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Group: Thin film technology

XRR Multilayer preparation: _;.Q*“‘ %,
Magnetron-Sputtering - § % z
o W - q_

T’

Inst. of Physics
Academ)&of ciences
rag

(Sessv

sample detector

Soft X-ray beamline

. PB

AFM
Profilometry "
(AKF)
= TEM
(Uni Kiel)
- Data tupe Height £ = N
Carbon Coating on Silicon Substrate o 2";:;“ ::-;:m)““ s %0 La/C

- Research in the field of X-ray optics for different wavelengths

- Large number of experimental methods

- Characterization of thin films: single layer mirrors and multilayer mirrors

- Previous focus: mirrors for lab equipment => 2002: foundation of a company: Incoatec

- Now: development of new X-ray optics, for instance large FEL optics ﬁ HELMHOLTZ
| ASSOCIATION
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History of the

“GKSS carbon coatings”

ﬁ HELMHOLTZ
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Free-Electron-Laser (FLASH)

Magnetron sputtering system

Electron source U I I V -
and accelerator

chamber Shutter

Electron trap

Jowen  SAMple
holder

Experiment

Tasks of the Mirrors:

source 1

source 2

-Beam Guidance
-Beam Alignment
-Monochromatisation

working pressure: 0.1 - 0.5 Pa

Ar gas (purity: 99.9999%)

Development of Mirrors for the “Light of the Future* successful
Contract with Incoatec: collaboration in the field of nanostructures

Page 6
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VUV-reflectometer G1, HASYLAB

1.0

low energy range of 50-200eV (FLASH)

=> elements with a low atomic number 0.8

>
. 1 N
Carbon: absorption edge C, 284 eV = 06 2° grazing incidence angle
z O
8 n
Measurement: 40 nm C-coating % 04 L amorphous carbon layer
) . m 02 [ - - IMD simulation
IMD Simulation: T r C-K
carbon layer, density of diamond, zero roughness 0.0 -
. 1 1 1 1 1 ]

( IMD -Software for modeling the optical '
properties of multilayer films, 50 100
Windt, Computers in Physics, 12 (4) 1998)

150 200 250

Photon Energy (eV)
Between 50 - 250 eV at 2°:  R(E) >95 % (Jacobi et al. SPIE Proc.
4700, 2001)

—>»  Reflectivity is near the reachable theoretical reflectivity of 96.5%
—>» Differences in the region of the absorption edge

ﬁ HELMHOLTZ
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Before deposition:
= 0.3 nm
in the close to
typical of pure, centre: | edge:
well-polished
silicon
area:
1um x 1pym
(Felten, TU HH) -
0 1.00 M . . i} . 1.00 UM
ga:':n;gpe SI:ISEB::' NOISG |eve|. O.QA gi::n;:‘?? 5!“3692:
Position RMS roughness (A)
5 cm: Left edge 4.16 3.97 4.10
25 cm: In the centre < 3.73 > 3.71 3.86
45 cm: Right edge 3.62 (312 ) 4.28
After deposition: -mean rms roughness = 0.4 nm
- no difference in roughness over the whole length of the mirror
===p  precise deposition process for large X-ray optics

M. Stérmer, D. HauRBler, W. Jager, R. Bormann,

Large X-ray Optics: Fabrication and Characterization of Single and Multilayer Mirrors,

2007 Sino-German High Level Expert Symposium on X-ray Optics,

Onti - . . ﬁHELMHOLTZ
ptics and Precision Engineering 15(12) (2007) 1869-1877. ISSN 1004-924X. | ASSOCIATION
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Cylindrical and toroidal substrates

GKSS

FORSCHUNGSZENTRUM
in der HELMHOLTZ GEMEINSCHAFT

shaped surfaces:
radius of curvature

some tens of meters

250 mm long
close to its centre:

Optical profilometry:
area: 514um * 520pum

A. Liard-Cloup
(Jobin-Yvon)

Before deposition:

toroidal silicon substrate |

Arear 514.0x520.0um

Smonth Phase

After deposition:

Arear 514.0x520.0 um

amooth Phase

Sg 2858 i Format: 400100 -8.6A S 25074 Format. 400z400
Sa 2302 4 Hitachi KPM1U 2/3" Sa 2338 4 Hitachi KFMIU 2/3"
St 25474 1¥ Body St 099 & 1% Body
FROIECTIF 1X PROJECTIF 1X
FPomts: 160000 550-25 nm Pomts: 160000 550-25 nm
QUARTIC 10X QUARTIC 10x%
Length Shape Observed area Mlcro-rough'nfzss Mlcro-rougl}l_less
before deposition after deposition
300 mm cylindrical centre ﬂ 8 N 27A
300 mm cylindrical edge / 23A \ / 2.7A \
250 mm toroidal centre \ 29A / \ 29A /
250 mm toroidal edge .37/ N

m==p Micro-roughness varied from 0.2- 0.4 nm (tolerance: 0.04 nm)
===p [t remained more or less unchanged

