthermore an additional minimum appears
on the short wavelength side.
We have tried to approach the problem working an dhtical thickness of the second 41.2 nm thick Si
layer. The determination of the Si thickness ehas been approached in two different way:

1) fitting of the experimental curve obtained by chiaggthe thick of the critical Si layer in the

capping structure

2) optimizing the phase of the ML structure inducingt@anding wave shift into the CL
This shift has the effect of a stronger absorpaowlifferent wavelengths than expected and alsgetca
higher peak reflectivity at the working wavelendthierefore thank to this simulations we have edgchan

error of about 2 nm the thickness of the second3akayer.
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In conclusion an innovative method for the desigmaltilayer structures with improved spectraldiiing
performance have been presented [12]. Structuréshigh rejection at the strong 30.4nm Hell |heeve
been designed. Preliminary samples have been edaland tested, obtaining good agreement with
simulations and demonstrating actual feasibilityorbbver a method for check and, eventually adjhst,

thickness of the critical layer has been developed.
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Fig. 14 Experimental results obtained by ALS measurenfenthe a-periodic optimized structure of table 8.
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Chapter 4: Multilayer coating for x ray astronomy applications

4.1  Introduction [1]

| have reported the main parts from [1].

The configurations adopted in X-ray telescopedased on the Wolter | designs [2].

In the past mirrors have been coated by a singleermmah layer exploiting the external reflection
phenomena [3,4]. This approach can be very crititaénergies above 10 keV, since external reflectio
appears at very low grazing incidence angle, amdetbre very tight mechanical constraints in nrirro
alignment and on optical mounts are required. Merently the discovery and development of multitaye
coatings have revolutionized the roadmap of thayxtelescope’s technology and the future missikes |
for example Simbol-X [5] and XEUS [6,7,8].

Parabolic mirrors

s ———
je—
——
s ——

-

Hyperbolic mirrors

Multilayer
coating

LT NRS, [ ———

Detector

Fig. 1 Section of a grazing incidence Wolter | opticsinposed from many nested shells. The incidence asgle
different for each shell. This design has been esgfally employed for several soft X ray missioite monolayer

mirror shells, but it can be used with multilayerated shells to focus hard X rays.

In the Wolter | configuration a single mirror isagied following a double-profile (parabola-hyperbole
rotational symmetric surface. The grazing incidetiaeble-reflection happens first on the parabalidace,

then on the hyperbolic one. The grazing incidemages on a shell is given by the formula:

1 D
6 ==larctg| — 4.1
) Q(Fj (4.1)
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whereD is the shell diameter arkdis the focal length (see Fig. 1). In general,aagimical X-ray optics are
formed by a number of nested confocal mirror shiellerder to increase the collecting area of th&tesp.
According to equation (4.1), the incidence anglaatonically increases from the inner to the oulslls.

Since the maximum effective angle is inversely prtipnal to energy (this happens in both total and
Bragg reflection configurations), harder X-rays ergeneral reflected by the innermost shells.

Since the reflectivity curve as a function of tHefon energy of a given depth-graded multilayeronir
depends on the incidence angle a shell-by-shetlagloptimization [9] of the whole system would bghty
desirable to get the best performances of thesyste

The ideal behavior of an x-ray Wolter telescopa relatively high and flat effective area. Theesefive

area fer) is:
Ay = Ajoectea [E O8OTIF [L RS (E) [B” [E® (4.2)

whereA,qected 1S the geometric area projected by the skei$ the energyd is the grazing incidence angle,

F is the focal length., is the length of the mirror arijlis the reflectivity performances.

4.2  Broadband multilayer design[1]
| have reported the main parts from [1].
Different mathematical approaches have been usedfiiding the optimum solution in term of

broadband reflectivity. Global optimization algbrrits like genetic algorithm [10], simulated anneglibl]

or iterated simplex [1] capable of searching th&napm structure inside a very wide domain of polgsib

solutions have been developed. More recently, taduistep has been represented by a math formalen

to provide chaotic layer distribution solutions wiinihave gain of very flat reflectivity [12].

In this application field the study are in a prehary phase, some W{B [13] structures have been
designed and the optimization algorithm used iSGkeetic Algorithm provided with the mathematicadls

[14] mentioned in the Chapter 2 (see section 2.5.3)

The strategy used is:
step 1) optimization using the powerlaw [1,15]ige<onstraint
step 2) chaotic optimization starting from theimai structure obtained in the precedent step (in
this context the term chaotic is intended to méan the values of the thicknesses can not be
described by or do not follow any particular ordetrend).
In the first step the bi-layer thickness variatiosis been designed following the powerlaw constraint

[1,15]:

_a
(b

with i bi-layer index from bottom to top aral b, ¢ parameters to be determined. Also theatio (between

(4.3)

the thickness of the high density material andtttal one) of each bi-layer is optimized with paetens
according to a linear variation law:
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rN_rl
N-1

wherely, I; are respectively th€ ratios of the first and last bilayers of the stgickthis way the total

M =mO+I,m= (4.4)

number of parameters to be optimized are five).Ndatatical parameters limits are givenayg > 0, b < 1,
I'\,['1>0. No other limits are imposed, letting parameteeg fto vary in the whole parameter space. For the
evaluation of the multilayer reflectivity (which the parameter determining the effective area givan
mirror shell) the classical recursive formalismPgrrat [16] has been used, with the reflectiviguaions

due to the roughness computed by the Nevot-Crogeaph [17].
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Fig. 2 The reflectivity behaviours of the optimized ntewer; in black line the reflectivity behaviour tife structures
designed with the powerlaw constraints and in iied the reflectivity behaviour of the structure idegd into the step
2). In the cases a), b), c) and d) respectivelyojpimal results at the incidence angles 0.2°7,0034° and 0.5°.

A minimum possible d-spacing 20 A has been fixedilev for all multilayers an interfacial
microroughness of 3.0 A was used. Both values sterhe realistic taking into account the current
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technological achievements in the field of thimfileposition techniques under vacuum with supesiped
substrates.

In the second step the thicknesses layer has beemized into a range 20:gk A without any other
constraints. The parameitgy., depends on the incidence angle and the energg K@rthe optimization run,

the resultant structures are generally chaotic

4.3  Simulation of some results

In this section some results of the \WBmultilayer [13] optimization will be showed andcussed. In
table 1 and 2 the input parameters used for thiengattion of W/B,C multilayers.

In the case reported in table 1 four multilayeustures have been designed at the incidence adglgs
0.3° 0.4° and 0.5° in order to maximize the rdfigty area into the range 10-70 KeV, these paransetan
be interesting for example for the XEUS mission [Th Fig. 2, a), b), ¢) and d) the reflectivitynawiors
respectively at the incidence angles 0.2°, 0.3F, 8Gnd 0.5° have been reported. In any cases ifinedhe
reflectivity of the multilayer designed with thewerlaw constraints and in black line the refledyivaf the

chaotic optimized multilayer.
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Fig. 3 The reflectivity behaviour of the multilayer opitted under the input parameters of the table 2.
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g -
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Bilayer index

=

Fig. 4 The layers thickness of the optimized multilayercsure with the input parameters reported in &2 in blue
W, in black BC. The abscissa represents the increasing periodbau starting from the most external to the intérna

layer.

The chaotic design gives a noticeable improve ® réflectivity into the spectral region 15-20 KeV
respect the powerlaw design, in the other specggibns the behaviour is substantially similar. trer

analysis will be applied with respect to the siapNarying to the layers thickness in order to ersdand if
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the chaotic structure, designed by the optimizaatgorithm developed in this PhD work, have an high

efficiency and stable performances.

Incidence Angle Optimization parameters

Period number = 222
0.2° Omax= 220 A
Energy range = 10-70 KeV,

Roughness = 3 A

Period number = 235
0.3° Omax= 250 A
Energy range = 10-70 KeV,

Roughness = 3 A

Period number = 319
0.4° Omax= 275 A
Energy range = 10-70 KeV,

Roughness = 3 A

Period number = 333
0.5° Omax= 300 A
Energy range = 10-70 KeV,

Roughness = 3 A

Table 1: in the first column the incidence angle and ins$keond column the parameters used for the opttiniza

Incidence Angle Optimization parameters

Period number = 20
0.5° Omax = 50 A
Energy range = 19-21 KeV,

Roughness = 3 A

Table 2: in the first column the incidence angle and ins$keond column the parameters used for the opttiniza

In the case reported in table 2 the merit functiorthe maximum reflectivity area coupled with flat
responses [12] in a predetermined spectral ramgethe 18-22 KeV energy range. In Fig. 3 the ildty
behaviour of the optimized structure and in Figis4ayer thicknesses are showed. The thicknesepd s

chaotic.
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4.4  Conclusions

W/B4C multilayer structures have been designed rieio to maximize the reflectivity area in a
predetermined spectral region. The multilayer stnmgs has been designed using an innovative ogatiiniz
algorithm developed in this PhD work, the perforagemis comparable with the state of the art [1jwNo
method for test and compare the solution stabaitiybe developed and performed in order to undergtif
the chaotic structures are more stable respechitiness errors than the powerlaw structures.
References

1 V. Cotrone@nd G. PareschiGlobal optimization of X-ray multilayer mirrors \miiterated simplex methtyd
Proc. SPIE5536 49-60 (2004).

