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SEGIGITIEE - EUV & X-ray Science (XUV)
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Background B EUV & X-ray Science

Imaging Spectroscopy Attosecond Science
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High energy/strong field observation = Nanometer Manufacture




SECIGILEEN - EUV & X-ray reflective optics

Short wavelength technology require advanced reflective optics

EUVL scanner

A 13.5 nm field facet mirror reticle (mask)
NA 033 ~—
Field 26 x 33 mm?
Mag. 4x
Res 18/16/13 nm
. llu flexible
EUV optical
system
plasma

10~11 mirrors

collector — design scheme

Carl Zeiss SMT GmbH, Winfried Kaiser EUVL Symposium 2015 Maastricht October 7™ 2015




m> Reflection of short wavelength light ¢
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m> Reflection of short wavelength light

n=1- 6-ik
5 >0, kisnon-negligible

Diffracted 0.7 '
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> Reflection of short wavelength light

EUV lithography enablers land German Future Prize

26 Nov 2020

Zeiss, Trumpf, and Fraunhofer developers recognized for key elements that make up
ASML’s game-changing systems.

Three of the pioneers
behind the development
of photonics technology
that has made extreme
ultraviolet (EUV)
lithography possible have
won the Deutscher
Zukunftspreis (German
Future Prize) for 2020.

w 4

Peter Kirz from Zeiss,
Trumpf’'s Michael
Kosters, and Sergiy Yulin
from the Fraunhofer
Institute for Applied
Optics and Precision
Engineering (IOF)
received the award from
Germany’s federal ’ . .
presidenyt Erank-Walter EUV Source, Reflective optics system, Coatings

Steinmeier at a ceremony in Berlin on November 25.

Team players: Yulin, Kiirz, and Kosters




1 Design of XUV multilayers

2 Interface engineering of nanolayers

3 Stability of nanoscale ML

4 Deposition of large size mirrors

5 Micro/Nano structured ML




Materials Selection 10
n=1- 6-ik
High z — absorber, low z - spacer

v Large difference in 6
v Small absorption, especially for spacer

v" Sharp interface between two materials

v’ Stability over time
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(2011)
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Layer structure
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Thickness ratio T =

Number of bilayers N

SOFT X-RAYS AND
EXTREME ULTRAVIOLET
RADIATION

Principles and Applications

Sorr X-Ray Oprics

Eberhard Spiller

DAVID ATTWOOD




Aperiodic multilayer

Broadband multilayer

Yakshin et al, Opt. Express, 18, 6957 (2010)

Periodic Aperiodic
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> Aperiodic multilayer

Aperiodic Mo/Si mirror for EUVL Aperiodic Mo/Y polarizer @8.5-10.1nm
1.00
0.98
- 0.96

> ]

E 0.94

= o A —=—8.5-10.1nm 0=46°

F o B —o—9.1-11.7nm 0=45°

ShAE ‘ C —v—9.1nm 0=46°
0.10 | 3
0.05 2900000909009 :
0.00 =
8.0 8.5 9.0 95 100 105 11.0 115 12.0 125
Incidence angle, degrees Wavelength(nm)

Yakshin et al, Opt. Express, 18, 6957 (2010) Wang et al, Appl. Phys. Lett. 89, 241120 (2006)
Experimental concern: 20 oy . \“ :
Smooth variation of layer thickness = Mo 2P

. . . rre 5 YYYYYYVYYYYYYYYYY B AAAAS
- reduce fabrication difficulty 7 S/
' 10 20 30 40 50

Bi-layer number

Yakshin et al, Opt. Express, 18, 6957 (2010)
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> Interface is Imperfect 15

Short wavelength -> d,; e=1~10nm

|deal Real

diffusion
reaction

i I7nm

Multilayer

Substrate

Interface imperfections significantly affect performance!

