
SelfSelf--consistent opticalconsistent optical--constant constant SeSe co s ste t opt caco s ste t opt ca co sta tco sta t
of materials for EUV multilayer of materials for EUV multilayer 

coatingscoatingscoatingscoatings

Juan Larruquert, L. V. RodríguezJuan Larruquert, L. V. Rodríguez--de Marcos, J. A. de Marcos, J. A. 
Méndez  J  A  Méndez  J  A  AznárezAznárezMéndez, J. A. Méndez, J. A. AznárezAznárez

GOLDGOLD-- InstitutoInstituto de de ÓpticaÓptica, CSIC, Madrid, CSIC, Madrid
j.larruquert@csic.esj.larruquert@csic.esj q @j q @



Refractive index= optical constantsRefractive index= optical constants

*It*It describesdescribes howhow lightlight propagatespropagates throughthroughgg p p gp p g gg
anan opticaloptical mediummedium

*It*It governsgoverns::
f tif ti-- refractionrefraction

-- reflectance,reflectance, transmittance,transmittance, absorptionabsorptione ecta ce,e ecta ce, t a s tta ce,t a s tta ce, abso pt oabso pt o
-- opticaloptical pathpath lengthlength
-- groupgroup velocityvelocity



Refractive index=optical constantsRefractive index=optical constantspp

-- nn:: refractionrefraction -- kk:: absorptionabsorptionnn:: refractionrefraction kk:: absorptionabsorption
-- N=N=n+ikn+ik:: inin thethe EUV,EUV, alsoalso kk

i di drequiredrequired
-- dispersiondispersion:: n(E),n(E), k(E)k(E)



Self consistent optical constantsSelf-consistent optical constants

Refraction (n) and absorption (k) 
 t i d d t f h thare not independent of each other

n(E), k(E) self-consistent: 
when obtained with Kramers-Kronig analysisob a d a o g a a y



Causality and the Causality and the KramersKramers--KronigKronig relationsrelations

Response can’t precedeResponse can t precede 
the stimulus

()=() 1 has analytic   




 221  dP ()=()-1 has analytic 
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Optical Constant p
calculation: Kramers-

Kronig analysisKronig analysis
Provides (n,k) with a single measurement in the Provides (n,k) with a single measurement in the 

whole spectrum
*Two main options for KK analysis:Two main options for KK analysis:

n, k R, φ



KK by reflectance: taKK by reflectance: ta--CC
tetrahedral amorphous Carbontetrahedral amorphous Carbontetrahedral amorphous Carbontetrahedral amorphous Carbon

Larruquert et al., Opt. Exp. 21, 27537 (2013)



KK by reflectance: taKK by reflectance: ta--CC
tetrahedral amorphous Carbontetrahedral amorphous Carbontetrahedral amorphous Carbontetrahedral amorphous Carbon

From R  : n  k: C  i  i h l  From R, : n, k:

ik
ikneR i 


1
12/1 

ta-C: coating with largest 
Refl in ~30-130 nm 

(9 5 41 eV)ikn 1
Difficulty: film must be opaque

(9.5-41 eV)



KK: n from k. KK: n from k. CaCa
substrate: C film supported on gridsubstrate: C film supported on grid

Measurements:
T= ( 4 π kx)Transmittance vs 

film thickness
T= exp(− λ )



KK: n from k. KK: n from k. CaCa
substrate: C film supported on gridsubstrate: C film supported on grid

Measurements:
T= ( 4 π kx)Transmittance vs 

film thickness
T= exp(− λ )



KK: n from k. CaKK: n from k. Ca
nn11--

1-n 

Rodríguez-de Marcos et al., Appl. Opt. 54, 1910 (2015)



KK: n from k. CaKK: n from k. Ca
LL2,32,3 edgeedge

1-n 



nn--k KK: k KK: BB
k from transmittance vs film thicknessk from transmittance vs film thicknessk from transmittance vs film thicknessk from transmittance vs film thickness
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KK: n from k. KK: n from k. BB

Fernández-Perea et al., J. Opt. Soc. Am. A. 24, 3800 (2007)