L. P.Van Speybroeck, R. C. Chasgpl. Opt.,12, 24 (1972).
http://heasarc.gsfc.nasa.gov/docs/chandra/charahta.h

http://heasarc.gsfc.nasa.gov/docs/xmm/xmm.html

http://www.asdc.asi.it/simbol-x/

o O A W DN

G. Pareschi, O. Citterio, M. Ghigo, F. Mazzolemdd. Spiga; “New X-ray Missions”; Memorie della&@eta
Astronomica Italiana; supplementi v8l.323 (2003).
7 V. Cotrone@nd G. PareschiSoft (0.1 — 10 keV) and hard (> 10 keV) X-ray naygr mirrors for the XEUS
astronomical missidh Proc. SPIE5168 (2003).
“The XEUS TelescoheESA SP1253 (2001)
T. Okajima, et al., Supermirror Design for the XEUS X-ray Telescop&SP Conference Proceedings Vol.
251, p.582 (2001).
10 P. Charbonneau;An introdution to Genetic Algorithms for numeriagtimizatiori, NCAR Technical Note
450+1A - online athttp://www.hao.ucar.edu/public/research/si/pikaitftial.html

11 X. Cheng, Z. Wangi, Z. Zhang, F. Wang, L. Chdbesign of X-ray super-mirrors using simulated arlimep
algorithnt’; Optics Communication265197-206 (2006).

12 C. Morawe, E. Ziegler, J.-C. Peffen, |. V. Kozhdwv; “Design and fabrication of depth-gradedax-
multilayer’; Nuclear Instruments and Methods in Physics ReteA 493 189-198 (2002).

13 D. L. Windt, E. M. Gullikson and C. C. WaltonNbdrmal-incidence reflectance of optimized W_B4@k-r
multilayers in the range 1.4 nmi« 2.4 nnf; Optics Letter27(24) (2002).

14 M. SumanM.-G. Pelizzg P. Nicolosj andD. L. Windt PCT/EP2007/060477.

15 K. Joensen, et al.Design of grazing-incidence multilayer supermirréos hard-x-ray reflector§ Appl. Opt.,
34, 7935 (1995).

16 L.G. Parrat, Phys. Rewv5, 359 (1954)

17 L.G. Nevot and P. Croce, Phys. Apdls, 761 (1980)

48



Chapter 5: Design of aperiodic multilayer structures for attosecond pulses in

the extreme ultraviolet spectral region

5.1 Introduction

Multilayer coatings are the only way to have hidficeency EUV optics working in normal incidence
configuration. Typical periodic structures are ctderized by energy band coverage usually redfritie
few percent of the peak energy i.e., for examplevaeV at about 100 eV. This means that in the cds
ultra—short radiation pulses (< fs) the corresprmgpdwide” spectral features cannot be preserved.

The design of aperiodic reflecting multilayer stures for attosecond physics in the extreme ulptati
spectral region is studied in this chapter. Thetilayers are designed for different spectral XUAhge
and with different reflectance and phase designsdie high total spectral reflectivity coupledtivivery
wide bandwidth, spectral phase compensation, argitagie reshaping. Furthermore, to take into actoun
manufacturing tolerances, solutions stable wittpees to random layer thickness variations or makeri
interdiffusion [1], are selected thank to the ué¢he algorithm developed in this PhD work and disc
into the chapter 2 (see section 2.5.3).

Recently, Morlenst al. [2] have studied the second order constant chirpinthe plateau harmonics
phase in the case in which only the short eleagrgantum trajectories contribution is considered.

This work demonstrates the possibility of compengathis chirping using an opportune broadband
aperiodic multilayer in the 70-100 eV energy rarigea different work, Morlenst al.[3] have measured a
three elements broadband multilayer in the 35-50a@\ge. Differently, Wonischkt al.[4] have designed
and analyzed a broadband aperiodic multilayer cirarzed by a substantially linear phase. This werk
particularly interesting for isolating attosecondse, for example, in pump—probe experiments. éndited
papers aperiodic structures are designed by agplyptimization procedures. An important limitaticn
generally due to the very low efficiency of theleefing structures, affecting the experiment thiqug and
consequently the signal to noise ratio of the aegudata. Moreover, an experimental characterigatio
multilayers with chirped phase has been perfornmyedduila et al [5].

In this chapter will be discussed the design resoiitained by the optimization of multilayer sturets
for attosecond pulses and the innovative experiah@htaracterization, developed in this PhD worlgrider

to extrapolate the phase behavior by the elecpbposoemission signals.

5.2  Broadband multilayer design

Depending on the dualism between the time and &ecy domains a generic merit function has been
defined through the sum of single merit functiomdirted, respectively, in each domain. Furthermbe t
merit functions in the time and in the frequencymdin have been selected, respectively, in order to
optimize the duration and the intensity of theaefitd wave. The intensity of the reflected wavthantime
domain,I(t), is calculated from the incident electromagnééld E;(t), according to the following equations:
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L(F)=E(f)E(f)

E(f)=FT(E())

E (f)=E(f)L, () (5.1)
E () =IFT(E(f))

I () =E () CE (1)

where E(f) is the incident pulse electromagnetic field ie fhequency domain,(f) is the correspondent
incident intensity.E;(t) is related toE;(f) through Fourier transform functionaly (f) is the multilayer
amplitude reflectivity, and correspondindgi(f) is the electromagnetic reflected amplitude inftieguency
domain. The applied procedure evaluates the myailaeflectivity by applying a recursive reflectanc
model approximation for taking into account mukipéflections at the interfaces [6,7].
To simulate actual structures a 1 nm thick caprla§&iO, and a roughness value at interfaces of 0.5 nm

have been assumed. The former has been considesgdulate the deposition of a last additional&yier
that oxidizing acts as a protective cap layer, &liile roughness value is meant to take into acdoatht

roughness and interdiffusion and silicide compod&itenation at Mo—Si interfaces.

5.3 Design for EUV spectral range

Experiments in the ultrashort time regime can gateeor deal with radiation pulses with very differe
characteristics, non uniform spectral componentdridution, and phase frequency chirping. In the
following some typical cases representative of @ewange of experimental conditions are considérkdy
are listed in Table 1; essentially, Gaussian amtlargular intensity spectral distributions coupieith

linear or chirped phase behavior have been coreider

Cases Input (Frequency Domain) Output Requirements
Intensity Phase
a) Gaussian Linear Highest efficiency/limited tibr@eadening<{155 as)
b) Gaussian Chirped Highest efficiency/shortesation
c) Rectangular Linear Highest efficiency/limitech&é broadening(155 as)
d) Rectangular Chirped Highest efficiency/shorthstation
e) Rectangular coml Chirped Highest efficiency/sfsirduration

Table 1 Test Cases Description: Input Refers to the Charistics of the Incident Radiation in Terms ofelmgity and
Phase Behavior; the Output Requirements Are Thedenzed in the S_W Evaluation Process

The optimized multilayer response is designed alingrto suitable and different requirements in the
various cases. For a Gaussian attosecond input gtk linear phase trend, case a), representafiamn

ideal attosecond pulse, reflection has to be actishgal without deformation.
50



Instead a pulse with chirped phase, case b), hars densidered as representative of an ideal caselus
to study the pulse compression through phase cosagien. Cases c) and d) have the same, linear and
chirped, respectively, phase behavior, but rectingpectral amplitude as a general approximatioa o
HOH spectrum. The pulse is reflected without amyetibroadening, case c), or is compressed, in gase d
Finally, case e) corresponds to the spectrum af dasnultiplied by a HOH comb and spectrum filtebsd
150 nm thick Zr mm.

The Gaussian intensity is described according to:

Ei (f)= e—ZWZETZEﬂf—fo)Z (R -fo)? (5.2)
wherec=55 as. The last complex exponential term repregdet chirp contribution, with the parametset
zero in the case of linear phase trend or G.8fschirped pulses. Both Gaussian and rectangudensity
time distributions correspond to the envelop80 eV carrier frequency pulses.

The coating reflectivity is computed assuming aglamf incidence of 20°, anfl polarized waves and
0.5 nm rms roughness value at interfaces. The pafameters characterizing the performances of the
designed coating structures, which have been eealuar the various cases, are the time duratiothef
pulses and the compression ratio correspondineadtio between the duratidig of the reflected pulse
and T, of the incident pulseand the throughpu® corresponding to the ratio betwettre intensity of the

reflected and incidergulses.