Understand the growth - Create interfaces sharper &
behavior of atomic layers smoother

Interface engineering




-> Typical fabrication techniques

E-beam Evaporation Magnetron Sputtering lon Beam Sputtering Surface Treatment

Thermal energy Middle energy High energy
particles particles particles Surface
E<10eV "E>10eV % qg %

R ;6‘ ‘ ;$‘ ‘ | Art, Krt

; ‘ ‘ of parucles
E~1oo-1ooo eV E~1 00-1000 eV Low energy ion

; ‘ ‘ plasma y bombardment
- R ’ TS

Louis et al. Progress in Surface Science 86, 255 (2011)

Different kinetic energy of deposited atoms will affect the
interface roughness/diffusion

16



no interface  a) interface

engineering  barrier layer
GOVLLLWP
[ petteatstun
00000000

S
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Barrier layer
like B,C, C ...
to suppress
interdiffusion

b) immiscible

materials

Composing
materials
have high
enthalpy of
formation

Interface Engineering

W N ﬂ | ‘ p(Z) .i

C) reactive
Sputtering
el e

Mixture gas of
Ar + N,/air...
to passivate
interfaces

17

D. Windt

Imd Software
Installation
Guide & User’s
Manual

d) lons
assistance

Low energy ions
reduce interface
roughness




Interface

>

Engineering

Barrier layer for Mo/Si

—v— C on Mo-on-Si

18

: ——SiC onlMoon-Si T -
[SIXMOX°sSisSi0, oS etk 70 3
Formation of h— = .
o/ ] —_ 14
. oo . 2\1 V§z§<-oa % é 50 | .l'l ;
asymmetric Mo-silicide £ =~ {ian ol oo
M o r u] 1 2 .f"‘—nm"":
at two interfaces | \\ 8 w| i a
= ()
E :\E 2 .’t :
[
o
o | N 10 ,."’
[Si/MoSi, (1.4 nm)/Mo/MoSi,(0.6nm)]**+Si o L~ . ‘ ‘ . ‘ . .
""""""""""""""""""""""""""""""""""""""""" 124 126 128 13 132 134 136 138 14
68 1 I I . Wavelength (nm)
0.0 0.2 0.4 0.6 0.8

Thickness of barrier, nm

Bajt et al. SPIE, 4506, 65 (2001)

0.4nm B,C Mo-on-Si
0.25nm B,C Si-on-Mo

Yulin et al, Microelectronic
Engineering 83, 692 (2006)

120
—~ 100 B B
0 S . T |-
o
NI I
Braun et al. SPIE, 4782 (2002) 3
E 20 { Mo '.W Mo LA |
gl = Si i = |
5 10 15 20 25 30
Depth (nm)

Nedelcu et al, Appl. Opt. 48(2), 155 (2009).



Interface

> Barrier layer for Mo/Si 19

—v— C on Mo-on-Si

Engineering

o —— SiC on Mo-on-Si
[SUXMO/X®+Si+Si0, s 70
Formation of * [t et N ol 7/
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e T~ h Wavelength (nm)

Thickness of barrier, nm

, , , Bajt et al. SPIE, 4506, 65 (2001)
Yulin et al, Microelectronic

Engineering 83, 692 (2006)
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- Mo/Si
1+ BsC/Mory(0.2nmy/si
60 P
% 3
< 74.0 MoSiz = 404
o any
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73.0 — I 20 o
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Bosgra et al. Appl. Opt. 51, 8541 (2012)




Interface :
Barrier layer for Cr/V 20

Engineering

Soft X-ray “water window ” imaging (A=2.2-4.4 nm)

100 - T T T 1 U T T 1 U T 1 T T U 1 U T U
Water 2 ."‘ ]
Mitochondrla S LA
£ O | Hydrated
= 4% . ; &
£ . - . .
gl iy © .| biological
= ~F . 3 LS
% - : <= Nucleolus p
g Typical protein: Sa m p I e
e Carbon 52.5% 7
Oxygen 22.5%
Nitrogen 16.5% | .
Hydrogen 7.0% '
il > sur 15% " | G. McDermott, et al, Trends
) 200 400 600 800 1000 H
Photon energy (eV) TRENDS in Cell Biology Ce” BIOI' 19(11)1 587 (2009)

D.T. Attwood, SXR and EUV radiation.

