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Overview of diffraction-limited EUVL systems
Metrology capabilities at LLNL and LBNL
EUVL projection optics: figure, MSFR and HSFR results and implications

Zerodur vs. ULE as substrate materials for next-generation EUVL
projection optics

Si, SiC and other composite ceramics as candidate substrate materials
for EUVL collector optics

Novel smoothing technologies for EUVL collector substrates

Recent advances in optic fabrication technologies for EUV solar physics
and x-ray FELs and their relevance to EUVL optics

Perspectives on 6.x nm lithography
Summary and conclusions

YV Y V VYV VY

YV VY

YV VYV

* Unless otherwise indicated, all surface metrology results and analysis in this
presentation were produced at LLNL

* Any results or references to commercial vendors in this presentation do not by
any means imply endorsement of these vendors or their products

Regina Soufli, 06/16/11 regina.soufli@linl.gov



EUVL systems have greatly evolved in complexity

over the past 15 years

10x1 - 1996
10x2 - 1999
0.1 NA
“Microstepper”

0.1 NA

Condenser .

Ripple-Plate

Schwarzschild Microscope Photo-Electron-Emission
Magnification ~10-30x Microsco pe (PEEM)
Magnification ~100x

/\ et
T w0 =
T e
™~ o
MCP  CCD

ETS POB1 - 2000

Full-field scanner

A',. "

EUV AlMs Tool
Proposed 2001

SES POB2 - 2001
0.1 NA
Static field

MET
2002-today
0.3 NA

Condenser

Regina Soufli, 06/16/11

ustepper

Projection System
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ETS and MET projection optics demonstrated multilayer-added figure
errors < 0.05 nm rms and sub-diffraction-limited performance

: SES atALS | 39-nm, 3:1
M1 mirror, PO Box 2 elbows (Patrick
" Naulleau, LBNL)
E 1010 | (@ M1 opic
3
E
: 10004y . g
g +0.2% :
g 0.990 3:; ;,
(= 0 %
z -0.2 E
Added figure error = |04 2
0.032 nm rms =
90 100 110 120 130 140
Radial position (mm)
_ MET camera
M2 mirror, MET Set 1
Measured wavefront =
" 0.55 nm rms
§ 1.010 K. A Goldberg et al, J. Vac. Sci.
§ 1.000 g e e =- 0= & o - Technol. B 22(6), 2956-2961 (2005)
= 0.99 < . .
3 02 Z Printed 25 nm equal-line,
g o 3z and 29 nm isolated-line
=) =
z 02 3 features
= P. P. Naulleau et al, Proc. SPIE 5751,

20 30 40 50 60 70 80 90 56-63 (2005)

Radius (mm)

Regina Soufli, 06/16/11 regina.soufli@linl.gov



EUVL optics: spatial frequency ranges and specificationsLLg

Figure (rms) MSFR (rms) HSFR (rms)

Projection- Microfield

(MET) ~0.1 nm

Projection — Scanning
(o or production)

Collector

. Critical

EUVL requires extremely challenging specifications for the figure, MSFR
and HSFR to be simultaneously met on large-area optical surfaces

Regina Soufli, 06/16/11 regina.soufli@linl.gov



Historical evolution of figure, MSFR and HSFR of EUVL
projection optics and comparison with specs

0.5 :
MET Set 1
B
S04 ETS Set 2
= S R
S
50.3 'Spec i
- spec 54 TIZI
;50 0.2 =
Bl MET Set 2
0 H H
1995 2000 2005 2010
Year
0.6
B
spec
,;0'5 MET Set 1
2 0.4 [P
; = B MET Set 2
=203 3
ﬁ @
7 0.2
= ETS Set 2
0.1 Spee
0 |
1995 2000 2005 2010
Year
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spec
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Zoal ETSSet2

0 ; ;

1995 2000 2005 2010

Year

» Note that mirrors in plotted PO systems have different
sizes, aspheric departures, etc

» Spatial frequency range of relevance for MSFR varies
among plotted PO systems

» Nevertheless, a comparison among plotted results and
specifications can reveal useful information on the
evolution of polishing capabilities for EUVL projection
optics

R.Soufli, et al, Proc. SPIE 4343, 51-59 (2001).