(SPIE Proc. 5533,
2004)

ﬁ HELMHOLTZ
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Thermal Stability |
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schafit
XRR: Cu-K, (8048 V)
[ < 1000
= ex-situ annealing RT - 1200°C
E 1} for 80 min (30 min constant)
E 44 ! | | I I 1 |
g E | ‘
B . ‘i’ 42 - aug" * " @ 1
[ = 1200°C 3 @ 7
: : : 2 a0l . 5
0.00 0.05 0.10 s | ®
q/4n = 1/ sin® (nm") § 38 L . -
3 1@ . EEnm
36 i | | 1 I | i 1 L |
. . 0 200 400 600 800 1000 1200
Up to 400°C: film remains constant , .
. . . . Annealing Temperature ( C)
400 - 750°C: increase in film thickness (10-14%)
Above 750°C: constant thlckn-ess (Jacobi et al. SPIE Proc. 4782,
At 1200°C: layer structure is destroyed p. 113, 2002)
Mirrors are cooled in the FEL
—>» Good thermal stability under application conditions B weLwnoirz
| ASSOCIATION
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Z20.0 um
Height
100.0 nm

Silicon-Substrate C-Film on Silicon C-Film on Silicon C-Film on Silicon
(RT) (RT) (1000°C) (1200°C)

R =0.2340.04 nm 0.244+0.02 nm 0.43+0.18 nm 5.66 £0.73 nm

q,rms

* Roughness unchanged after film deposition

* Roughness increases during heating

e After 1000°C: surface roughness is still smaller than 0.5 nm —>» R(E)=87%
e After 1200°C: holes in the film —> layer structure destroyed

ﬁ HELMHOLTZ
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schaff Radiation Stability

FELIS: Free-Electron-Laser-Interaction with Solids
(R. Sobierajski, J. Krzywinski, HASYLAB)

wavelength: 98 nm (E=12.7 eV)

Pulse length: 100 fs

Pulse energy: 40 uJ

Vuv
laser beam

CCD Camera

damage threshold: 0.06 J/cm?

Photocurrent

Evaporation cell

(B. Steeg et al.
APL 84,
2002, 657)

irradiated
perpendicular

(L.Juha et al. SPIE Proc. 5917, 59170F, 2005
L. Juha et al. SPIE Proc. 6586 65860D, 2007)

Mirrors: stable under FLASH radiation:
1. incidence angle: 2° => jrradiation under grazing incidence!
2. photon energy: 200 eV => absorption is by two orders of magnitude lower!

@' HELMHOLTZ
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wissen 510mm plane mirror for

schaf’t
ﬁﬁ{i};a: FEL-beamline at FLASH / DESY FORSCH &!Y(Emsms

in der HELMHOLTZ GEMEINSCHAFT

slope [arcsec]

Measurement result for center line:

Residual slope - uncoated: 0.33 pyrad rms
- coated: 0.33 pyrad rms

Radius - uncoated: > 450 km

- coated: > 800 km

Excellent stability of shape !!

0,3
—— uncoated
0,2
—— coated
0,1 —leference 0.015 arcsec rm } i' j '
0.0 J i Lt AL M .|| h .| n‘ A‘Jll ' o O\ 1 EL i SNTAA
y W‘Tr 1l] ,. A WY N AT yww,qw'w ] o ” Mk'\
L qT‘ '\ ‘ {‘l'\." Y ' .; \ )‘Iv';
0,1 y ]y ¥ ¢ W/
( '
02 Slope profile at center line — meridional
0,3
0 100 200 300 400 500
] x-position [mm)]
- Slewert ¢
#” HELMHOLTZ
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schafft 510mm plane mirror at FLASH
nutzen after 3 month in use

M ss

FORSCHUNGSZENTRUM
in der HELMHOLTZ GEMEINSCHAFT

Magnification: 20x

Micromap measurements:
On Silicon:

Sq = 0.20 nm rms (20x)
0,28 nm rms (50x)

At C-Coating: |
Sq = 0.19-0.25 nm rms (20x) S TR
PR e e

0.18-0.27 nm rms (50x) Loy 5

o
2, PN = 1 .
*#‘;'21'5 i .