5.3.1 Casea)

Single ideal attosecond pulses are very interediimgpump—probe experiments. In this example a
Gaussian intensity pulse with linear phase behasgi@onsidered. The merit function has been defined
order to realize a coating structure with the hgghleflectivity and maximum allowed time broadeniradue
of (<155 as), the first for optimizing the system thropgt, the second for having a limited additionaidi
broadening of the reflected pulse. Furthermorepitiezedure, as already explained, has been designed
order to search for a relatively stable solutioa,, inot critically affected by layer thicknessiations. This
has been conceived in order to take into accoumufaaturing tolerances that can affect the thicknafs
the layers and so the practical feasibility of ttuating. This latter constraint has been appliealto
structures considered in the following cases. Thatilayer structure consists of only 12 layers;stlow
number is due to the achievement of linear phagsestaint on a suitably large spectral range and
consequently causes a relatively low peak reflégtiin Fig. 1 the reflectivity curve (continuousree) and
the spectral phase of the designed structure (dadbéed curve) are shown. The reflectance doessiach
such high values characteristic of a periodic $tmecbut it shows a relatively wide bandwidth.

Its not uniform waving shape does not affect sigaiftly the reflected temporal pulse shape. This
behavior is due to the absence of constraintd@imerit function, which was defined simply in artle get
the highest reflectivity independently on the spchape, and allowing for some limited time brer@dg.

In Figs. 2(a) and 2(b), respectively, the time ghapthe incident and reflected pulses is reporsbdwing
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that the reflected pulse essentially complies wiitie broadening requirements. This result is du¢éh®
large bandwidth of the reflectivity curve, spanniogtween 75 and 105 eV with a mean value of 0.066.
Comparison with results obtained by Wonishal. [4] with a different optimization method shows a
significant throughput improvement (more than adaof 2) although coupled with a slightly highené
broadening. However, it has to be noted that cuukitions take into account 0.5 nm roughness, aonto

the calculations reported in the cited referendegre the effect of roughness at various layer fiatess has

not been taken into account.

0.1} 20
=z =7 =
= - o
S 005} 10 =
[ o
1] : : —20
60 80 100

Energy (eV)
Fig. 1 Case (a): characteristics of an optimized multaysed to reflect, minimizing deformation, an idéaussian

pulse with linear phase. Continuous curve, spectféctivity curve; Dashed—dotted curve, phaseavér.
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Fig. 2 Case (a): (a) incident pulse, (b) reflected pulse.

5.3.2 Caseb)
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The incident pulse is assumed Gaussian with pesstacond order phase chirp. It has been considered
order to study the mechanism of time compressiornrdflection through phase compensation. Pulses
characterized by marked second order constant pitage can be generated by filtering the HOH platea
spectral region. In fact, by spatial filtering win iris diaphragm the HOH spectrum, it is possibleelect
those harmonics due to short electron quantumctiagjes contributions. Morleret al. have considered this
case in designing a structure for the 60—90 eV tspleange [4]. They report a reflectivity value &0.1
with a further estimated 20% reduction due to faisz layer roughness. The merit function has been
selected in order to get the highest reflectivibd aeduced pulse time duration. The results retial
possibility of obtaining pulse compression withoelevant attenuation. It is worth noting, that sanphase
compensation can be obtained filtering the harmepéctrum with a Zr filter but with the drawbackafly
0.6-10 transmission due to the needed large film thickn€ae designed multilayer structure consists of 70
layers, their thickness always larger than appratéty 2 nm, demonstrating the technical feasibdityhis

coating.
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Fig. 3 Case (b): characteristics of an optimized ML dasig) to compress an ideal Gaussian pulse, with eonhst

second-order positive GDD. Continuous curve, spécéflectivity curve; dashed—dotted curve, phasbavior.

In Fig. 3 continuous and dashed—dotted curves sporel, respectively, to the spectral reflectivityg a
the phase. The reflectivity mean value is ~0.15 #ral bandwidth extends from 75 to 105 eV. The
reflectivity amplitude remains relatively high ihet whole spectral bandwidth; consequently, theltiagu
efficiency does not depend critically on the splkicture of the spectrum corresponding to the baren
odd order from 49 to 67. Furthermore, phase congigmscan synchronize the spectrum up to the 73rd
harmonic. The phase presents a marked second aritpr The effect on the reflected pulse is evidant
Fig. 4, where the chirp of the incident pulse ahthe reflected one are reported. The latter isoalntinear

in the whole bandwidth between 75 and 115 eV. sfigure the phase of the coating is reported, too,
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clarify its effect. The incident and reflected mdsare reported in Fig. 5, the energy is reflegigd high
efficiency, ~1836, and the FWHM is reduced from 458 to 129 as. Tiergy and the time compression of

reflected pulse result higher and shorter, respelgtithan those reported by other authors [2].
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Fig. 4 Phase compensation referred to in case (b): cowtiis dark curve; pulse phase; dashed—dotted cuvile;

phase; continuous gray curve, phase of the refieptdse.
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Fig. 5 Case (b): dashed—dotted curve, incident pulsetioanus curve, reflected pulse.

5.3.3 Casec)

In this case the incident pulse has intensity iiistion with rectangular shape and linear phasedtré
IS conceived as correspondent to an attosecone,dike one that can be obtained by filtering theper
HOH spectrum cutoff region, where the harmonics phase locked [8]. In particular when a few
femtoseconds driving laser pulse is used for haresogeneration, the cutoff presents mainly contusuo
spectral distribution correspondent to a singlesaitond pulse. Since the harmonics are emittedtimea
correspondent to a fraction of the driving laselsputhey can be used for pump and probe expergment

the attosecond regime.
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Fig. 6 Case (c): characteristics of an optimizedMLusedraflect, minimizing deformation, an ideal pulsethwi
rectangular spectrum and linear phase. Continuousve, spectral reflectivity curve; dashed-dottedvey phase

behavior.
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Fig. 7 Case (c): continuous gray curve, incident pulsentmuous dark curve, normalized reflected pulsastobd—

dotted curve, Gaussian spectrum (for comparisoa tskgt).

The requirements of high time resolution, i.e.ginpulse with very short duration, and high sigial
noise ratio, force the design of the optical systenthis case the reflective coating. Accordingtyhas to
satisfy high throughput requirements coupled wirthited time broadening<l55 as), since the intensity of
the HOHs is orders of magnitude weaker than theldorental one. This is accomplished by operating
amplitude reshaping of the intensity of the harrasrspectral features in order to produce stronglesin
attosecond pulses. The reflectivity and phase beharespectively, of the optimized coating mulysa
structure are reported in Fig. 6. The resultingwadized spectrum is reported in Fig. 7; there thectral

distribution of incident pulse and of an ideal Gaas one are reported as well. Indeed, the resgultin
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structure of the multilayer coating is designedomder to generate, by reshaping the incident aogsit
through reflection, as nearly as possible a Gansspectral distribution, in agreement with transfation
rules (Gaussian curve is the function that exhiths best relationship between spectral width ame t
duration, i.e.gime"Gregeuncy IN Fig. 8 the incident and reflected pulses amorted versus time. The reflected
pulse results slightly stretched from 102 to 143vasile the 5% throughput is due to the low numbekr
layers.

Results, obtained with different techniques, amsented by Woniscét al. [4]. In this paper a shorter
time duration of the reflected pulse (97 as) isortgml. Nevertheless, in our solution we have looked
short time duration coupled with high reflectivand accordingly a higher throughput level (5% ver3%)
has been obtained. Furthermore this result has de@eved taking into account 0.5 nm roughnesayer|

interfaces in the multilayer structure.

‘ &

{ a } |II Ill
III III
/ \
AN
0

0.5
Time {as)

.
J\

Time {as)

Intensity (a.1.)

=500 500

0.04

W

(b)

=
—
(=

Intensit

500 500

Fig. 8 Case (c): (a) incident pulse, (b) reflected pulse.

5.34 Cased)

The example illustrates the achievement of compredsy reflection through both phase compensation
and spectrum reshaping. In this case the spectiplitade distribution is continuous differently frothe
next (e) case where a more realistic train of attord pulses is simulated with an ideal HOH spettia
Fig. 9 with continuous and dashed—dotted curvessgectral reflectivity and the phase curves, respdy,
are reported. The phase presents marked secondabiide and the reflectivity envelope a Gaussiamdi
The effect of the two compression mechanisms, sgeashaping and phase compensation, are illestrat
in Fig. 10, where the normalized reflected pulkewss a marked spectral reshaping with the Gaussian
spectral envelope, and in Fig. 11, where the phalsexident and reflected pulse are compared gt of
the multilayer structure. The result shows thattphe are reflected with high efficiency, 945 The
incident and reflected pulses versus time are teddn Fig. 12. The first one manifests an exotalle

peak although the inverse Fourier transform ofcséarggular spectrum is a “sinc” function, and thesgnce
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of a marked second order chirp produces a bimodiepshape. From Fig. 12 the pulse time duration

shortening from 602 as to 140 as can be derived.
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Fig. 9 Case (d): characteristics of an optimized ML usedompress an ideal pulse presenting rectangytectal

feature and second order chirping. Continuous cuspectral reflectivity curve; dashed—dotted cupiease behavior.
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Fig. 10 Case (d): continuous gray curve, incident pulsecsum and continuous dark curve, normalized rédeéone,

are compared to a dashed-dotted curve, Gaussiartrsje.
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Fig. 12 Case (d): (dashed-dotted curve) incident and (ooous curve) reflected pulses in time domain.