U. Dinger, et al, Proc. SPIE 5193, 18-28 (2004).

H. Meiling, et al, Proc. SPIE 5751 90-101 (2005).
R. Soufli, et al, Appl. Opt. 46, 3736—3746(2007).
M. Lowisch, et al, Proc. SPIE 7636, 763603 (2010).

regina.soufli@linl.gov



EUVL mirrors require state-of-the-art metrology for the figure,

MSFR and HSFR

Full-aperture interferometry

_ Flare Throughput

=~ ~016 prad rms Si test substrate by Vendor 1
N\ ~03 prad rms Si test substrate by Vendor 2

G 2 95 mm

Zygo 2x
Regina Soufli, 06/16/11

v

0.37 mm
Zygo 20x

c=0.19Nnmrms
c=0.19 nmrms

c=0.16 nmrms
c=0.36 nmrms

10°° / 10 10'2\
Spatial frequency f (nm"')

v
A

AFM AFM

10 um > < 2 UM —

regina.soufli@linl.gov



LLNL cleaning facility for optical substrates removes Lug
microscopic contamination while maintaining surface finish

13.8 nm

-1.98 nm

1.68 nm ¢

Custom-developed process -1.70 nm SRR S -1.99 nm

includes: rinsing in a water- - 2pm — — pgm —
based solution, followed by (i) (V)

drying in N, environment LLNL AFM images on a Zerodur substrate: (i), (i) as-
using semiconductor-grade received and (iii), (iv) after cleaning.

system (YieldUp™, pictured).

Located next to multilayer R. Soufli, S. L. Baker, et. al, Appl. Opt. 46, 3156-3163 (2007).

deposition system.

Regina Soufli, 06/16/11 regina.soufli@linl.gov



e
LLNL precision surface metrology lab LL%

» Digital Instruments Dimension 5000™
Atomic Force Microscope (AFM) includes
acoustic hood and vibration isolation. Noise
level = 0.03 nm rms

» Zygo NewView™ Optical Profiling
Microscope

» LEO 1560 ™ Scanning Electron Microscope
(SEM)

» Full aperture interferometers (not shown)

Regina Soufli, 06/16/11 regina.soufli@linl.gov



DC-magnetron sputtering is a proven deposition technique for | ! ! .I
the multilayer-coating of EUVL camera and collector optics

R=660 mm

R=1016 mm

559 X 127 mm?

4-mirror and 2-mirror EUV cameras have been
multilayer-coated in a single deposition run,

achieving optic-to-optic wavelength matching
within 1o = 0.010 nm. Maximum optic size that

S EEETED I @1 LN Gl 22t can fit in chamber is 450 mm in diameter
lid with 5 sputtering targets

Regina Soufli, 06/16/11 regina.soufli@linl.gov



CXRO'’s beamline 6.3.2. at the ALS synchrotron (LBNL) is the world;;}l A
reference standard for EUV/x-ray reflectance, scattering and \

transmission measurements

1-50 nm wavelength range

Aperture

Horizontal
ALS .
Bending focusing
Magnet

.,

Beamline scientist = Eric M. Gullikson

e—

CXR©®O)

THE CENTER FOR X-RAY OPTICS

Converging

(spherical)

)

BERKELEY LAB

Beamline Specifications

» Wavelength precision: 0.007%

* Wavelength uncertainty: 0.013%
* Reflectance precision: 0.08%

* Reflectance uncertainty: 0.08%
» Spectral purity: 99.98%

* Dynamic range: 101

mirror

70 - ,—\69.0
] 68.5-_
] 68.0 -
= 50 - |
SO 67.5 —
8 404 12.90 12.95 13.00
g ]
8 301 e PTB
& 204 CXRO
10 - .
i [ ] “.
0 . — eaas® %
12.5 13.0 13.5 14.0
Wavelength (nm)

Aspheric
optic under
test

% Detector

Vertical

F:}I'el;r?e focysing
Grating mirror
Orde
Suppressor
. . 0
Precision Reflectometer Reflectometer
* 10 pm x 300 pm beam size X

* 10 um positioning precision
* Angular precision 0.01 deg
* 6 degrees of freedom

Cross-calibration results are shown between
beamline 6.3.2 (CXRO) and PTB, BESSY
synchrotron (Berlin, Germany)

Regina Soufli, 06/16/11

« Sample size up to 200 mm LG156
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Side-by-side comparison of the Zeiss and LLNL full-aperture | ! ! .
Interferometry for the MET primary substrate figure

Zeiss interferometer LLNL Phase-shifting diffraction (PSDI) interferometer
Flipped and rotated to register Magnification adjusted fractionally by 1.7x10-°
0.22 nm rms when clipped and binned 0.29 nm rms when clipped and binned

+1 nm

G. E. Sommargren, D. W. Phillion, M. A. Johnson, N. Q. Nguyen, A. Barty, F. J. Snell, D. R. Dillon, L. S. Bradsher,
“100-picometer interferometry for EUVL”, Proc. SPIE 4688 316-328 (2002).

Regina Soufli, 06/16/11 regina.soufli@linl.gov



EUV optics are especially susceptible to roughness and scattering LLg

 As the wavelength A is reduced, scattering
| ——_| increases with 1/ 2.
* Roughness of EUV optics must be controlled,
otherwise scattering will result in loss of contrast
or Flare.
* The scattering angular distribution has been
. measured and can be predicted from the surface

. roughness.