Focusing
optics

Cr/V ML collector

d=1.2~1.6 nm

|

Legall, et al, J. Phys. Conf. Ser. 463, 012013 (2013).

N>300




Interface ]
' Barrier layer for Cr/V

Engineering
Cr /V ML f.:_;*VVithouE_barriefrs :
d.,=d,=0.9 nm

y 1 ' 1 y T v T )
—o—Cr/V without B,C (a)
fitted

019
0.01

5=0.45nm-0.55nm (b)

e
1E-4 . . /Y V(110)
1E-5F .

“ With barriers:

0.1 —e—B,C/Cr/B,CV (0.1nm) (C) ,
L, 001 fited .

1E-3 0=0. nm-.31nm

1E-4

v . A
fe"* '-- .. » g d v
* I ! ...- . ... ‘a. v
Foe fhal e et Il Ans Y
1E 5 3 S A :
- f
= 3 1 1 Y almim

0.1nm B,C barrier suppress the
polycrystalline layer growth

Huang et al, Opt. Lett. 41(4), 701 (2016).




Interface

Engineering Barrier layer for Cr/V

sample 3B 1s

25000 -
- (b) sample 3V 2p 4000 4 " B
@ raw intensity 1 \ @ raw intensity
S background BelllH background
——fitting 1 fitting
15000 g 3°°°‘_
e 2 2500
()
& 10000 | £ 1
E 2000 -
5000 | 1500
o 1000 I ' x T ] T X T ¥ T L T ¥ 1
510 512 514 516 518 520 522 524 185 186 187 188 189 190 191
Binding Energy (eV) Binding Energy (eV)
Compound formation of VB, , VC suppress the crystallization and diffusion.
0.30 1
B4C/Cr/B4CN, D=1.8nm, N=300
0254 400 —o— (G42d meas.
] . G42d fit
0.20 - 4 —o— (G43d meas.
_ o) - | 94 G43d fit
Rs=24% @ A= 2.44nm ¢ —o— G45¢ meas.
) 2 0.15- > ¢ G45d fit
(Grazing 42deq) I
0.10 -
0.05 G45°

P. Li, Q. Huang et al. Vacuum 128, 85 (2016). 9007

2.40 244 ‘ 2.218 l 2.I52 ' 2.56 2.60 '
Huang et al, Opt. Lett. 41(4), 701 (2016). Wasssigl (Gl




dfor 6.8 nm

Engineering

Interface : . .
> Reactive sputtering with N, 23

Sputtering with noble gas (Ar)

l

Reactive sputtering with Ar+N,

/ \

Reduce compound formation  Suppress crystallization Stress relaxation
bukla M A 8% N, .-
0.0164 : AL ey R T T
“y - Ru/B,C(N) .
0.012- ZOZ:
0.008- § e o/
< 4001
0.0044 La/B 5 o
La/N/B 8001
L N ,IB -1000 4
°-°°°"51;|k"5""‘"‘"""""""""“‘Q(‘) w0l
& 7 & 9 10 11 12 o R .
z (nm .
(nm) Al/SiC
I.A. Makhotkin et al, Opt. Huang et al, Opt. Express,




Interface : . .
> Reactive sputtering with N,

Engineering

Pd/Y
ideal mirror - A=8.5-12nm

High R/low stress
D=5nm, N=80

Reflectance

Direct current magnetron sputtering

10° GIXR
. r\ (@) —e— Pd/Y pure Ar
i Wavelength (nm)
2402, 1
8. Dramatic interdiffusion
© 10_4? between Pd and Y
10‘5; Pd-Y compound: AH°=-94 kJ/mol
0

an0 Grazina incidence (dea)