5.3.5 Casee)
This last case presents the optimization proceashimg a comb spectrum representative of an ideal

HOH spectrum. In Fig. 13(a) the spectrum of harmenvith the phase behavior showing a positive sttcon
order chirp is reported. The spectrum is filtered & 150 nm Zr film chosen to suppress the strong
contribution of fundamental and low order harmonitke considered phase chirping can be explained as
for case (b), for example, by selecting the harc®m@mission due to short electron quantum trajestor
with relatively narrow aperture. The merit functioeguirements have been set in order to get theebig
efficiency with the shortest time duration pulséeTgroup delay dispersion introduced by the Zeffihas
been taken into account in the coating structutérigation process. In Fig. 13(a) the resulting tilayer
spectral reflectivity and phase behavior are requbes well. The former follows the harmonics suitet
however, it performs amplitude reshaping of themtarics spectral components in order to comply with

merit function constraints. The resulting integdagpectral efficiency is quite high, reaching %14n Fig.

58



13(b), the reflected harmonics spectrum and regufihase are reported. It is evident the phasariiregion
performed by multilayer. In Fig. 14 the incidentdareflected pulse train are reported versus timés |
noticeable the achieved time compression, from ~&%/%p to 143 as for each pulse.
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Fig. 13 Fig. 14. Case (e): (a) continuous curves, incidgrgctrum and ML reflectivity; dotted curve, phasbavior of
incident spectrum; and dashed-dotted curve, ML gh#s) Continuous curve, spectrum; and dashed-datteve,

phase of the reflected pulse.
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Fig. 14 Case (e): (dashed-dotted curve) incident and {nanus curve) reflected pulse in time domain.
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Fig. 15 Cases (a)—(e) stability analysis. The plots in lidfe column report the P values corresponding iifedent
perturbed versions of the nominal structures. Tigatrcolumn shows the same results with histogréots pEach row

refers to one of the five considered cases.

5.3.6 Multilayer Design Stability Test
As already noted, the searching procedure, implésaethrough the algorithm with evolutive strategy,

designed to look for stable multilayer structuiies, not critically dependent on layers thickndeposition
errors. In Figs. 15 and 16 the values of the thinpug () and the time durationl] parameters obtained by
randomly varying (in the range +2 A) the layersckiness of the nominal structures presented in Ge&i
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are reported. The throughp@, is defined as the reflected photon percentagée\ie time durationT, is

defined according to the following standard formula
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Fig. 16 Cases (a)—(e) stability analysis. The plots in lidfe column report the T values corresponding iiecent

perturbed versions of the nominal structures. Tigatrcolumn shows the same results with histogréots pEach row

refers to one of the five considered cases.

Casea) Caseb) Casec) Cased) Casee)

61



Performances
T 94 458 102 602 375
Increments of reflectivity 152 129 143 140 143
Reflectivity area (%) 52 103 46 132 114
P (%) 6.55 13.00 5.00 15.2 14.3
R Range (eV) 75-105 75-10b 70-110 70-110 70-110
Mean 0.07 0.13 0.05 0.15 0.12
Layers ratio 0.167 0.73 0.167 1.04 0.78
Stability
Ynorm 0.78 4.93 0.9 2.18 5.4
T c 5.8 2.6 6.6 2.1 7.6
T 152.7 131 143 142 150.4
Ynorm 0.12 0.23 0.96 1.00 8.3
P c 0.27 0.7 0.18 0.14 1.04
P 6.5 13.0 5.0 15.1 13.7

Table 2 Test Cases Description: Input Refers to the Charistics of the Incident Radiation in Terms ofelméity and
Phase Behavior; the Output Requirements Are Thedenzed in the S_W Evaluation Process

The number of considered test samples is 310.dn.HAi5 and 16 on the left side tReand T values,
respectively, are reported, the abscissa indicdtiegtest index. The correspondent confidence vateat
one standard deviatianis reported in Table 2, where the results of theigtions are summarized and will
be discussed in the next section. In Fig. 15, d&fe, the full ordinate range scale has been sebffte
averageP value, while in Fig. 16, left side, it has been4@is. In the two figures on the right side thaea
information is presented with histogram plots. Feg@6 shows that the (c) and (d) cases, corresponade
rectangular spectral shape, result the most statierms of efficiency. Instead in Fig. 16 it ig@nesting to
note that cases (b) and (d), where the main go@his compression by phase compensation, resulé mor
stable than the other ones. A “chi square” test lbeen performed to verify how much the statistical
distribution of the test samples approximates anabdistribution. This value is reported in TableF2om
they” value and the noticeable asymmetry of the histograne can conclude that the (c) and (d) cases (see
Fig. 15) are the most stable in terms of efficieriiyey® values relative to Fig. 15 are quite near a normal
distribution for all cases; however, the efficierafystructures designed for pulses with rectangsyectral
shape results obviously more stable. The efficiesteypility result is noteworthy for case (e) whéene
reflectivity curve shape is tailored on a highlgabntinuous spectral distribution. In Fig. 16 aAdalues
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reported in Table 2 one can observe that the (b)) (@) cases represent a stable and relatively high
maximum for the time response of the multilayeuature. Since any random change in the multilayer
structure is associated to an increment of theepdilsation we can deduce that solutions for thasesccan
be considered very close to real maxima. Diffeserithe (a) and (c) cases have been obtained ak loca
maxima of the complex merit function, that is, tleeyld even not correspond to local maxima forrttegit

function factor defined on the time domain.

5.3.7 Results Summary

In Fig. 18 the designed multilayer structures agorted. Table 2 summarizes the previously destribsults. In
the first section the calculated performances apsanted;T is the time duration, already defined, for the deeit and
reflected pulses. The reflectivity area (“Refl. Aferepresents the ratio between integrated réfiecof the optimized
structure and that one of a constant 48 periodilaydtr optimized for reflection at the central empel(90 eV). It is
noteworthy that the efficiency for cases (b), (dipd (e) is equal to or higher than a standard dgeiinperiodic
multilayer; P is the efficiency parameter of the multilayer, attg defined, and reported in Fig. 15 for stability
evaluation. For the reflectivity parameter the bandwidth range and the mean value are eghofthe percentage of
reflected photons is definitely high for all struiets, reaching 15% for case (d) in agreement \Wwighvtide bandwidth
and averag® value. The “layers ratio” represents the ratio Bemthe number of layers of the computed strudtiye
and a periodic multilayer (48 periob,,=96). As already noted, higher efficiency corresfoto a greater number of
layers.

The higher efficiencyP, characterizing the (a) case with respect to thecdse, is due mainly to the fact that the
necessary spectrum reshaping in case (c), in tsgq@moduce the Gaussian curve tails, causes saheflphotons.

Differently, it is not possible to perform a straifprward comparison between the (b) and (d) chseause of the
different used layers number. Concerning tempoadifitations, cases (c) and (d) exhibit a highgg/T,q ratio, with
respect to the (a) and (b) ones. This is relategtigédurther pulse temporal reshaping induced bysttectral reshaping.
In the second section of Table 2 the statisticahpetersy’, standard deviation, and average values f&and T

parameters derived from the already discussedisjabst are reported.

5.4  Design for VUV spectral range

In this section we show and discuss the resulsoofe multilayer designs in the VUV spectral region.
Mo/Si multilayer at these relatively low energy baelatively low reflectivity peak with respect ather
material couples. In particular, further refledwienhancement can be obtained using other material
combinations like BC/Si/Mo or Mg/SiC.

ui . _ - _ X — | - - = "
E. 2: ;]} E E' ]-"} |
.E /\ ‘ E .r.i.i |
E 0.1 / W — .
= 5 | W 2 |
[: 1] | m

30 40 50 &0 30 40 50 &0
Energy (eV) Energy (eV)

Fig. 17 The reflectivity ( case a) ) and the phase ( ¢g9ebehaviors of an optimized®Si/Mo multilayer.
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In the case of KEC/Si/Mo multilayers (see Fig. 17) we have obtairsedjuite flat reflectivity in a
relatively broad band but the second order phage &hless marked than the Mo/Si cases showetign t
previously section (see section 5.3), the Mg/Si (Big. 18) case, instead, have a second ordee pghap
comparable with the Mo/Si cases showed in the pusly section (see section 5.3) but have a narrawer

lower reflectivity than the BC/Si/Mo case.