Frequency (1/nm)
ISc‘i;ttetred I(ijght ; 10° +——— 1E,4 . 1E,3 : 0,01 —
:oarlwtrsasci t’jw dutchioug hput 10° _ MET M2
10° 3

‘T
o
m —
@

1/PdP/dD
55

o EUV Scattering
Dynamical Theory

1024 [ PSD
7 |
10°% . . .
0.01 0.1 1 10

Scattering Angle (deg)

Courtesy E. M. Gullikson (LBNL)

Regina Soufli, 06/16/11 regina.soufli@linl.gov



Improved MSFR leads to lower flare

ETS Projection Optics

Flare
1.0 o 1 10 100
- - -6 Mirrors M1 frequency (1/mm)
08 4 M!rrors "
| lzmiros]  [erssan] | TTRTTTTTHOIN
i} 0.6 yr— /\\/ e M2 frfaquencyl(llmm) |
g ’ ‘o1 1 10 100
0.4- ETS Set 2 M3 frequency (1/mm)
T M4 frequency (1/mm)
0.0 e it
0.0 0.1 0.2 0.3 0.4 0.5 01 1 10 100 1000
RMS roughness per mirror (nm) Radial distance in image plane (microns)

< 10 % flare for a 6 or 8-mirror system requires MSFR < 0.15 nm rms

Regina Soufli, 06/16/11 regina.soufli@linl.gov



Metrology cross-validation between different facilities and E
independent measurements and models
MET 1 (primary) MET 2 (secondary)

Substrate HSFR 0.37 nm rms 0.32 nm rms , .
Displacement in image plane (mm)
10 100
Expected loss AR 6.1% 5.2% 100 g————— ————————
10 5 MET M2
Measured R 61.2% 62.4%
1
+ 0 0 ]
R+ AR MET M2_2a67.3/o 67.6 /og 01]
10" 4 o 3
1 o ]
10105 —— 7eiss % 0.01 3
: LLNL ] o Measured
1E-3 4
10°4 —— Calculated
£ 10 184
[a) L ]
N 1E-5 — .
L 107 1 10
10212 Scattering Angle (deg)
10°4 LLNL metrology / scattering
L] model / ALS scattering
10 1E-7 1E-6 1E-5 1E-4 1E-3 001 041 measurements validation

Frequency (1/nm) R. Soufli et al., Appl. Opt. 46, 3736-3746 (2007)
LLNL / Zeiss metrology validation

D. G. Stearns, “Stochastic model for thin film growth and erosion,” Appl. Phys. Lett. 62, 1745-7 (1993).
E. M. Gullikson, “Scattering from normal incidence EUV optics”, Proc. SPIE 3331, 72-80 (1998).
D.G. Stearns et al, “Non-specular x-ray scattering in a multilayer-coated imaging system”, J. App. Phys. 84, 1003-1028 (1998).

Regina Soufli, 06/16/11 regina.soufli@linl.gov



method to verify substrate HSFR uniformity

Wavelength (A)

Accurate EUV reflectance measurements provide an additional ‘ ! ! .

133.75 A

60

Y position (mm)
®
=)

133.37 A

contour Sep.
20 =0.1A

-50 0 50
X position (mm)

Reflectance (%)

140
120
100

80

Y position (mm)

60

63.3 %

40

contour sep.
=0.3%

20

X position (mm)

2D contour maps of ETS optic M2 obtained at ALS beamline 6.3.2

Regina Soufli, 06/16/11 regina.soufli@linl.gov



We have developed EUV multilayer optics and precision
metrologies for next-generation solar physics and space weather
satellites

7 EUV wavelengths
(9.4 nm to 33.5 nm)

E- gouz!, et a:, chf SP'E4569%11’529212§”(§£§7? NASA’s Solar Dynamics Observatory (SDO). Launch date: February 11, 2010.
. Soufli, et al, 0 t. g = . 5
P. Boerner et al, g?)lar Ighysics (2011). http.//sdo.gsfc.nasa.gov

J. R. Lemen et al, Solar Physics (2011).

Multilayer-coated test mirrors for NASA/NOAA’s GOES-R space
weather satellite. 6 EUV wavelengths , 9.4 nm to 30.4 nm.
Launch date: 2014

~
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AFM measurements reveal surface morphology related to specific

polishing techniques

Atmospheric Imaging Assembly (AlA) instrument, Solar Dynamics Observatory (SDO)
Vendor 2, Zerodur substrate