Interface

. . Reactive sputtering with N 25
Engineering ’ P 9 2
Pd-Y: AH®°=-94 kJ/mol YN: -269 kJ/mol
10° 10°,
i {\ (a) —o— Pd/Y pure Ar A V\'E (b) —@— Pd/Y 4% N,
| by
Z10? = ¥ X
5 . - oy
o5 19 ; 5 10 P g
- 43 Mgt o 4 E ‘k
1973 Wilbe. ’ EVJ .
AR Lk ey 10° ' ,_}%#f;m e
5 5 @ & B b 1 2 3 4 5 6
Grazing incidence (deg) 10° Grazing incidence (deg)

1.’1 (c) ——PdIY6%N, Oy\; (d) —o—Pd/Y 8% N,
2> ! -2 H
= ? 10 1
s $ 8 10°
o) Ko
o o
10 %W
: (WALC LT w*’rm |||||':1:10-5V #’ 1 T8 110 |.ﬂ'f
0 1 2 6 0
Grazing incidence (deg) Grazmg incidence (deg)

Huang et al., Opt. Express, 23, 33018 (2015).




Interface

> Reactive sputtering with N,

Engineering

(55, 257

A DR e i e T
VG i o an i T TR

bt B Al o R

o R e e N R S & e

fﬂJiin,nW»«?%&%m;‘;&é‘?g}% i . ) ¥N(200)

Y (002)
Sng;

110 115 120 125 130 135 140
position(nm)

Huang et al, Opt. Express, 23, 33018 (2015).




Interface : : - 1P
> Sputtering with heavier ions

Engineering

2 4.002602 M . M M M
He = | Largerionization cross section > Lower sputtering pressure
Helium-
01785 245874
- -268.93 — —
o Pd/B,C, d=2.5nm, N=50~150
1§
0
10 204797 1 ' T T . :
1 (a) Ar=0.10 Pa —° Measured B = W T PO R R S STV
s, 10 i 1 ——Kr=010Pa  ——Ideal structure
Ne 107 Lol S09999957  _ar=0.133Pa 1
e . ‘ % 0999990 ]
-2::59 221’4566:85 10° £ 8o Femows Fhbe | B ]
(1) 69 10°} ' L 5 - £0.999985 - :
[He] 252 20° Aot Ar=0.133 Pa —* Measured 3 ]
e e 20999980 .
- ; ) ]
Ar * 133 ':%0.999975— \
Argon : - 1 1
T & 0.999970- |
1893 1858 | 10" Kr=0.10 Pa ::‘:".tetazured 1 ] Pd |
(V) 97 o 10-2 e 0.999965 T T T T T T T
INel 30523:16 10° 58 59 60 61 62_ _ 63 64 65 66
36 gaes| 107 e s 1lad, Depth position (nm)
1 5 ; 2 g R S A Sdmotewstorfin . : i
Kr 3| “o 1 2 3 4 5 16 1.7 18
Krypton Grazing incidence angle (deg) Grazing incidence
135;535 113593922 Materials A\ferage d-§pacing Averefge Interface
(v) 110 - Layer Thickness (nm) Drift (pm) Width (nm)
[AN] 3d" 4s” 4p°
0 Kr Pd 1.320
0.10 Pa B,C 1.247 » 0.30
. 1 A Pd 1.337
Larger interface width 4. b 1357 % 026
Lower optical contrast Ar Pd 1246 0 027
0.10 Pa B4C 1.460

H. Ni, Q. Huang, et al., Materials, 13, 4504 (2020)



Interface

Engineering > Reactive sputtering with N,

L} - L) v T T
- Ar0.133 Pa
3 ——Kr 0.10 Pa 3
2
4

R e el s B R i SRS D MRy = 10 3

R S RN AN B SR SE SN

SRR 35 4wy VT AT e ]
10™

R T e I s w4 - S RN W S

-

e
e

ul

NSRS A I TN D YN OB e

Lud

5 . , T T T T T
SR g iz e en mers R 0 e S R s 0015 -0.010 -0.005 0000 0005 0010 0.015
Spatial frequency (nm™')

e /1) it . -
L Le L TR 22 O A B s e L e O ol i bietn ] g b s Lt 104

0.8

 Increased crystallization -> larger T2 ol dam— ._
interface roughness 061 ar0.133 Pa ‘.
 Less incorporation of sputtering 3 gj o peasured !
atoms in ML - _-
0.2-: ]