Phase (radians)
[ . S L
. \E ;
. 5, .

30 40 50 60 30 40 50 60
Energy (eV) Energy (eV)

Fig. 18 The reflectivity ( case a) ) and the phase ( dg9ebehaviors of an optimized Mg/SiC multilayer.

5.5  Experimental characterization

In order to obtain the multilayer phase behavioresctrons photoemission signals, or total electron
yields data (TEY) an innovative method developethia PhD work, will be discussed.

The superimposition among the incoming and outcgmadliation originate a standing wave pattern into
the multilayer structures and the TEY data has lasnmed proportional to the standing wave intgagsit
the multilayer surface [5,9]. Thank to this approation the formula describing the TEY signal beceme
TEY(E) = C(E) 0, ({1 + R(E) +/R(E) [2/“®) (5.4)

whereC carries the materials dependence of tB¥ data,l, is the intensity of the incident radiation (the
incoming radiation intensity has been normalizetbading to ring current and therefore constant iveyyo
the energy valuesR is the reflectivity andb is the multilayer phase.

In order to obtain the multilayer phase by the T&ynal the ternC:l, has to be deduced and two
methods have been used for this purposes. Theofiesis the more precise method but it cannot kd us
the spectral region where there is an absorptige;eidr this reason in the restricted spectralaegihere
there is the silicon absorption edge (see Fig.ti®)second method has been used. The innovatithresé
methods, in particular of the first one, is theeimsitivity respect the multilayer materials morpgl near
to the surface samples.

methgd II

0.01! method I

=]
=]
=
n

Absorption
coefficient

I -..‘q_‘\--_‘_:
[ S S ——

70 80 90 100
Energy (eV)
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Fig. 19 Behaviour of the imaginary term of the complex aefive index for the silicon materials, dotted line

Subdivision of the spectral regions where we usspectively, the method | and Il, blue line.

In fact when the multilayer has been exposed taiarenvironment at the top surface there is the
formation of a non compact carbon film and a shi@xide layer (see Fig. 20). In particular, theloa
film can be quite difficult to control its consisige and thick because it is very irregular varyahang the
sample surface, moreover, the exposure to an EldMtran of the sample in high vacuum condition over
10" mbar can give further change of the Carbon layerphmlogy [10,11]. In conclusion for an accurate
deduction of the TEY data the experimental condgim which we deduce ti@term has to be the same as

much as possible.

I(z) 4

z
Fig. 20 A schematic of the materials composition neardhdace sample, the first layer is a very thin rmmmpact
carbon film due to the samples exposure to anmaitrenment, the second one is a silicon oxide layat then the Si-

Mo alternated layers.

5.5.1  Deduction of the C term (method I)

This method is based on the TEY data detected mm different incidence angles, wheéeis the
incidence angle that we need deduce the reflegtant phase behavior afidis an angle slightly different
from 6. Obtaining the information by these two signals @ insensitive to the samples surface
morphology.

Into the approximation &, — @the formula

£, =E 2% (5)
cosf,

express the relationship between the energiesthatisame reflectivity and standing wave at tiffereént
incidence angle8 and6, (see Fig. 21)
{R(Eiﬂ’el) =R(E.0)

_ : (6)
AE..6) = AE,.)
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Fig. 21 A schematic of the first relation (6) in the caseectangular reflectivity.

It worth to be noted that the same standing was®idution means the same multilayer phése
Now, if we divide the TEY data detected at thefegégnt incidence angle# and 4, and at the two
different energie&; andE.; linked by the formula (5)

TEY(6,,E.y) _ C(Eia) 0o T+ R(E;,,6) + 2L/R(E ., 6,) [EOSAE,,;, 8,))
TEY(6,E) C(E)) 0, L+ R(E,,6) + 2/R(E,,6) [Losy(E, ,6))

thank to the relations (6) we obtain a relationshgamedkost, between th&C terms at the energids and

Eiii:

TEY(0Eu) _ CE) _ o .
TEY(6,E) C(E)

(7)

In order to consider the different values of theaaitluminated by the impinging radiation the poasly
formula can be corrected adding another term

C(E..,) = kost [T(E, ) 1=°%0) 9)
cos@,)

Finally thank to a recursive application of thisrwla we can reconstruct the relationship betwaerCt
terms at the different energies, but now, thisti@teships need to be tuned with an absolute reéeren

The absolute references can be obtained by the @d@hdvior at the incidence andglgsee Fig. 22), in
fact at the energies where we have a maximum onmuimi value of the TEY signal there is a node or an
anti-node of the standing wave distribution at shenple surface and consequently @ an/2 value of the

multilayer phased. Finally thank to this information the absolutéerence can be obtained at one of these

si— NN\

0 . . .
60 70 80 90
Energy (eV)

specific energies.

Fig. 22 The sample | TEY signal, black line, with red leirthe energies where we obtain the informatiorthef

multilayer phase.
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5.5.2 Deduction of the C term (method II)

In this subsection the second method used to otitai@ trend is discussed. The incidence artglis an
angle where the multilayer have a reflectivity elds zero value in all the considered spectral gaBga
Eend:

R(Estart Eend=0. (10)

Usually 6, is quite different respect the nominal gh@;,>>> 6). Thank to the reflectivity approximation

the TEY data detected at the incidence afigtean be approximated in this way:

TEY(E,6,) =C(E,6,) 0, QR+ 23/R Eosp+1) OC(E,6,) 0, 1)

and finally we obtain the C term @incidence angle
0sb,
C(E,6)0, =TEY(E,6,) Foot
cosd (12)
where the term (c#g/cod)) considers the different values of the area ilheted by the impinging
radiation. The C term has been adjusted considdtiegnon-zero escape depth of electrons using a

correction factors for this effect [12].

5.6  Conclusions

Multilayers with high reflectivity, suitable phasempensation, and spectral amplitude reshapindpeatesigned by
the optimization algorithm developed in this PhDrkvfil3]. In addition the multilayer performance® arot critically
dependent on the structure parameters. Some teptesarelative to a wide range of experimental @@t have been
considered to prove the performances of the myé#ilastructures. The results show that multilayencstires can be
designed accomplishing high reflectivity levels,lseutime preservation, or compression. Moreover,raiovative
experimental method for the characterization o¢heptics by the electrons photoemission sigredseen developed
[14,15].
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Chapter 6: Multilayer coating for EUV lithography

6.1 Introduction

The multilayer structures typically used for EUVWhtigraphy (EUVL) consist in a Molybdenum and
amorphous Silicon periodic repetition [1Because the system throughput (i.e., numbeattémed wafers
per hour) critically depends on the intensity af thdiation beam used to project the image of &maghe
photo-resist-coated wafer, high reflectivity israaal goal for photolithographic applications.

Since the optical system typically consists of 9dflective elements, it is clear how even a vanals
change of the coating reflectivity can affect siigaintly the final performances of the system.

The typical multilayer structure used in EUV phdtagraphy is made of a periodic multilayer struetu
tuned for peak reflectivity near 13.5nm. Typicalistural parameters are a period of about 7 nmh,an
value of about 0.6.

The use of a thin interlayer of a different materfiar example BC, is a well established technique that
can be used to avoid interdiffusion at the intezfacPeak reflectivity of approximately 70% has been
obtained using K interlayers [2], compared with 68-69% peak rdflace obtained in multilayers without
any B,C interlayers.

The multilayer (ML) optics in a EUVL system can bebdivided in four main groups: the collection
optics, the condenser optics, the projection optiosl the mask. Each group has specific lifetimaateds
and different conditional environments. The maimtamination sources affecting projection optics are
carbon surface deposition and oxidation. The coseleaptics used with a laser—plasma source aresegpo
to an environment quite different from that of ghejection optics and, thus, require different siols for
lifetime improvements [3], since the direct effedfsthe plasma source can be sputtering, implamati
carbon deposition, oxidation due to debris contamidm, and high heat load [4]. The topic of the HUV
multilayer designed and experimentally charactériize this PhD work is the development of multilayer
coatings designed in order to improve the perforearand lifetime of the projection optics for EUVL.

An important part of the EUVL multilayer coatingtise capping layer, in a basic Molybdenum/Silicon
multilayer, the highest peak reflectivity is obtaihif the last layer is Molybdenum. However, this
Molybdenum layer oxidizes in air and the formatmfnan oxide top surface degrades the peak reflgctiv
considerably[5]. Therefore Silicon is preferred as capping fay@nce, after forming an oxide film, it
becomes stable over time. However, in the EUVL hasvironment the degradation of the multilayer
coating protected by the Silicon oxide capping tagetoo fast respect the projection optics veringent
requirements for the operative conditions (of thaeo of 30000 exposure hours) [6].