Vendor 1, Zerodur substrate
100000
) PSR
o 10x10 pm?, locs. A, B, C, D 10x10 um?, locs. A, B, C, D, E
2
2x2 pm?, locs. A, B, C, D 2x2 um?, locs. A, B,C, D, E
_ 1000 :
"E 107 s
£ £
a
10° 10
0> 0.1
0.0001 0.001 0.01 0 0.0001 i 0001 0.01 0.1
v Spatial frequency (nm™) <

Spaﬁalﬁequency(nnf5

10x10 pm2, loc. B 2x2 pm?, loc. B , 2x2 pm2, loc. E
H o =0.14nmrms 10x10 pm?, loc. E o =0.51 nm rms

R. Soufli, S. L. Baker, D. L. Windt, E. M. Gullikson, J. C. Robinson, W.

f2
2
O = J' 2rr S( f )df where S(f) = PSD (nm?),
¢ flz 10 3 nm?, f2 =5%x102nm-! A. Podgorski, L. Golub, Appl. Opt. 46, 3156-3163 (2007)
1
regina.soufli@linl.gov
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EUV reflectance of multilayer-coated mirrors is consistent with .
substrate roughness measured by AFM

70
M4-051116 ﬂ Al (witness, Primary Secondary
60 Si wafer substrate) . .
Flight mirror (Sagem (Sagem
50 | Omeas 87 deg f A2 (secondary, 04R0416) 04R0420)
2 — . Sagem 0420 substrate)
S g&:g(s)l [=0.36 I 5 (primars Substrate
2 40 f Szigcm 416 ;;bstl'atc) roughness 5.0 5.2
g (A rms)
2 30 A4 (witness,
E Si wafer substrate) Rpeak (%) 56.2 58.8
20 AR*
(%, absolute) 8.5 8.4
10
Rpeak AR 64.7 67.2
0
120 125 130 135 140
Wavelength (A)

Regina Soufli, 06/16/11

*AR = predicted reflectance loss due to high-spatial
frequency roughness, based on AFM measurements of the
substrate and on a multilayer growth model. Calculation
performed by E. M. Gullikson, LBNL.

regina.soufli@linl.gov



Zerodur as substrate material for EUVL projection optics

» Zerodur® (Schott) is an ultra-low-expansion glass ceramic

» 2-phase material: fused silica (amorphous) and quartz (crystalline).

» It has been used to make the most accurate projection/imaging optics for EUVL, EUV
solar physics (TRACE, SDO, GOES-R, etc), x-ray astronomy (Chandra), and other
applications

» Lowest achievable HSFR and MSFR may be ultimately limited due to dual phase of the
material

Polished by computer
controlled grinding/polishing Polished by ion beam
t L4 - s ~ 2

In both AFM images,
lighter-color areas
represent quartz
crystallites protruding
within amorphous
silica

»

~

< »
A,

w . 475 g TNy
AFM 2x2 um?, HSFR = 0.14 nm rms  AFM 2x2 um?, HSFR = 0.48 nm rms

Regina Soufli, 06/16/11 regina.soufli@linl.gov



ULE as candidate substrate material for EUVL projection optics

» ULE® (Corning) is an ultra-low-expansion glass
»ULE = titania silicate = SiO, (> 90%)+ TiO, (< 10%)

» It has been used to make super-polished mask blanks for
EUVL, optics for astronomy (Hubble, Gemini) and other
applications

» Striae and inhomogeneities have been preventing its use
as substrate for EUVL projection optics

Typical boule from before project

—
[=]

‘
M
\_.

M
W

]

Segment 1 Segment 2

—
[=]

AN

I \'\/fn"q'\ J‘f I

Relative Birefringence (nm/cm)

.-ﬂ-hu’_’ A W

]

Results from this project

Relative mm

Figure 8: Striae differences showing a recently formed boule to one that was formed before this project was started.

Courtesy: Chris Walton and
Cindy Larson (LLNL)

AFM 1x1 um?, HSFR = 0.16 nm rms. Obtained on
ULE mask blank

HSFR =0.06 nm rms has been measured on ULE
at LLNL [P. Mirkarimi et al, Appl. Opt. 40, 62-70
(2001)].

Recent progress in
diminishing striae
IS promising
towards use of
ULE for EUVL
projection optics

W. Rosch, L. Beall, J. Maxon, R. Sabia, R. Sell, “Characterization of striae in ULE® for EUVL optics and masks” Proc. SPIE 6151,

615122 (2006).

Regina Soufli, 06/16/11
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Historical evolution of figure, MSFR and HSFR of EUVL
projection optics and comparison with specs

0.5 ‘
MET Set 1
=)
S04 ETS Set 2
g |°Pec ®
| S
503'qwc -
o . 4 Ispec ® R
;50 0.2 =
Bl MET Set 2
0 | |
1995 2000 2005 2010
Year
0.6
=)
spec
,?05 MET Set 1
£ 0.4 [P
; Eaghﬂﬁsaz
£0.3 f
ﬁ @
= 0.2
an sbec ETS Set 2
0.1 1P ]
0 |
1995 2000 2005 2010
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R.Soufli, et al, Proc. SPIE 4343, 51-59 (2001).

