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EUV Lithography:        
ETS1, ETS2, MET2, MET5        

EUV solar physics, laser sources
Corrosion-resistant multilayers

Hard x-ray /gamma-ray astrophysics, 
radiation detection, target diagnostics

Our group at LLNL has developed short-wavelength optics 
for various applications

X-ray optics for the LCLS free-electron laser

NASA’s NuSTAR

GOES space weather satellitesSolar Dynamics Observatory      
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EUV/x-ray component design and modeling requires 
accurate refractive index values

• Layer	stacking	configuration
• Layer	thicknesses
• Layer	refractive	index
• Interface	roughness	
• Interdiffusion	or	interfacial	
layers	

Multilayer	model	includes

Fresnel	thin	film	
interference	equations
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Tabulated values of the refractive index at short 
wavelengths

• Elements updated 
with experimental 
data 

B. Henke. E. Gullikson, J. Davis,  Atomic Data Nucl. Data Tables 54, 181-342 (1993). 
http://henke.lbl.gov/optical_constants/ (CXRO / LBNL)

• Compound materials 
(oxides, carbides, 
silicides, nitrides) 
also need dedicated 
measurements  

Atomic-like approximation is not  valid near electronic absorption edges –
dedicated measurements are needed
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Refractive index measurements at short 
wavelengths are very difficult!

Complex	refractive	index:	n = 1 - d + ib

Hard	x-rays Soft	x-rays VUVEUV UV Vis.

l (nm)
0,01 0,1 10 1001 200 400 800

105 104 100 10103 6,2 3,1 1,5
E	(eV)

IR

with	d, b £ 10-1	 (optical	constants)

Transmittance: b = measured,  d = K-K relation
q Need freestanding thin films 10 – 100 nm thick
q Need compilation of absorption (b) data in entire 

spectrum to calculate d from K-K relation

Challenges in determination of n 

Reflectance: d and b = measured
q Sensitivity to surface roughness, 

contamination
q Difficult to measure large energy 

bands in small step sizes

q Absorption length ≈ 10 l Þ high absorption
q Need bright, monochromatic, well-characterized light source facility

q Sensitivity to contamination, surface oxidation
q Presence of absorption edge fine structure
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Example: tabulated refractive index of Cr is incorrect 
near the L2,3 edge

Cr/B4C multilayer

Measured at ALS beamline 6.3.2.

C. Burcklen, R. Soufli, D. Dennetiere, F. Polack, B. Capitanio, 
E. Gullikson, E. Meltchakov, M. Thomasset, A. Jérome, S. de 
Rossi, and F. Delmotte, J. Appl. Phys. 119 125307 (2016).

10 nm

Cr B4C

Cross-sectional TEM image of 
Cr/B4C multilayer
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Freestanding Cr thin films

Cr layer

Cr2O3 layer

Si 
substrate

Resist

washer with Æ = 3 mm 

Removal of resist residues 
by UV-ozone lamp exposure

carbonaceous
components 

29 nm Cr on Si
29 nm Cr on resist

16 - 300 nm

• Freestanding Cr thin film prepared at 
CXRO / LBNL
• RBS analysis: r = 7.19 g/cm3
• Cr thin films have ~ 1 nm surface 
oxide, stable for 3 years
• Thickness measured by reflectance 
at 8.05 keV and 150 eV
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ALS Calibration and Standards beamline 6.3.2 
λ = 1 - 90 nm

PI = Eric Gullikson

ALS beamline 6.3.2 is a precisely calibrated facility 
for refractive index measurements

Transmission 
sample
holder Photodiode 

detector

Photons
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Cr photoabsorption measurements

Transmittance measurements at ALS 
beamline 6.3.2 from 25 eV to 813 eV

Transmittance (T) vs Cr thickness (x)

𝑇 𝐸, 𝑥 = 𝑇0(𝐸)𝑒*	,	𝜶(𝑬)

Cr=16.5 nm
Cr=26 nm
Cr=57 nm

Cr#layer#

Cr2O3#layer#

Cr2O3#layer#

x#
total#layer#
thickness#

1.5#nm#

1.5#nm#

3 mm
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The effect of 1% spectral contamination at high 
energies

I0(E)=	I(E)	+	ISC(E)

y"="0,97717e*0,05817x"
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𝑇 𝐸, 𝑥 = 𝜅	𝑇0 𝐸 	𝑒*	,	0 1 + (1 − 𝜅)	𝑇56(𝐸)	𝑒*	,	078(1)