The multilayer projection optics degradation issmaiby hydrocarbon contamination or by the grovith o
an oxide layer on the top surface due to environat@ontaminants present in the operating envirarime
Carbon contamination has been analyzed by J. Hiikada and L. Klebanoff [7], who show that it

originates from radiation-induced direct dissodatiof carbon composite molecules. Contamination by
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heavier hydrocarbons is most problematic, as liglirocarbons can be removed by heating the opgids u
about 30°C. Oxidation of multilayers in a photidigraphic apparatus, which can be in fact a mucrem
serious problem, is mainly due to the presenceatér vapor in the residual gas. The oxidation ddpen

the interaction between EUV photons and the my#ilamaterial: EUV photons cause primary electron
emission by photoelectric effect and the primargcegbns in turn generate secondary electrons by
interaction with the atoms of the multilayer maaési The mean free path of secondary electrongen t
materials is only a few nanometers, so only théset®ns generated in the top few layers [8-10] iech

the vacuum. Free radicals created by secondaryr@hschaving sufficient energy can bond to thepaagp

layer atoms and form oxides on the surface, ouséfinto or through the top layer and cause oxidat

schematic explanation of this phenomena is showéag. 1.

§w %lw hr %lw
HZO %

multilayer
Fig. 1 A schematic of the phenomena involving the myéilsurface in the EUV lithography environment. Tae
are the photo-emitted electrons, the “hv” are theopons of the impinging radiation, the 58" are the water molecule

and with C the carbon atoms are be represented.

To overcome the problem of surface contaminaticth @xidation, the use of protective capping layers
such as Ru has been investigated [10-12]. Annskte analysis of the critical parameters affecting
EUV-induced damage of Ru capping layer has beeiomeed by Hill et al. [12].

In the last years innovative capping layers comgstf two layers have been proposed in [4]. Alyer
protects the structures from the environment, wtiike second one acts as a diffusion barrier betwleen
top and the multilayer structure beneath. Matec@hbinations considered include RyBand Ru/Mo.
Structures with Ruthenium layers thicker than 2.3mewe been demonstrated to be quite stable against
environmental agents [4], however if they are dépdson an optimized periodic structure will sigoantly
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reduce the reflectivity of the coating. Even aeefivity reduction of only 1% can result in an aaléd8%
reduction for a ten element optical system, sudih@se now being developed for EUV lithography.

In past works, aperiodic structures have been dedidirst to offer best performance in term of peak
reflectivity and the incorporation of a cappingdayvas considered subsequently. By using this agpro
solutions have not always offered significantlyheg performance with respect to periodic structufes
example the performance of a periodic or an aperiodiltilayer structure with an a-Sj@apping layer are
quite similar.

Only more recently has the need to protect thecttrea by a resistant capping layer lead to the
optimization of the structure as a whole. Some censial tools are available to optimize thin layer
structures, as for example TFCalc [13]. TFCalc abow optimization of some parameters of the strret
using a global optimization procedure, but only agsuming ideally smooth interfaces. Aperiodic
Molybdenum/amorphous Silicon solutions, with poBsilhhe insertion of a third needle layer, have been
optimized under some proposed capping layers. énptioposed design typical thickness of the capping
layers considered are of the order of 1.5-1.7 ndhlast layer under the capping is amorphous Silitothe
case of a two component Molybdenum/amorphous Siliowltilayer (without the needle layer) the
optimization results in a gradual, smooth variatainthe layer thickness of the two materials, wihe
period remains constant, around 7 nm.

Different possible materials can be in principléested as capping layer for aperiodic structurethef
choice is based on the refractive index properfey. However, in addition to optical properties
requirements, capping layer materials need to meeitional criteria for acceptable performancestased
above. In particular, they have not to inter-difuwith the material underneath and they have to be
oxidation resistant in a water-vapor environment.

1

[ntensty (aw)
-
L) ]

|:| 1 1 h 1
al ] 100 110 120
Fnergy (V)
Fig. 2. The typical spectrum emitted by a tin laser plastha shadowed area corresponds to the spectrapooents

utilized by multilayer optics for the EUV lithograp

6.2  Aperiodic optimized multilayer properties
The specific merit function used in order to maxenthe reflected EUV flux ifR(A)M*I(A)dA, where
I(A) is the source spectrum, R(is the reflectivity of the structure, and M ismiber of mirrors in the

apparatus; in this work we have assumed M=10, aBd kser-produced plasma source has been assumed.
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(Comparable coatings could also be developed foerasources as well.) In Fig. 2 we show the typica
spectrum emitted by a Sn laser plasma.

Three different examples of optimized a-periodituson are reported in Tab. 1, ML1, ML2, ML3,
together with the parameters related to standaidge multilayers ML4 and ML5 and periodic multylears
with outermost Si layer optimized, according ta f&fl], ML6 and ML7 used for comparison. All strupts
have been optimized for a 10° incidence angle. Ma4 a capping layer of Ry@®o while ML2 and ML3
of RuGy/B4C where Ru@has been considered in order to take into accahenbxidation of the uppermost
Ru layer. The structure ML2 has been optimized égping constant beside the capping layer also e B
interlayer thicknesses, while these latter havenbbett free parameters in the optimization of theicture
ML3. ML4 and ML5 have standard periodic structuredjile ML6 and ML7 are standard periodic

structures with the last a-Si layer thickness unéelath the capping layer optimized.

= 5 . .
g 0 111
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Fig. 3. A-periodic structure layers thickness: in gray iaiB black Mo. The abscissa represents the indrepperiod

number starting from the most internal to the exéétayer.
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Fig. 4. ML1 and ML4 structures reflectivity curves: cantpus curve, ML1 and dashed curve, ML4. In dofisel the

Sn spectrum relative intensity is reported.

The layer distribution of ML1 is reported in Figa8 an example, from which the chaotic distributbn
the thickness (in this context the term chaoticalintended to mean that the values of the thiskee can
not be described by or do not follow any particudader or trend) is clear. In Fig. 4 its correspgogd
reflectivity curve is reported together with theecof a standard periodic structure ML4 and thenadized

Sn source spectral emission distribution; a rmgmoess of 0.5 nm at each interface has been usaltl in
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simulations. It is clear both the increase of tleakpreflectivity and the better match with the atidin
spectrum on the low wavelength wing of the reflatticurve. Although the peak reflectivity imprawnent
is of only about 3% absolute, the final improvemianta multi-element optical system is considerablbe
performances of a lithographic apparatus with tdssequent mirrors are estimated in term of pergentd

reflected spectrum as:

Ej R(A)° (1) dA
J'I(A)dA

where MF is the merit function of the system.
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Fig. 5. Intensity after ten reflection of Sn spectrum presented for the a-periodic ML1 and period periotiL4

structures in Fig.5 a), while in Fig.5 b) the sanesults for the a-periodic ML2 and periodic MLBusttures; in both
figures, in dash dotted line the performances &f pleriodic structures while in continuous line thiees of the a-
periodic structures are reported. | is the spectrafrthe source normalized to the peak emissiongtwlis plotted in
Fig. 4.

In Fig.5 the intensity computed after ten refleaiaf Sn spectrum is reported: in Fig 5 a) for éhe
periodic ML1 and periodic ML4 structures, while kiig. 5 b) for the a-periodic ML2 and periodic BIL
structures; in both figures, in dash dotted line performances of the periodic structures (ML4 lsthb),
while in continuous line the ones of the a-periaticictures (ML1 and ML2) are reported. The catiohs
show an improved performance of a factor 1.79 ler structure ML1 with respect to a standard peciodi
multilayer (structure ML4), similarly a factor resgiively of 2.15 and 2.18 has been obtained fer th
structures ML2, ML3 with respect to a standard qaid multilayer structure ML5. The performancettod
design proposed by Singh and Braat [11] has besm eélaluated, the results, not reported in Figor6 f
clarity, show that the structure ML6, is betterrthélL4 by a factor 1.75 while the ML7, has higher

reflectivity than ML5 by a factor 2.10.
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Material types

Thickness

ML1
Cap layer Ru@Mo 2.3nm /2.0 nm
A-periodic structure a-Si min/max 2.41 nm /4.29 nm
Mo min/max 2.68 nm /3.55 nm
ML2
Cap layer Ru@ B,C 2.3nm /2.0 nm
A-periodic structure a-Si min/max 1.9nm /4.0 nm
B.C 0.4 nm
Mo min/max 2.5nm /3.0 nm
B.C 0.25 nm
ML3
Cap layer Rug B,C 2.3nm /2.0 nm
A-periodic structure a-Si min/max 1.9nm /3.9 nm
B.,C 0.23 nm /0.39 nm
Mo min/max 2.37 nm /3.38 nm
B.,C 0.22 nm /0.42 nm
ML4
Cap layer Ru@Mo 2.3nm /2.0 nm
Periodic structure a-Si 4.19 nm
Mo 2.79 nm
ML5
Cap layer Rug B,C 2.3nm /2.0 nm
Periodic structure a-Si 3.86 nm
B.C 0.25 nm
Mo 2.47 nm
B.C 0.4 nm
ML6
Cap layer Rug B,C 2.3nm /2.0 nm
Periodic structure a-Si 3.86 nm
Mo 2.47 nm
ML7
Cap layer Ru@ B,C 2.3nm /2.0 nm
Last Si layer a-Si 2.075 nm
Periodic structure a-Si 3.88 nm
B4C 0.25 nm
Mo 2.47 nm
B4C 0.4 nm