U. Dinger, et al, Proc. SPIE 5193, 18-28 (2004).
H. Meiling, et al, Proc. SPIE 5751 90-101 (2005).
R. Soufli, et al, Appl. Opt. 46, 3736—3746(2007).
M. Lowisch, et al, Proc. SPIE 7636, 763603 (2010).
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The advance of x-ray Free Electron Laser (FEL) sources has LL%
pushed the limits of x-ray optics fabrication

Linac Coherent Light Source at SLAC

X-FEL based on last 1-km'of existing linac

S
) -
nac

= 3 '
2/ . =l 1%

=xisting ]
(with-rnodificzitions)

— are— -—

ERm—

e
=3

New e_TroantsEfide (340 m). «f—‘*‘ﬁ 2

. EncICS\u: :
”':i(X’ray opties

regina.soufli@linl.gov
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Si substrate specifications for the LCLS are driven by the need to
preserve the coherence of the x-ray FEL beam

e L Spatial
Error Category Specification Wavelength
' < 1
| Height Error <2.0 nmrms 1 mm to Clear
Figure Aperturet
Slope Error < 0.25 pyrad rms

Mid-Spatial Roughness <0.25 nm rms 2pumto 1l mm

High-Spatial Roughness <0.4 nmrms 20nm to 2 ym

T SOMS mirrors: Flat, planar, 250x30%50 mm?3, Clear Aperture = 175x10 mm?
THOMS mirrors: Flat, planar, 450x30x50 mm?3, Clear Aperture = 385%x15 mm?

*¥2 nm rms height error derived from Maréchal criterion: wavefront error < A/14 rms

M. Pivovaroff, R. M. Bionta, T. J. Mccarville, R. Soufli, P. M. Stefan, “Soft X-ray mirrors for the Linac Coherent Light Source”, Proc.
SPIE 6705, 670500 (2007).

R. Soufli, M. J. Pivovaroff, S. L. Baker, J. C. Robinson, E. M. Gullikson, T. J. McCarville, P. M. Stefan, A. L. Aquila, J. Ayers, M. A.
McKernan, R. M. Bionta, “Development, characterization and experimental performance of x-ray optics for the LCLS free-electron
laser” Proc. SPIE 7077, 707716 (2008).

Regina Soufli, 06/16/11 regina.soufli@linl.gov
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Spontaneous Beam FEL beam

Mear experiment hall

Front end enclosure o83 bl
M352 a4 - F kel
Lol-
M35 1™ o
M25 .24 kW
JOUS X-ray beam
M15 MiH  MeH Huteh 1 Hutch 2 Hutch 3
[ (&R} {XPF)
Soft X-ray offset minmors Hard ¥-ray offset mirrges
5085, 08 10 2 ke [HOKAS, 7 to 24 ey )

Unique requirements for LCLS x-ray mirrors:

Tunmnel

» LLNL led the construction of the LCLS front-
end enclosure x-ray optics and diagnostics, and
developed coatings and metrologies for x-ray
mirrors and gratings for the AMO, SXR , CXI and
MEC beamlines

» About 20 diffraction-limited, grazing incidence
X-ray mirrors (consisting of a Si substrate coated
with B,C or SiC materials) will be ultimately
installed at LCLS

Far experiment hall

2. 24 ke
=
Hutch & Huich 5 Hutch &
[ { A 1K) (MEC)

¢ Withstand instantaneous peak power of LCLS FEL (B,C and SiC coating materials)

e Coherence/intensity preservation of LCLS wavefront (< 2 nm rms figure, 0.25 nm rms MSFR)

¢ Pointing stability and resolution (< 900 nrad for soft x-ray, < 90 nrad for hard x-ray mirrors)

Regina Soufli, 06/16/11

regina.soufli@linl.gov




Diffraction-limited, grazing incidence Si substrates with EUVL-quality
figure and finish have been manufactured for the LCLS x-ray FEL

10" 10"
Loc. a Loc. a
_ MSFR = 0.15 nm rms
VSR =B nmms Loe.b N\ HSFR = 0.15 nm rms Loc. b
7 HSFR =0.41 nm rms ; \
10 10
“\Aw\ -
= 4 = 4
= 10 g = 10
& Optical :
fFI) |cat Optical
10" profilometry 10! profilometry
SOMS#2 Si substrate < poM > HOMS#2 Si substrate AFM .
107 10°
10°° 107 10" 107 107 10" 10°° 107 10" 107 1 107 10"
Spatial frequency f (nm'l) Spatial frequency f (nm ")