X .
ey sl

oy
o
raf
T |
- L

¢ Sl d Bt e B 1...-.. o g"\:;_
No significant damage is L3V A :-f’f-;_,_,ﬁ 1

found "

F. Siewert -f/;'HELMHOLTZ
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Single Layer Mirrors and Multilayer Mirrors

+

Deposition length of 1500mm

ﬁ HELMHOLTZ

| ASSOCIATION
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schaft Why is a deposition length of GKSS
nutzen 1.5m needed? FORSCHUNGSZENTRGY

1. X-FEL:

total reflection of a single layer => at 12.4 keV radiation
critical angle of C and W: 6, = 2.4 and 6.3 mrad

=> incidence angle = 0.05°

beam width

a=1mm
L. T oy e
beam ? ! . v

3 FEL and 2 beamlines for spontaneous synchrotron radiation with ﬁ HELMHOLTZ
10 independent experimental stations | ASSOCIATION
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s/t Parallel deposition => 2 identical mirrors M GKSS

in der HELMHOLTZ GEMEINSCHAFT

2. 3rd generation synchrotron sources:

e Bragg reflection of the multilayer => two multilayers with the same properties!
2 Double-Multilayer-Monochromator (DMM)

constant parallel off-set

IBL @ PETRAIII

lock room Layout
temperature

Imaging Beamline

(Astrid Haibel)
Optics Hutch :
- double crystal monog wromatpr

* double multilayer monoechromator

control o 2"d Experimental Hutch /
> N

\ cabins S A Micro Tomography (< 1um)
; " » - absorption tomography

1st Experimental Hutch / g *» phase contrast / holo tomography
Nano Tomography (<100 nm). :
- tomographic microscopy with CRLs' -~

+ cone beam tomography with NFLs v . @-’ HELMHOLTZ
e e | ASSOCIATION
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New Sputtering System

A GKSS

in der HELMHOLTZ GEMEINSCHAFT

Challenge:
Enlargement of the deposition length
to manufacture
* Single layers and
Mirror length of 1.5 meters !
 Multilayers:
Simultaneous deposition of mirror pairs
to achieve the same properties

1. pre-treatment

3. deposition//\

chamber -

2. loading
chamber ~ NiSPSEET for sputtering

Cryo pump
=

o " turbomolecular

M. Stérmer, C. Horstmann, D. Haussler, E. Spiecker, F. Siewert, F. Scholze, F. Hertlein, W. Jager, R. Bormann,

Single-layer and multilayer mirrors for current and next-generation light sources,
Proc. SPIE 7077 (2008) 707705.
http://dx.doi.org/10.1117/12.798895

Page 18
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schaff 1. Single layer Mirrors: a-C coatings (S
100
Garbon Coating * XRR measurements with Cu radiation (lab)

1500mm deposition length

x10-1

* investigations in tangential direction
« thickness oscillations
» fringe orders at the same angles

10-2f

10—4_
2
2 IMD simulations:
(&)
% film thickness: 44nm,
& 10 film roughness: 0.5nm,

film density: 2.2 g/cm3.

10—8-

High precision of the coating process
over a deposition length of 1.5m

-10 . . L L
10 0.0 0.5 1.0 1.5 2.0

Incidence Angle/deg

ﬁ HELMHOLTZ

| ASSOCIATION
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GKSS

e carbon coating

Substrate Position / mm

Variation in film thickness:
PV=10nm and o©

S_c_]‘l_af‘_t [ ] ] ] ]
nutzen Varlatlon In Iayer thICkness FORSCHUNGSZENTRUM
47
sagittal
27 positions at N

46! intervalls of about 50 mm
£
_E 46
(7]
g 45; . "
x * L ] [ ] . [ ] E
.g —————— Lt - e ———— —— — — ; »
: '_. L ] L ] L ] L ] L ] L ] .
l_ 44 } * . 42
E
™

43 mean thickness: 44.2nm

1000
X/ mm
42 ' 500 1000 1500 >

tangential

thickness difference o
over a width of 80 mm

Good uniformity in thickness over the whole optical area of the mirror!

ﬁ HELMHOLTZ

| ASSOCIATION
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Energy-dependent reflectivity

BESSY II:

PTB soft x-ray radiometry beamline
photon energy range: 35-400eV
various incidence angles: 3°, 5° and 7°

Reflectance

Comparison of two carbon coatings:
- former and new sputtering systems

No difference!

0.020 100 150 200 250 300 350 400
Energy | eV (F. Scholze, PTB)

50-200eV
50-200eV
E > 162eV

The development of this enlarged system is
a success for single layer mirrors !