We have developed a method to remove spectral contamination from the data.

spectral contamination
significant when a >> asc 
and x=large

Energy	(eV)	 k T0	(=Tsc)	 a	(nm-1)	 asc	(nm-1)	
575.33	 0.990	 0.946	 0.06321	 0.00298	
583.45	 0.989	 0.954	 0.05026	 0.00503	
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Compilation of Cr absorption data

𝛿 𝐸 = −
𝜋
2 	P	

=
𝐸>𝛽 𝐸>

𝐸>@ − 𝐸@
A

B
	𝑑𝐸′

Complex refractive index n = 1 – d + i b

ü Absorption coefficient 

b(E) =
l 
4𝜋

a(E)

ü Dispersive part (1-d)

Calculation via Kramers-Kronig relation

• LD = Lorentz-Drude model. A. D. Rakić, et al., "Optical properties of metallic films for vertical-cavity optoelectronic devices," 
Appl. Opt. 37, 5271-5283 (1998). 

• Palik = Handbook of Optical Constants of Solids, edited by E. D. Palik, (Academic Press, Boston, 1998) pp. 374-385.
• Henke = B. Henke , E. Gullikson , and J. Davis , “X-ray interactions: photoabsorption, scattering, transmission, and reflection at 

E=50-30000 eV, Z=1-92,”At. Data Nucl. Data Tables 54, 181-342 (1993)
• NIST = Chantler, et al.(2005), “X-Ray Form Factor, Attenuation and Scattering Tables (version 2.1)”, NIST 
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Large differences with tabulated values revealed near 
the Cr L2,3 and M2,3 edges

n = 1 - d + ib

Tabulated
New data 

L2,3

M2,3

Tabulated
New data 

M2,3
L2,3

F. Delmotte, J. Meyer-Ilse, F. Salmassi, R. Soufli, C. Burcklen, J. Rebellato, A. Jérome, I. Vickridge, 
E. Briand, and E. Gullikson, J. App. Phys 124, 035107 (2018). 

New compilation of Cr  refractive index (d, b) values is now available for use

Dd > 10 % at    
l = 13.4 nm 

Db ~ 300 %

Db > 10 % at   
l = 13.4 nm 
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New Cr refractive index is validated by measured 
Cr/B4C reflectance

Model with tabulated nCr

Model with measured nCr

° Measured reflectance

Cr/B4C multilayer



We studied Pt in the vicinity of N- and O-shell 
absorption edges
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• Pt films deposited at DTU-Space
• Removed and mounted at CXRO/LBNL
• Pt thickness and density measured by 

reflectance at 8.05 keV and 83 – 188 eV

• Pt coating deposited at 
CXRO

• Pt thickness = 31.4 nm, 
density = 21.45 g/cm3

measured by reflectance at 
8.05 keV and 78 - 92 eV

3 mm

25 mm

Transmittance method: b measured, d from K-K relation

Reflectance method: d and b from measurement
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Measured Pt absorption near O- and N- edges

R. Soufli, F. Delmotte, J. Meyer-Ilse, F. Salmassi, N. Brejnholt, S. Massahi, D. Girou, F. Christensen, 
E. M. Gullikson, “Optical constants of magnetron sputtered Pt thin films with improved accuracy in the 
N- and O- electronic shell absorption regions”, J. Appl. Phys. 125, 085106 (2019). 
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New compilation of Pt refractive index (d, b) values is now available for use
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Transmittance measurements on encapsulated W films 
to protect from oxidation

W 

SiN
membrane

Si = 20 nm

Si = 20 nm

SiN
membrane

Si = 20 nm

Si = 20 nm

• W degrades with 
oxidation

• Encapsulate W between 
two Si layers, deposit on 
SiN membrane (Ttot) 

• Deposit Si+SiN sample 
(T0)

• Samples deposited at 
CXRO

Ttot T0

Transmittance Tw from a 100-nm thick W film
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Conclusions

Ø Refractive index is not accurately known in EUV / x-ray

Ø We have optimized methodologies to measure Cr, Pt and W with improved 
accuracy near M- N- and O- edges. 

Ø More materials need measurements – accurate refractive index values will 
enable the design of EUV components with maximized performance 

B4C
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J. Rebellato et al, SPIE 10691, 
106911U (2018). 