 Difference in HXR reflectance is small 2; o e

'1._36 1.38 140 142 144 146 148 1.50
Grazing incidence angle (deg)

H. Ni, Q Huang, et al., Materials, 13, 4504 (2020)
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Working conditions

O Irradiation

O Surface contamination

O Thermal load
O Humidity

i o s

=

-> Stability of nanoscale ML

L2 00000

Structure
%! collapse

o0
e
..:. :
. @
® 00
o__

ML deterioration

O recrystallization

O Increased interdiffusion

O Compound formation
O Period expansion/contraction

O Decrease of reflectance




-> Thermal stability of Mo/Si

Laser-produced plasma

CO2 laser /
\ Plasma

Near-normal multilayer collector

o Sn droplets
°

1st collector mirror
> — high heat load

Increased compound, nanograins formation of MosSi; - MoSi, and
diffusion with temperature

as deposited start annealing annealed at 300°C annealed at 325°C

Si

Si Si

thin thin thin h - MoSi,
> thick > thick + > thick +
. _ a-MoSi, ~ a-MoSi,
Si Si Si h - MOSiz

Nedelcu et al., J. Appl. Phys. 103, 083549 (2008); Phys. Rev. B 76, 245404 (2007)




>

Laser-produced plasma

o Sn droplets

CO2 |laser

Plasma

Near-normal multilayer collector

Thermal stability of Mo/Si

1st collector mirror
> — high heat load

C diffusion barriers enhanced thermal stability of Mo/Si

. |mO—t=1h
. |—O0—1=10h
| =b—1=100h

60 | [SVCMO/CI®+Si |
0=15"

T=500°C T — —8— As-deposited

Reflectivity, %

1Si/C (0.8 nm)

Wavelength, nm

Mo/C (0.8 nm)/

As-deposited 500°C 100h
‘:g |

Yulin et al, Microelectronic Engineering 83, 692 (2006)

32




> Thermal stability of Ru/C 33

Fixed exit*’

Si(111) Optional : o s
H a rd X_ r‘ay Canted*" double mono- Multilayer KB focusing \;A—\_\‘S‘S.:L}S
undulator chromator monochromator mirror system*” ** AR

focus) with

monochromator for
synchrotron radiation
beamlines —

\ I beam monitor

Fie Ru/C ML, d=2.5nm, N=150

1 —— as-deposited
0.01 ——700 °C annealed fitted
I~
=300-700°C
i T /
. o/ . d d (o) Oo
oo R increased by 5~10% ; d expands 2%-10%
1E-4 20 - - T v T v T v T 0.30 f— T T T
1 Y
fitted 9 18 @) - ~ 025 ]
0.01 ——1500 °C annealed fitted ~ 16} 4 g ’
=4 = =
; ~ 14} i
1E-4 i : = § 0.20 4
1 Y hY | AR o 12} i =
—— as-deposited fitted 2 1ol ] 8-0 15 1
0.01 ——400 °C annealed fitted % g
~ 2 8F | S
1E4 ; ‘ o el < 0.10 .
‘1 et nmedBena] Z °f g
——as-deposited  ——fited| = 4 1 £oos ]
0.01 ——300 °C annealed fitted & 2 - ]
~ (a) 0 1 N 1 " 1 . 1 M 1 0.00 1 1 L L L
1E-4 300 400 500 600 700 300 400 500 600 700
o Temperature (°C
0 1 2 3 3 . 8 Temperature (°C) p (°O) c

Grazing Incidence Angle (deg)

L. Yang, Q. Huang et al, Coatings, accepted (2020)




> Thermal stability of Ru/C 34

Fixed exit*’