Table 1. Structural parameters of ML1, ML2, ML3 and MLA4.
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Let’s to discuss the reported results. The optinstimctures have an a-periodicity which is distréalt
through all the layer thicknesses. The superpasiidhe incident and reflected wave electromagrfetids
results in a standing wave field distribution i thIL structure. As an example, the standing wavetfe
structure ML2 is reported in Fig. 6, together witle one for the periodic structure ML4. The figsr®ws
that the a-periodic structures are characterizedhdyng the property that the capping layer is igfigt
shifted with respect to the position of the stageivave node at the top of the ML. A similar effean be
obtained reducing (optimizing) the last Si layet][llike in the case of ML6 and ML7. As a resulttbfs
design, the energy absorption in the top layerhefML is reduced. This has multiple effects: refilaty
improvement, slowing down of oxidation and relatimeensibility to the capping layer optical propest
with the final result of improved lifetime of theoating. In the following we will discuss each okede

effects.
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Fig. 6 Standing wave pattern into the structures ML4 ¢cay and ML1 (case b)).

The reflectivity improvement derives from the fabtat EUV radiation can penetrate deeper into the
structure, allowing more layers contributing to tfieal reflectivity; moreover differently from the
multilayers where only the last Si layer is optiadz the chaotic thickness distribution of the mioternal
layers allows a slight further improvement of tke8ectivity by obtaining a larger reflectivity bawdlth and
a better match with the relatively stronger lony&tangth side of the source spectrum, Fig 4.

The standing wave shift with a minimum of the figitb the capping layer should lead to a reductibn
the photons absorbed in the top layers of the fayéir structure and, as above mentioned, becautie of
oxidation dependence from the secondary electroergéed at the surface of the multilayer the meishan
of oxide formatiorwould be slowed down [8].

The shift into the capping layer of the standingrevield minimum has also the effect of reducing th
criticality of the capping layer optical properties the final performance. This can be extremeiportant

in photolithography applications, where the harskinmental conditions can affect the capping taye
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optical properties, for example through oxidatiord/@r carbon deposition. In conclusion this reshit
making the reflective performance of the ML struetless sensitive to the capping layer propertas,

further contribute to final lifetime improvement thie optics.
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Fig. 7 Reflectivity peak as a function of the cappingetagxidation, in continuous line ML1 case and irskied line
ML4 case.
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Fig.8 Histogram of the thickness deposition error téstdML1 and ML4 structures.

In addition this opens the possibility to study neapping layer solutions, in fact new materials ban

explored even some which could have been negledtediio their relatively high absorption. Last bot
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least a further relevant aspect is related to tesipility of optimizing the performance of the erpdic
structure by taking into account the oxidation led uppermost layer. In Fig. 7 the peak reflectiviéysus
the oxide fraction of the uppermost Ru layer isorggd for the a-periodic ML1 structure and the
corresponding periodic one, ML4. It is clear tha teflectivity decrease due to oxidation is dediyi lower

for the a-periodic structure than for the periocohe.

Structures Mean percentage of reflected spectrun andatd deviation
ML1 0.4108 0.00106
ML6 0.4016 0.00170

Table 2. Second order statistical analysis.

Some tests have been performed to compare thetigiyndd layer thickness errors occurring during
deposition of a-periodic structures with standaediqulic ones with outermost Si layer optimized. The
structures ML1 and ML6 have been considered forganmon, since they show quite similar performance.
In order to do so, the percentage of reflected tspec calculated as eq. (1), has been evaluate@d0©
different structures. These have been derived tfr@mominal ones by a random, with uniform proligbi
distribution, variation of each layer thicknesshint+0.01nm (which is a typical error during a depositio
process). A second order statistical analysis (able 2 and Fig. 8) of the results confirms that 1Mk
more stable to random layer thickness variation tML6, with a factor 2/3 narrower standard dewati

This result can be justified by the fact that tledistribution of the interferential optical paths the
chaotic structures is more stable than the periadise, in fact the optimization algorithm has been
structured for focus toward stable MLs domain ragioMoreover, by observing Fig. 8 we can argue that
with £0.01nm range of deposition errors the performaridée structure ML1 is always higher than that
one of ML6.

6.3  Experimental results

In order to experimentally test the improved perfance expected from our simulations, prototype Mo-
Si multilayer structures, both standard periodid aperiodic, have been designed, fabricated anddes
The periodic multilayers have been designed withoadifying the last a-Si layer thickness in order t
experimentally test the properties deriving froma standing wave shift.

In the design optimization procedure a RIMb capping layer, in order to take into accoung th
oxidation of the Ru uppermost layer, and an iamfwidth of 0.5 nm have been assumed. Accordithgly
optimization algorithm searched for solutions amdmgse less sensitive to the radiation absorptiothé
capping layer. In addition to the Ru-capped mufals just described, we also simulated the perfooces

of the multilayer structure capped with Pt and a&Swell. In the latter case the a-Si uppermosrlayas
77



allowed to form a 1 nm thick oxide layer. In F8ythe results of our simulations are reported: avthle a-
periodic structure shows higher reflectivity thée periodic structure in the case of multilayerstaming
Pt capping layers, the opposite is true for sampla®taining a-Si capping layers. (Unfortunatelyisit
generally recognized that an a-Si capping layerisa suitable solution for a photolithographic agpus,
due to poor resilience to oxidation.) Furthermdre comparing the simulated performance of the cbffie
periodic and a-periodic structures, we find tha tiew structures presenting suitable shift of taeding
wave node, both periodic, with last Si layer optied, or a-periodic, are less sensitive to the &hoic
capping layer while in the case of periodic struesuof standard design a strongly absorbing cappyer

causes a significant reduction of reflectivity.
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Fig. 9. Theoretical calculations of the reflectivity cusvease a) standard periodic ML, case b) a-periattiaotic ML;
in both cases: continuous line, MLs with Ru/Mo éagdayer; dash dotted line, ML with Pt/Mo cappilayer; and
dashed line, ML with a-Si/Mo capping layer.

Prototype Mo/Si multilayers were deposited by magmesputtering in Reflective X-ray Optics’ (RXO)
“S-Gun” deposition system [14]. Multilayer struotsr containing 50 periods tuned near 13.5 nm were
deposited onto 3" Si (100) wafers. Both periodid aaperiodic coatings were produced, with either

4.05nm/2nm Si/Mo, 2.0 nm/2.0nm Ru/Mo, or 1.0 n@®/8m Pt/Mo capping layers. As already said the

periodic structures do not provide any standingevaode shift and have been used to prove the abliee

effect deriving from suitable shift of the standingve to put its node coincident with the cappiggt.
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Fig. 10. Experimental reflectivity curves: case a) standpatiodic ML, case b) a-periodic chaotic ML; in hotases:
continuous line, MLs with Ru/Mo capping layer; daotted line, ML with Pt/Mo capping layer; and tas line, ML

with a-Si/Mo capping layer. The experimental measurave an experimental uncertainty of.10
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Samples were tested through EUV and X-ray reflagtimeasurements as well as with secondary
electron yield measurements. EUV reflectance waasomed immediately after deposition and then again
few months later when secondary electron yield measents were performed. The EUV reflectance was
measured after deposition as a function of waveékerdigppm 12.5 to 14.5 nm in RXO’s laser-plasma
reflectometer.[14]

In Fig. 10 the experimental reflectivity curves feeriodic and aperiodic Mo/Si structures having a
Si/Mo, Ru/Mo, and Pt/Mo capping layers are showheExperimental measures have an experimental
uncertainty of 18). The peak reflectivity values are listed in TeaBl Note that because the deposition rates
drift slightly over time in this particular depasi system, the multilayers do not all peak atdkact same
wavelength; however the various reflectance cumdsig. 10 have been slightly shifted in wavelengih
facilitate comparison. Note also that the peakertfince measured in the laser-plasma reflectorheter
been verified to be systematically lower by aboRP%~absolute compared with measurements made using

synchrotron radiation at the ALS facility in Ber&gl

ELETTRA ELETTRA
RXO RXO
Periodic A-periodic
Ru/Mo 0.563 0.612
0.582 0.605
Pt/Mo 0.549 0.598
0.537 0.592
a-SilMo | - | e
0.644 0.591

Table 3. Peak reflectance values for the six samples:dtalalues measured at RXOLLC and underlined, salue
measured at ELETTRA.