KK: n from k. KK: n from k. ScSc

Sc M2,3
edgeedge

Fernández-Perea et al., J. Opt. Soc. Am. A. 23, 2880 (2006)



KK: n from k. KK: n from k. SiCSiC and Band B44CC

Larruquert et al., J. Opt. Soc. Am. A 28, 2340 (2011), 
ibid 29, 117 (2012)



KK using KK using gg
R+T+Ellips:R+T+Ellips:

MgF2, LaF3, MgF2, LaF3, CeF3CeF3g , ,g , ,

Rodríguez-de Marcos, Proc. 
SPIE 9627  96270B (2015)SPIE 9627, 96270B (2015)



KK using KK using KK using KK using 
R+T+Ellips:R+T+Ellips:

MgF2  LaF3  CeF3MgF2  LaF3  CeF3MgF2, LaF3, CeF3MgF2, LaF3, CeF3



KK evaluation: global sum rulesKK evaluation: global sum rules

InertialInertial sumsum ruleruleff sumsum rulerule
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Sum rules with window functionsSum rules with window functions

-- IncreaseIncrease weightweight inin thethe-- IncreaseIncrease weightweight inin thethe
desireddesired spectralspectral rangerange
[E[E11,E,E22]]



KK evaluation: sum rulesKK evaluation: sum rules
InertialInertial sumsum ruleruleff sumsum rulerule
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J. Opt. 18, 075606 (2016)



KK evaluation: sum rules with window functionsKK evaluation: sum rules with window functions
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Rodríguez-de Marcos, Opt. Mater. Express 6, 3622 (2016)



KK evaluation: sum rules with window functionsKK evaluation: sum rules with window functions

     


2 0'1''R' dEENEHE        
0

2
2 0'1''Re' dEENEHE

     


1 0'1''Im' dEENEHE       
0

2 0'1''Im' dEENEHE

     


2 0'1''Re dEENEH       
0

2 01Re dEENEH

     


2 0'1''Im' dEENEHE      
0

2

     


2
2 0'1''Re' dEENEHE

0

I ti lI ti l ll ff sumsum ruleruleInertialInertial sumsum rulesrules ff sumsum rulerule
Rodríguez-de Marcos, Opt. Mater. Express 6, 3622 (2016)



SelfSelf consistent characterization of materialsconsistent characterization of materialsSelfSelf--consistent characterization of materialsconsistent characterization of materials
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ReflectometerReflectometer
-- VUV VUV ReflectometerReflectometer for infor in--situ measurement of situ measurement of 

coatingscoatings
-- Connected in UHV with deposition chambers in ISOConnected in UHV with deposition chambers in ISO--8 8 

clean roomclean roomclean roomclean room

-- main range: 40main range: 40--200 nm  200 nm  

-- MeasurementsMeasurements inin widerwider rangesranges atat BEAR/BEAR/ElettraElettra andand
66..33..22/ALS/ALS



Deposition of ML coatingsDeposition of ML coatings

BroadbandBroadband mirrorsmirrors:: NarrowbandNarrowband mirrorsmirrors::

KnowledgeKnowledge ofof ((n,kn,k)):: toto developdevelop novelnovel andand efficientefficient MLSMLS

BroadbandBroadband mirrorsmirrors::

-- Al/MgFAl/MgF22

NarrowbandNarrowband mirrorsmirrors::

--Al/Al/LiFLiF//SiCSiC:: peakpeak atat 102102 nmnm

-- SiCSiC;; BB44CC

TransmittanceTransmittance filtersfilters::

--FluoridesFluorides peakedpeaked atat >>120120 nmnm

PolarizersPolarizers::TransmittanceTransmittance filtersfilters::

-- (Al/MgF(Al/MgF22))nn peakedpeaked atat -- (Al/MgF(Al/MgF22))nn

120120>>120120 nmnm atat >>120120 nmnm

7575--cmcm diameterdiameter chamberchamber inin
ISOISO--66 cleanclean roomroom toto satisfysatisfy
spacespace requirementsrequirements..



Can we measure (n,k) and develop 
coatings for your application?coatings for your application?
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