Si(l11) Optional : e L

H a rd X_ ray Canted*’ doul:le mono- M}:llll(i’ll::;'er KB focusing W A—\S“%\?\S

undulator chromator monochromator mirror system*” ** dg:l‘i;";:"li‘

monochromator for | | heam monio
synchrotron radiation

. (I
beamlines =

Reduced interdiffusion, improved optical contrast, and larger period,

As-deposited lead to the increased R

[——measured | a) | LIS R
100 k ﬁllc;u © 1 1(002), (a) | 1200 [~ measured

fitted
700 °C annealed

800 700 °C annealed

50
400
0 - 0
—— measured .
100 = fitted I sk . 1200 —_Efﬂzmed : | 1
50 500 °C annealed ; 800 }500 °C annealed 002) 1 | (101 ]
400 ; ]
= —— | —— e

—— measured 1 I
100 ——fitted
300 °C annealed

| —— measured
fitted

002
800 300 °C annealed (100)
400 | E
0 A L

—— measured

-
N
o
o

Intensity (Counts)
o

(41
o

Intensity (Counts)
(=]

Ll i
—— measured I ]

100 }——fiteed 1  100F e | ' ;
50 ESI';?E""';:: 8 ] 800 -a&derzosiled : _— : (002) i
g, 400 |- 9-20 Scan | é ; ]
[ E= : ' | 1 f " B 0
32 34 36 38 40 42 44 46 48 50 32 34 36 38 40 42 44 46 48 50
2Theta (deg) 2Theta (deg)

L. Yang, Q. Huang et al, Coatings, accepted (2020)




> Temporal stability of Mg/SiC

' I Channel name ‘ Primary ion(s) “ Region of atmosphere* “
white light continuum photosphere
1700A continuum temperature minimum, photosphere
: 304A" He Il chromosphere, transition region
Solar Dynamics Observatory 1600{\." C IV+cont. tra.nsition region + upper F).hotosphere
171A Fe IX quiet corona, upper transition region
| 193A" Fe XII, XXIV corona and hot flare plasma
l 211A™ Fe XIV active-region corona “
I 335A" Fe XVI active-region corona
| 94A™ Fe XVII flaring regions (partial readout possible)
I 131A" Fe VI, XX, XXIII} flaring regions (partial readout possible)|

Mg/SiC provides highest R @ A > 25nm (d=14nm~25nm)

Severe surface corrosion occurred
- reaction of Mg with humidity & reactive ions

Orbital Species .
Mg 2p MgO, Mg(OH),, Mg(CO); Soufli et al, Appl. Phys. Lett. 101,
01s OH’, Mg(OH), 043111 (2012)




-> Temporal stability of Mg/SiC 36

Surface capping layer — protecting ML against degradation

3 years storage in air

Intensity (a.u.)
[
2
=3

g
=

4000
—— 2days ﬂ Al-Mg layer
- — - 68 days
3000 -
Mg(002)
Al(111)

LAY

(d) 030

35 40
20 (deg)

45

(b) _ (c) Sparse Al, Mg

. <—Al-Mg crystallites
n Er<#MEES D Cus ) w Y
i W T
Sy W T U N T 7 i
T : : ’ : :
Y | i » :

Mg crystallites

Spontaneous intermixed AIMg amorphous
layer act as a dense capping layer against
permeability of humidity, oxygen...

Soufli et al, Appl. Phys. Lett. 101, 043111 (2012)




-> Irradiation stability of Cr/C

I c:r;i;asl:olrgrrrad TM1 ™2 I C r/C M L

o, S1(600 um)  S2 (4({ um) g— I
Synchrotron / Sample d=11.6nm
( NSRI—) radiation source l \ N=20

SG

White beam irradiation 0.TW/mm2, 18h, 4.0x104 Pa
:I C1s lae]

25nm C-based layer generated Cr/C ML remained intact
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J. Feng, Q. Huang, et al., Opt. Express, 27, 38493 (2019). Xposition(mm)
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-> Deposition methods for large mirror 39

Near normal Grazing Grazing
incidence incidence Incidence
(nested shell)
Local curvature -2 4"“‘“’“’”“‘“‘ANestedfanbololds
N /

Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter

O'Dell et al., SPIE, 7803 (2010).