@' HELMHOLTZ
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Micro-Roughness Measurements

GKSS

FORSCHUNGSZENTRUM
in der HELMHOLTZ GEMEINSCHAFT

Si-Substrate

RS <1821 mm

2008-04-02  16:05 RCa:  -24500 mm
Op: cenler RCh: 9452 mm
Arcar S0 x 9408 u Sde 0551 mR

T, ¥ SEe 0,662 nm

RMS-
roughness:

A1.662 nm

0.221 nm

A8 480

Sa 0,175 nm 112-CCD

St 2,305 nm 10X Body
No Relay

Points; 2300 520 nm Phase

QUARTIC s0X

Interference microscopy

measuring area: 94pum x 94um

45nm amorphous C coating on Si substrate

SEE2_2MMD

C-coating, §3%2

2080318 11:47
.

Area: 9408 x 94.08 um

former and new sputtering system

TOOT_300_2 MMD

5 0,143 nm
Se 16.82 nm

Points: 230400
QUARTIC

RS: <1600 mm Sample TOOT-300 RS: <1190 mm
RCa: -4534 mm 2008-04-02  15:30 RCa: 22810 mm
RCh: 97006 mm Op:  center RCh:  -579.8 mm
Sde 0457 mR Arca: 9408 x 9408 um Sdx 0467 mR
R — T

43dh 430 § 0,193 nm
5 0,152 nm

12" CCD £ 112" CCD
10X Body St 2163nm 10X Body
No Relay Mo Relay

520 nin Phase Poims: 230400 520 nm Phase
50X QUARTIC 50X

(F. Siewert, BESSY)

* RMS roughness: 0.2nm before and after the deposition
« Magnetron sputtering replicates the substrate roughness

ﬁ HELMHOLTZ
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%ﬁ{f- Rougher Si-Substrates

GKSS

FORSCHUNGSZENTRUM
in der HELMHOLTZ GEMEINSCHAFT

Before deposition: After carbon deposition:

T0R_s60_T.MMD

7 Sample TOOS-660 RS:  73L0mm
RS: 3470 mm
NE0402 16 N .
20080402 16:11 RCx: -612.5 mm 6:&1”;;. 1641 ::f:. ‘2;1:::::
Op:  center RCh:  590.9 mm o cde 0533
Arca: 9408 x 9408 um 8. 8 mi Area: 9408 x 9408 um Sda 0533 mR

1.254 nm

1377 nm

< e 1,383 ni
-1.267 nm

. g Sq: 1460 nm AR 480

Sq: 0420 nm 48480 Sa: 01364 nm 172" CCD

Sa 033 am 127 CCD St 3786 0X Body

Si 5,699 nm 1LOX Body ® s :in):tf:.:h
Nokaliy Points: 230400 520 nm Phase

Points: 230400 520 nm Phase QUARTIC 0%

QUARTIC 50X

substrate roughness: carbon film roughness:
0.4 nm 0.35-0.46 nm

The micro-roughness remains the same over the whole deposition length of 1.5m.

ﬁ HELMHOLTZ

| ASSOCIATION
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First Application: Single layer mirrors

GKSS

FORSCI sSZENTRUM
in der HHMHOIH(I-MHI\.SCHN-[

Two flat substrates:
1. 630mm Quartz
2. 460mm Zerodur

i 5
I’ 1. Before deposmon

Page 24

After deposition:
Both substrates are coated with a
45nm thick, amorphous carbon layer

ey
2. After deposmon

'/ ;'fi‘-
f

(F. Hertlein, Incoatec)

/f' HELMHOLTZ
|h550CIATI(JN
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schafh 2. Multilayer mirrors

0 T T
L x100 A

X10'1 R . n | 20 X MOIB4C
"y i |\ _ | 60 x Mo/B4C

-— /
x10-2) '\, W ALY

-
B
L]

Mo/B,C: 10keV

‘l, 3 .-'u_ |
RN ‘-ul” ". substrate length of 300mm
1074 |— TV A A LR e ) . . . .
3 [0y Al ""'-:“‘ Wiy 20 Pairs: 18 Kiessig fringes
- Aannf W ' .
Z ALY | dominant Bragg-Peaks:
© 106 A \
o WA | ’}}
% .i't.a h ‘ .
o W, ‘ o o ,
10L IMD simulations: ™ R > 50% (theor. 60%) 20 pairs

d =4.5nm

mean

R > 70% (theor. 85%) 60 pairs

-10L —

0.0 | 1.0 ' 2.0 ' 3.0
Incidence Angle / deg

Percentage variation of the d-spacing over the whole mirror length: = 3%
This demonstrates => (Good uniformity of the multilayer