M or £ rigure (nm RMS) Slope emor {yrad RMS) Wirror & Figure (nm RWS) Siope error (urad RMS]

=0 T3 05 SN 24 0.27

SN2 1.2 0.37 Sh2 1.0 0.27

5N4 .64 0.14 SN3 20 0.22

14 0.37 SH4 15 0.23
Measured along central 420 mm

Measured along central 200 mm

HOMS Si substrates manufactured by Carl Zeiss

SOMS Si substrates manufactured by InSync
Laser Optics (Oberkochen, Germany)

(Albuquerque, New Mexico)

A. Barty, R. Soufli, T. McCarville, S. L. Baker, M. J. Pivovaroff, P. Stefan and R. Bionta, “Predicting the coherent X-ray wavefront
focal properties at the Linac Coherence Light Source (LCLS) X-ray free electron laser”, Optics Express 17, 15508-15519 (2009)

Regina Soufli, 06/16/11 regina.soufli@linl.gov



Recent cross-validation of LLNL and Zeiss metrology in

the figure, MSFR and HSFR

Total figure, nm

-6

150 1 LLNL
) 1 nm (rms) over 420 mm — 4

Zeiss
100 - -2
0
50 - -2
i
0 5

225 A75 128 75 25 25 75 125 1T 225

Distance, mm

Zeiss measurements courtesy of Helge
Thiess, Carl Zeiss Laser Optics

Regina Soufli, 06/16/11

Aspheric residual, nm

PSD (nm"*)

10

LLNL, loc. a
LLNL, loc. b
LLNL, loc. ¢

ZEISS

HOMS#2 Si substrate

107

107

s 10" 10° 10” 10
Spatial frequency f (nm'l)

10
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EUVL could also benefit from novel, advanced polishing W.
techniques developed for synchrotron and FEL optics

Courtesy: Prof. Kazuto Yamauchi (Osaka University)
Removal mechanism of EEM (Elastic Emission Machining)

In EEM, chemical Ultrapure water flow The ultra-fine particles

reaction between solid are supplied to the work
surfaces is utilized. surface by ultrapure
water flow

Atom-by-atom removal

Bump site is
preferentially removed J——

on the work surtace

Atomically flat surface
can be obtained

Deterministic figuring
K.Yamauchi et al, Rev. Sci. Instrum. 73 2028 (2002).

Regina Soufli, 06/16/11 regina.soufli@linl.gov



Si substrate for the LCLS FEL, polished by EEM &

CXI KB1 Si substrate

Figure of ~1 nm rms

along 350 mm was

measured at BESSY 10
(Frank Seiwert)

MSFR (106 - 5x104 nm?1)=0.15nm rm
HSFR (5x104 - 5x102 nm1) =0.13 nm rms
/ : : | :

10 10
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10
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1.95nm/-0.92 nm
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37.51 nm/-6.69 nm
0.73 nm/-0.62 nm

max / min
max / min
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max / min

G 2 95 mm

- 0.37mm 10 pm
Zygo 2x Zygo 20x AFM AFM
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Novel concepts in x-ray mirror mounting, installation and alignment
at LCLS

Chamber
& mirror

Pointing &
centering

Rotation
spindle & cam 9§

Translation 2 &

Installation

alignment
plates

Support
Pedestal

» T-controlled enclosure demonstrates + 0.01 °C temperature and + 30 nrad HOMS pointing stability

» Hard x-ray mirror figure can be remotely controlled

T. J. McCarville, P. M. Stefan, B. Woods, R. M. Bionta, R. Soufli, M. J. Pivovaroff, “Opto-mechanical design
considerations for the Linac Coherent Light Source X-ray mirror system”, Proc. SPIE 7077, 70770E (2008).

Regina Soufli, 06/16/11 regina.soufli@linl.gov



LCLS soft x-ray mirror figure is maintained after coating and &

mountin
J Total Figure

Before coating

Coated, un-mounted

Coated & mounted

Mirrer figure, nm

10
o

15
Tangential length, mm

Aspheric residual (sphere subtracted)

10
Eay

Before coating:1.81 nm & 0.19 prad rms

over central 200 mm

Coated, un-mounted:1.62 nm & 0.173 prad rms

Mirrer figure, nm

Coated & mounted:1.88 nm & 0.18 prad rms

Tangential length, mm
Regina Soufli, 06/16/11 regina.soufli@linl.gov



Silicon Carbide (SiC) has emerged as a viable material for
EUV/x-ray space telescope and synchrotron optics

SIC STRUTS HILITE: a 300-mm

(SCREWED/BONDED) .
aperture Cassegrain

telescope design made
entirely of SiC,
including optical
substrates and
metering structure.
Overall mass is 4X
lighter than the mass of
an equivalent