Feigl et al., SPIE, 7077, 70771W, Sutter et al., Opt. Express, 27,
(2008) 16121 (2019)

Picometer control over
large area of hundreds
J Size — hundreds of mm - 1m

mm %

A




Near normal
incidence

h

> Planetary rotation deposition

Normalized thickness

—s— Original uniformity
—o— Uniformity after first improved
—+— Final uniformity
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Lamellar Multilayer grating

Substrate
Sliced Multilayer grating

S. Bajt etal, J. Opt. Soc. Am. A, 29, 216 (2012).

Nano-structured ML

43
Blazed Multilayer grating (BMG)
. b

A Out
.l

E——
—
e
e
I
e
I
o
I

S

X.Yang et al, J. Opt. Soc. Am. B, 32, 506 (2015).

EUV

ultiiayer ramids
ot N

Q. Huang et al, Opt. Express, 3, 19365 (2014).




s ]

Single-order diffraction model

0.35+

1 2 1 0
) 0.30- 1
0o 8, 0 6, . ]
' S X 0.25 -1 i +1
1 3 »
1 __A - 1
i _ﬂ_k»;;_#-- di_ﬂé- % 0.204 H n
Ly - \ 5 S 0154
i Lo =
Ad yd =% w :
i \ g 0.10-
AP e 2 0.05-
L Iz 054
Z Z 3 n 0.004

Single order condition

41 42 43 44 45 46 47 48
Grazing angle, degree

y=P1-Py-P3

p _ Sin(zjy) . 5 _2ySin6sing, .

sin[z'(n+ jDsina / d)]

rily+g9) % singy+sing,

Excite single diffraction order with maximum efficiency!
X. Yang, I. Kozhevnikov, Q. Huang, Z. Wang, J. Opt. Soc. Am. B, 32, 506 (2015)

zl'(n+ jDsina / d)




> Deep etched lamellar ML grating s

Single order Lamellar Multilayer Grating
- Reduced X-ray absorption
- Larger penetration depth

v Narrow band width, higher resolution

AE,\,c=T*AE,,

LN IR CEAR 048200

D=200nm D=60nm

104 + ML Reference
= LMG (D=1pm) X
8 - LMG (D=300nm) ¢ "
> B !
. = 6- ® & *
Multilayer = 2§
g =
H=1000nm 3 4 gﬁ% /
© FBE
(14
% *
2 i
Substrate 0 B N
X EMT= D76k Signal &= Iniers  Dote 3 Sep 2010 I ¥ . 515 520 5é5 530 5:'35 5210 54‘.5
WO= 2mm PhotoNo =BT Time 112328 -
Energy (eV)

R. Van der Meer, et al., AIP Advances 3, 012103 (2013)




> Deep etched lamellar ML grating 4

DLMG using low optical contrast materials
— easier fabrication / higher resolution

----- W/Si MM

d=2.5nm i
0.5 pee e MoSi,/Si MM
| - = ;
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0.3 e ‘ \\
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Huang et al., J. Phys. D: Appl. Phys. 52, 195303 (2019)
S



—> High efficiency tender X-ray grating 47

Monochromators for SR

Cyrstal grating
Energy range E>2keV E<2keV
E=1keV - 4keV ?

secondary source

VF - Vertically focusing and
steering cylindrical mirrors
(M3/M5)

WhiekbeasE - f N Low efficiency 10%~5%
, 7 7 j =k orizo_n a. y . . .

smo N A . Flux limited resolution!
undulator < and plane grating

monochromator

CF - Cylindrical focusing and
collimating mirror (M1)

1 mm @ beam |O8 STXM, DlamOnd

defining aperture




—> High efficiency tender X-ray grating

Single layer grating ML ML coated grating

-2nd :J'St Oth +
+1st

N

Single order — High efficiency

Resonant efficiency>40%

0.8 08-
E=2keV
Oth order VN
8 3 0.6+ -1st order
5 c
5 04 59
= <59%
Yoo
-1st order

874 876 87.8 880
Incidence angle (°)

0.0 : . .
88.0 88.5 89.0 89.5
Incidence angle (°)

i ué: 0.4 j/@dWidth
: 0.21 -
E 0.0

Q. Huang, Igor. Kozhevnikov, et al., Optics Express 28, 821 (2020)
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Voronov et al, Opt. Lett. 39, 3157 (2014).