=> High precision

=> Excellent run-to-run stability

Deposition length of 1500 mm => coat two mirrors simultaneously (with identical properties!)
ﬁHELMHOLTZ
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nutzen

FORSCHUNGSZENTRUM
in der HELMHOLTZ GEMEINSCHAFT

Comparison of two multilayers:
high-Z material Mo is dark (HRTEM image)
In agreement with XRR measurements

Inner structure
- both layers are amorphous
(absence of crystalline Bragg spots)

Interfaces
- intermetallic phases: no evidence!
- smooth and abrupt

e S L B

(D. HauRler, CAU Kiel) # weLmmoLrz

| ASSOCIATION
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Wbt X-Ray Reflectivity measurements (XRR) GKSS
IMRZEN of a Multilayer Mirror

100

Former sputtering system (< 550mm)

wisi « at Cu-radiation (8048eV)

102} 100 pairs

* 100 pairs W/Si

* deposition length: ca. 380mm

o
L

Reflectivity

* 3 Bragg-Peaks

* Second order suppressed => dyy = dg;

1o Refsim simulations
reflectivity: R = 66%
d-spacing d = 3A
I'=0.5

365 mm

10—8_

M. Stérmer, D. HauBler, W. Jager, R. Bormann,

ﬁ Large X-ray Optics: Fabrication and Characterization of Single and Multilayer Mirrors,
2007 Sino-German High Level Expert Symposium on X-ray Optics,

Optics and Precision Engineering 15(12) (2007) 1869-1877. ISSN 1004-924X.

0 ' 2
Incidence Angle (deg)

=== Uniformity of the multilayer coating: d-spacing and reflectivity
== Precision of the multilayer process over a length of 400 mm # newmnovrs

I ASSOCIATION
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bt TEM measurements of W/Si

GKSS

in der HELMHOLTZ GEMEINSCHAFT

1111

(University Kiel)

multilayer mirror
100 pairs

dark layer: metal
bright layer: non-metal

native Si-oxide layer (1-2nm)

===p perfect growth of the stack: low layer roughness
=== Si-on-W interfaces look sharper than the W-on-Si
===p no formation of a compound at the interface

Page 28
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schafit - AFM measurement of a multilayer mirror GKSS
iizes e

W/Si multilayer mirror

surface roughness measurements
at 6 positions on the whole mirror

before deposition:
RMS roughness: 0.2 - 0.3 nm

after deposition:

o0 =0.18 nm RMS

RMS roughness: 0.2 - 0.4 nm

scan area: | ym x 1 ym

Replication of the substrate roughness: o < 0.3 nm

ﬁ HELMHOLTZ

| ASSOCIATION
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schaf Second application: Tomography

Large X-ray multilayer mirror after deposition at GKSS sputtering system

typical multilayer mirror

dimensions 160 x 55 x 40 mm3

plane geometry

upper area: W/Si, 100 pairs

lower area: Ru/C, 100 pairs

(In collaboration with Incoatec GmbH)

Synchrotron beamline: monochromatic or white beam

@' HELMHOLTZ
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Conclusions

* Single layers and multilayers

* Build up a new sputtering system:
* Deposition over a length of 1500 mm => XFEL
* Preparation of pairs simultaneously = => |IBL: DMM

 Properties of the mirrors:
* high uniformity in thickness: 3%
* film roughness of about 0.3 nm
Magnetron sputtering replicates the substrate roughness!

* high reflectivity: >88% at 3° and 50-200 eV (C single layers)
>70% at1®° and 8 keV  (Mo/B,C multilayers)
* good layer quality of the stack:
layers: amorphous
interfaces: abrupt and smooth

intermetallic phases: no evidence
JI'/F'HELMHGLTZ

| ASSQCIATION
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* D. HauBler, E. Spieker, W. Jager (CAU University of Kiel)

» S. Jacobi, V. Kustner, H. Hagen, C. Horstmann, and R. Bormann (GKSS)
* B. Steeg, J. Feldhaus (HASYLAB)

* F. Hertlein, J. Wiesmann and C. Michaelsen (Incoatec GmbH)

* F. Felten (TU-Hamburg)

* A. Liard-Cloup (Jobin-Yvon SAS)

* R. Mitzner, F. Siewert (BESSY)

* F. Scholze (PTB)

* L. Juha (Laser Plasma Department, Prague)

@' HELMHOLTZ

I ASSOCIATION

Page 32



W GKSS

in der HELMHOLTZ GEMEINSCHAFT

schaft

Thank you very much for your attention!

e-mail: michael.stoermer@gkss.de

@' HELMHOLTZ
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