SiC SPIDER

SiC HOOPS

~1500 mm :
<€ conventional telescope
System
Effective Focal Length 10.313m
MODE: 1 FREQ: 1487.052 - Focal Ratio i34
DISPLACEMENT - MAG MIN: 0.00E+00 MAX:VALYEEGBIION: ACTUAL Plate Scale 20 arcsec/mm
FRAME OF REFU RART Field of View > 4x4 arcmin*
Primary Mirror
Clear Aperture 300 mm
Radius of Curvature - 3564.2564 mm
Conic -1
Secondary Mirror
Clear Aperture 40 mm
Radius of Curvature - 680.89795 mm
Conic -2.0116

D. S. Martinez-Galarce, P. Boerner, R. Soufli, B. De Pontieu, N. Katz, A. Title, E. M. Gullikson, J. C. Robinson, S. L. Baker,
“The high-resolution lightweight telescope for the EUV (HIiLiTE)”, Proc. SPIE 7011, 70113K (2008).

Regina Soufli, 06/16/11 regina.soufli@linl.gov



Fabrication and polishing techniques for SiC optical substrates

1.08 nm 2.77 nm

-1.90 nm -3.38 nm

2.74 nm

-4.51 nm B -3.47 nm

(iv)

HSFR
0.05um <A <2pum
Process 1 0.30 nm rms
Process 2 0.84 nm rms

Regina Soufli, 06/16/11

1 $S9201d ‘OIS

Z Ss9201d ‘0I1S

» Start with bulk SiC, deposit SiC
“cladding” using using a CVD-type
process

» Or: deposit SiC entirely using a
CVD-type process

»Polish using mechanical
grind/polish, reactive atom plasma
etching, or other technique

10

~ Solid lines: SiC substrate by process 1

Dash lines: SiC substrate by process 2

— 7¥g0 datam—

*+——— AFM data —————n

-2 -1

10° 10 10° 10 10
Spatial frequency f (nm'l)

regina.soufli@linl.gov



SiC could be polished to EU /L collector quallty specmcatlons

Test mirror for space telescope
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Zygo, Loc. 1
Zygo, Loc. 2! ‘
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Other SiC-based ceramic composite materials could be
considered for EUVL collector substrates

* Infiltration with liquidl
Si at high temperaturg
» Coating with CVD SiC
and figuring/polishing

oy
¥ ; 3 ey 1 \
1 » £ gL
7 <Y S ) N "
: R . N e T
5 ! £ "' 2. ¥ "
Y A\ o o h gl o
P Al R L7 AR e/ ¢
i ¥ = -
. b ~f.‘-$. | I & ) ’ N
A - & o (i) ¢ &%
G TR 3 N e
W | £ y o 5 \

Fig. 2 REM microphotograph of the greenbody
chopped C/C fiber material

» Novel SiC-based ceramic composite
materials have been developed for space
optical substrates and structures

» Materials are lightweight, with high
stiffness, high conductivity and low CTE

» Feasibility of achieving figure/finish
quality to EUVL collector specifications
would have to be verified

M. R. Kroedel, “Cesic®-Engineering material for optics and structures” Proc. SPIE 5868, 58680A (2005).
M. R. Kroedel and T. Ozaki, “HB-Cesic Composite for Space Optics and Structures”, Proc. SPIE 6666, 66660E (2007).
M. Strahan et al, “Novel technologies for large deformable mirrors”, Proc. SPIE 7736, 773664 (2010).
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EUVL collector optics have more relaxed figure and MSFR ‘ ! ! i
specs compared to projection optics and can be fabricated
using low-cost techniques

» Aspherical mirrors made by conventional figuring / finishing are
very expensive

* Diamond-turned (metal) or ground (ceramic) mirrors are much
cheaper and meet EUVL collector figure specs but have insufficient
high-spatial frequency roughness (HSFR)

Proposed solution:

 Fabricate diamond-turned metal (e.g. Al, Cu) or ground ceramic
(e.g. SIC) mirrors

* Reduce HSFR with smoothing film

 Follow with appropriate coating (single-layer or multilayer) for EUV
reflectance

J. A. Folta, C. Montcalm, J. S. Taylor, E. A. Spiller, “Low-cost method for producing extreme ultraviolet
lithography optics”, U.S. Patent No. 6,634,760.