<

-1st efficiency = 24% @ ~1.2keV

0.40+

01=85.8°

0.35

> High efficiency tender X-ray grating 4

symbols - experiment
curves - simulations

]
0.15 ®=80.0
e A 0=75.7
0.05 : 2
4 L
)., "
0.00 A

T T T Ll T

10 12 14 16 18 20 22 24
length, nm

(a) wavelength,

-1st efficiency = 27% @ 2.2keV

T T T
26 28 30 32

Voronov et al, Opt. Express 24, 11334 (2016).

—o—PTB
6&) 0.30 —£— SOLEIL Metrology BL
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Photon energy (eV)

F. Choueikani, Opt. Lett. 39(7), 2141 (2014)
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—> High efficiency tender X-ray grating so

+ HZB... .. + UNVERSITYOF TWENTE
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> High efficiency tender X-ray grating s-

2400l/mm Cr/C BMG, -1st order efficiency = 60% @ 3keV !

90
80-CrICML,d=6.3nm ;0090
L 2400 I/mm sB 00
70+t o2
' 60F :
§50 - ® Measured °
- ]
G40} . anTG °
= =t o
130 i 40x e Au grating
20 Simulated
10 i BMG
0 L Y . Au grgting

Photon energy [eV]

Q Huang, A. Sokolov, et al., Optics Express 27, 16833 (2019)
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—> High efficiency tender X-ray grating s>

High harmonics suppression, due to the mismatch of the high
order diffraction condition

10" 2 —_——
] +1% order 2000 I/mm
s 0.8 keV I Cr/C multilayer
1075 0" order : 20 periods 3
st I o =5.85° :
o r\ +1% order !
c
% I +2° order :
x I
©
° I
Q107" 4 I 3
+3“ order ]
107 i
+2" order
0" order
1 v T T T y T T T T
1 12 13 14 15 16

detector - scan [degree]

F. Senf, Q. Huang, et al. Opt. Express, 24, 13220 (2016)




—> High resolution

Traditional gratings ML nanograting
(D>300nm) (D=50nm)
Low dispersion & resolution High dispersion & resolution
-nth order
N A
: -1st_Oth 1ok AWAWA
+1st ,//I,,(\\\\\\ » 9 /I \ ’ \\’{I \
- b S \(\ o ‘N U 0S \\
b E g ek < D> E g

Self-assembly based on ion bombardment
- Ultrashort period grating structures

a l: Self-assembly B
Diffusion 5
Faceted nanostructure M”

Step-edge barrier ~
Vacancies =~
ut A dimer row
L 2 TT
34441} [ 1] ~
Poieet | ! V4
HHi ey r Tﬂ i

Xin Ou, et al, Phys. Rev. Lett., 111, 016101 (2013)




—> High resolution 54

Conformal growth of ML on nanostructures — forming

three dimensional ML gratings

Mo/Si
- multilayer

/ \
<y GaAs \\
substrate

——" . » o
e e AR il
8
g
o Ay > e Lo et B = =

200 nm

Cr/C
multilayer

-

\
substrate °
\

\
200 nm 3

GaAs substrate

= G2 -nm

= dc=251m

GaAs substrate 50 nm

Q. Huang, Xin Ou, et al., Nature Communications, 10, 2437 (2019).




Diffraction efficiency

1st order Efficiency = 11%
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High resolution
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Q. Huang, Xin Ou, et al., Nature Communications, 10, 2437 (2019).
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> XUV multilayers 56

1. Design of XUV multilayers - periodic / aperiodic structures

2. Fabrication of nanometer ML

3. Stability under working conditions

Understand the layer growth behavior & interaction
between materials at atomic level

ol

interface / surface engineering - improve interface quality &
stability

4. Large scale fabrication — real optics - thickness control

5. Nanostructured ML optics - 1D -> 3D
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