The experimental results shown in Fig. 10 are aest with the theoretical simulations in Fig. 9: a
periodic multilayer structures have better perfarogathan the periodic structures in the case dMBwand
Pt/Mo capping layers. Due to the high transparai@:Si at this wavelength, however, the situafmrthe
case of the aperiodic Mo/Si multilayer with a-Sicapping layer shows different behavior: here thgqalic
structure gives the best reflectivity. On the othand, as discussed above, a-Si protective capgpyegs are
not suitable for photolithographic applications dogoor resistance to oxidation [8].

The X-ray reflectance (XRR) of our prototype samsplegas measured from 0 to 6 deg (grazing angle)
using Cu Ka (1.54A) radiation. The XRR curves aported in Fig. 11 for periodic, Fig. 11 (a), and
aperiodic, Fig. 11 (b), structures with Ru capgpiayers. Both the experimental XRR curves andfitse
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are reported. Similar data have been obtainechtoother samples listed above as well. The XRR statav
clearly Bragg peaks up to th¥ @rder for the periodic case, while in the apgidaase the peak amplitude
rapidly decreases for the higher orders, and saspealy up to the B order can be clearly distinguished
from the noise. The XRR period was adjusted inctleulations to match the measured data for thieqtier
structures: the periods were thus found to be @r856.985 nm, and 6.875 nm. (The decrease in pesiod
the result of the drift in deposition rate charaste of the deposition system mentioned abovethé case

of the aperiodic multilayers, no fitting was perfad: the calculations shown were computed using the
nominal design parameters. The good agreement ertmeasurements and calculations confirms that the

actual layer thicknesses deposited are reasonkislg to the design layer thicknesses in all cases.
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Fig. 11. X-ray reflectance (XRR) measured from 0 to 6 dgaz{ng) using Cu K (1.54A) radiation. The
structures considered are periodic (case a)) anpededic (case b)) over-coated by Ru/Mo cappingetayn both

cases in gray the measured data and in black thediresult.

From the measured reflectivity curves (Fig. 10pitlear that the aperiodic structures show a hehav
substantially insensitive to the capping layer matevhile in the case of periodic structures th#eactivity
curves show a significant decrease of the peak thigtdifferent capping layer materials, Pt, beimg most
highly absorbing material, giving the worst perfamoe.

Several months (6 months) after the coatings wepmsited, reflectivity measurements and secondary
electron emission measurements were performecedighding magnet BEAR beam line of the ELETTRA
synchrotron (Trieste - Italy) on samples containiwgand Pt capping layers (in Fig. 12 a schemdtibe
experimental setup used at the BEAR beam line).primaary electrons emitted via the photoelectrie&f
by monochromatic photons in an energy interval adothe multilayer working wavelength generate
secondary electron emission. These secondary @hsctrave a mean free path of only a few nm so the
measured signal originates from a very thin layelolw the top surface of the multilayer structure.
Consequently the secondary electron signal canelaged to the amplitude of the standing wave field
resulting from the superposition of the incident aeflected waves at the top surface of the mykila

structure.
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Fig .12 A schematic of the experimental setup used aBE®R beamline for the characterization of the sasph 20
Volt of collection voltage has been uséd(5°) is the incidence angle; are the electrons photoemittet}; is the

configuration used for the secondary electron ysediynal detection (40°).

The reflectivity of periodic and a-periodic samples/ing Pt and Ru capping layers have been measured
in both s and p polarization. In Fig. 13 the retildty curves for 10° incidence angle, average ppdion

and in the energy interval between 85 and 100 eMeported.
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Fig. 13. Experimental reflectivity curves measured at ELEATand RXO. In the case a) a-periodic and periodic
structures with Ru/Mo capping layer, in the casealjeriodic and periodic structures with Pt/Mo capgp layer; in
both cases: continuous black line, a-periodic stmoe measured at ELETTRA; dash dotted black lapgeriodic
structure measured at RXO; continuous gray linerjqalic structure measured at ELETTRA; and dashediogray

line, periodic structure measured at RXO.

For comparison the curves previously measured & Rbe shown as well. In order to correctly compare

these data, we must take into consideration tleapéak reflectivity values measured at RXO usitagsar-
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plasma reflectometer are slightly lower than theies. measured using synchrotron radiation at th&, Ao

we expect to find the same behavior for the ELETTdRAa. It is clear that the two a-periodic samplesw
essentially the same peak reflectivities as medsimenediately after deposition. These data contine
superior performance of the coatings with standiraye shift. Furthermore, the periodic samples show
further reduction of the reflectivity compared witie values obtained just after deposition, anghiricular
this decrease is greater for the Ru-capped coatiragsfor Pt—capped coatings. This fact could loeilzesd

to Ru oxide formation at the top surface, as Rh®wvn to be more chemically stable.

Photoemission measurements were performed onlypiolegization, as theoretical evaluations showed
that the standing wave field distribution in thepapmost layers of the structure was essentiallgpeddent
on the polarization state of the radiation. Thett analyzer was set at 45° from the normal ¢éostimple
surface in order to have the best performance. sEingple was positively biased at 20 V thus givirgren
kinetic energy to the escaping electrons, and cpresgly nearly saturating the detector, and allgwia to
set the analyzer electron energy window to begii2GateV. Photoelectron detection at the exit of the
analyzer was measured using a microchannel pldtee energy of the impinging radiation beam was
scanned through the peak of the measured reflgcturve of each ML while the angle of incidenceswa
maintained at 10°.

The normalized, integrated signal of secondargtedaes (SEY), from 20 to 50 eV is shown versus the
scanning radiation energy in Fig. 14 for both paidoand aperiodic samples. In the same figure, for
comparison, we show the calculated standing waald fntensity integrated below the vacuum interfate
the ML. In order to take into account the mean fpa¢h, L, of secondary electrons in the materitls,
intensity, 1(z), versus the depth from top of thé& Btructure has been weighed according to the dam
I(z)-€® [7]. L is about 1 nm for the materials considerethe ML parameters derived from the XRR
measurements were used in the case of periodictstes, while for the a-periodic structures a camist
correction to each layer was applied in order topprly match the measured reflectivity curves. In
particular, the thickness of each layer was redige@.35 A in the case of Ru capped structureisilevihe
thickness of each layer was increased by 0.15 Attier Pt capped structure (see Fig 13). The good
correspondence between the theoretical and expatameurves confirms that the signals corresponithé¢o

standing wave distribution in the ML.
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Fig. 14. Experimental (continuous line) results of photasicin compared with theoretical (dash dotted line)
prediction of the standing wave intensity in thp td the ML, see text. In sub section a) the périodse over capped
by ruthenium, in sub section b) the a-periodic cager capped by ruthenium, in sub section c) theogi case over

capped by platinum and in sub section d) the agulicicase over capped by platinum.

Finally we compare the SEY at the photon energyesmonding to the reflectivity peak for each
multilayer studied. In Table 4 we list the ratietveen the SEY values measured for the variouslsamp
The SEY ratio between aperiodic and periodic Mluaiires having Pt capping layers is 0.022, whik th
ratio for structures having Ru capping layers 810.The SEY ratio between aperiodic structuresngakt
and Ru capping layers is 0.057, while the SEYor&dr periodic structures is 1.42. These measurénen
have random errors of the order of a few perceAs secondary electrons can promote oxidation [,
SEY data presented in Table 4 therefore furthegesigthat the a-periodic structures, or structuvits
minimum of standing wave at the cap-layer positioil, be more resilient to oxidation, with a-periodPt-
capped samples likely having greater resiliencatired to Ru-capped coatings. It should be notetiRh&as
not been considered for use as a capping layerrialater EUVL coatings until now, because of itsostg
absorption at 13.5 nm; however our results sugggstoved performance of Pt-capped multilayers netat

to Ru-capped multilayers.
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Periodic Ru/Mo
(A-periodic Ru/Mo)/( Periodic Ru/Mo) 54 %
(A-periodic Pt/Mo)/( Periodic Pt/Mo) 22%
(A-periodic Pt/Mo)/( A-periodic Ru/Mo) 5.7%
(Periodic Pt/Mo)/( Periodic Ru/Mo) 142 %

Table 4. The ratio between the total secondary electrotdys@gnals taken at the reflectivity peak.

6.4 Conclusion

EUV ML structures have been in order to achieve htghest possible reflectivity at 13.5 nm while
simultaneously yielding low sensitivity to cappif@yer optical properties. Prototype samples of éhes
structures have been fabricated and tested, tleeynade of Mo/a-Si bilayers with Ru, Pt and a-Sipoag
layers. EUV reflectance measurements were perfofied deposition using a laser-plasma reflectomete
and also 6 months later using synchrotron radiatid®R and secondary electron yield measurements hav
been made as well. The experimental results dematesthe superior performance of capped, a-periodic
structures compared with conventional periodic ioggt showing higher reflectivity, lower secondary
electron emission, better stability over time, amensitivity to the choice of capping layer maderiThese
structures are useful for EUV lithography applioat in order to realize significant performance
enhancements. The results obtained in this framewas been published in two papers [15-16] and an

international patent [17] has been filled.
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