Regina Soufli, 06/16/11 regina.soufli@linl.gov



Polyimide-smoothing of diamond-turned Al EUVL collector
substrates dramatically improves HSFR while maintaining figure

within specs

R. Soufli, E. Spiller, M. A. Schmidt, J. C. Robinson, S. L. Baker, S. Ratti,
M. A. Johnson, E. M. Gullikson, Opt. Eng. 43(12), 3089-3095 (2004).
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Acknowledgement: TOPO software by D. L. Windt regina.soufli@linl.gov
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Diamond-turned, polyimide-smoothed EUVL condenser |!\.
optics developed at LLNL

C1 collector optic for the ETS llluminator optics for SNL microstepper
\

» HSFR is reduced from ~3 nm to ~0.3 nm,
and 64.3 % reflectance is achieved at 13.35
nm and 8 deg off-normal, after Mo/Si
multilayer coating

» No accelerated degradation or outgassing
were observed, when exposed to 11.5M shots
of EUVL laser-plasma source environment
(Xe liquid jet source at SNL)

Regina Soufli, 06/16/11 regina.soufli@linl.gov



Smoothing of diamond-turned Cu and Al condenser optics with
spin-on-glass resist was also demonstrated at CXRO/LBNL

Before
- - After
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» HSFR is reduced from ~3.3 - 3.7 nm to
~0.4 -0.6 nm, and 64-65 % reflectance is
achieved at 13.50 nm and 28 deg off-normal,
after Mo/Si multilayer coating

» Mo/Si-coated, smoothed optics are used as
illuminator mirrors for MET beamline at LBNL

)

CXR®

THE CENTER FOR X-RAY OPTICS

F. Salmassi, P. P. Naulleau, and E. M. Gullikson, “Spin-on-glass coatings for the generation of superpolished substrates for
use in the extreme-ultraviolet region”, Appl.Opt. 45, 2404-2408 (2006).

Regina Soufli, 06/16/11
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Perspectives on 6.x nm lithography

>

>

Y VYV

Regina Soufli, 06/16/11

A PO system with near-zero as-designed wavefront error will be
required

Phase change through multilayer stack vs. angle of incidence is
expected to be more severe at 6.x nm than 13 nm, therefore:

¢ Differences between actinic and non-actinic inspection will be larger
¢ Actinic qualification of PO boxes may be required

Flare requirements lead to MSFR specifications beyond the state-of-the-
art in polishing technologies

Reflectance and bandwidth of 6.x nm multilayers will need to be greatly
improved. Recently determined, experimental optical constants for B and
B,C are available to model the performance of B- and B,C-based
multilayers. See next 2 slides and also presentations by V. Banine, E.
Louis and Y. Platonov

Source, resist - see also presentation by V. Banine

Extensive and coordinated synergy between industry, universities and
research institutes would be required to successfully address the above
iIssues

¢

regina.soufli@linl.gov



Photoabsorption measurements yield updated values for the .
EUV/x-ray refractive index of B,C films, including NEXAFS

Accurate values of the refractive index (optical constants)
enable accurate modeling of multilayer performance

n(A)=1-5(1)+ik(4)

Energy region of interest for 6.x nm,

k (ﬂ) = lal 4r B,C-based multilayers
: 5
002 [ 0.50
[ calculated from mﬁisuremeut
| (.40 — — - atomic data tables
0.01
~ 0.30 0.03[
E 0.005 b 0.02 Boron
‘; | 0.20 . K edge
) 0,01
0 f
0.002 —— measured " 0.10
= — - atomic data tables™ -0.01
al 104 200 300 400
0,001 0
200 300 400 S00 p|11] 404 600
Photon Energy (eV) Photon Energy (eV)

R. Soufli, A. L. Aquila, F. Salmassi, M. Fernandez-Perea, E. M. Gullikson, “Optical constants of magnetron sputtered
boron carbide thin films from photoabsorption data in the range 30 to 770 eV”, Appl. Opt. 47, 4633-4639 (2008).

Regina Soufli, 06/16/11 regina.soufli@linl.gov



We have also determined experimentally the Boron

optical constants

n(A)=1-5(1)+ik(4)
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M. Fernandez-Perea, J. |. Larruquert, J. A. Aznarez, J. A. Mendez, M. Vida-Dasilva, E. Gullikson, A. Aquila, R.
Soufli, and J. L. G. Fierro, “Optical constants of electron-beam evaporated boron films in the 6.8-900 eV
photon energy range”, J. Opt. Soc. Am. A, 24(12), 3800-3807 (2007).

Regina Soufli, 06/16/11
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B
Summary and conclusions LL%

» One of EUVL’s most significant technology accomplishments
has been the fabrication and metrology of the world’s most
accurate normal-incidence optics

» Needs for higher throughput, lower flare and the ever
Increasing size and complexity of projection optical surfaces in
advanced EUVL systems continues to push the limits of
fabrication and metrology to picometer (pm) levels

» QOvercoming manufacturing challenges may enable ULE to be
used for EUVL projection optics substrates and achieve pm-
level figure and roughness

» EUVL collector substrate technologies could benefit from
recent advances in polishing/metrology/mounting of Si, SIC
and other ceramic materials for FEL and space optics

Regina Soufli, 06/16/11 regina.soufli@linl.gov
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