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Periodic multilayers
for EUV and X-ray ranges

Extreme UV : 20 —-200 eV 0.6 — 6 nm
Soft x-ray: 200-5000eV ~ 0.25-0.6 nm

| () ; Heavy material (metal, ...)
E Light material (S1, B, C, ...)
stack of N bi-layers — Substrate (S1, S102, ...)

thickness light + thickness heavy = period d of a few nm
L can diffract EUV and x-rays

Bragg law : pA = 2d sin0




Intensity (arbitrary units)

Applications of multilayers

* Solar images from spatial telescopes
* Photolithography @ 13.5 nm
e Optical components for synchrotron beamlines

* Optical components for new x-ray sources (x-ray laser,
high harmonic generation, ...)

e Optics for diffraction apparatus

LiF + Fe203
F Ka
Fe La

O Ko

400 500 600 TO0 8O0
Photon energy (eV)

X-ray emission spectroscopy Imaging at a given wavelength Photolithography

@ 13.5 nm, 6.x nm



Motivation and challenges
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] perteet

Nnpallana
interdiffusion

roughne“

Visible EUV
A=500nm A=30.4nm
d ~125nm Co_2.6nm/Mg_13.6nm
o ~10 nm ~0.5-0.8nm

SS I

== interfacial compound

R multiplied by DW factor
exp(-2[21o sin@ / A]?)
exp(-2[r c/d]?)

Interface is the largest challenge for EUV multilayer!
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Reflectivity (a.u
m m =

X-ray reflectivity

o) (1)

R(0)=1,(1)/ 15(\)
i R(M)=1,(6)/ 1o(6)

Géoméetrie

Determination of parameters
_ of the stack

'« thickness

« roughness

-+ density / optical index

of the various layers




* Les ondes stationnaires (XSW)
* XSW — XRF: Co/Mg/Zr

* XSW — HAXPES: Pd/Y/B4C

e Kossel — XRF: Pd/Y/B4C



* Les ondes stationnaires (XSW)
* XSW — XRF: Co/Mg/Zr

* XSW — HAXPES: Pd/Y/B4C

e Kossel — XRF: Pd/Y/B4C



X-ray standing waves

standing wave Generally used
R X Ta)S refiected x-rays * In hard x-ray range
* In glancing incidence
e With crystal or
* With multilayer (set of bilayers)
To probe
* thin layer on top of the multilayer
* Interfaces of the multilayer itself
By using
* Fluorescence or photoelectrons

In (or close to) Bragg conditions
* astrong standing wave develops
multitayer mirror inside and outside the multilayer
* having the period of the multilayer




Field Intensity
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X-ray emission spectroscopy
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Observation of the energy distribution of the emitted radiation
Information about the chemical state of the emitting element

Incoming beam
* Electrons
Particles

* X-rays

Detection / dispersion

 WDS : crystal spectrometer

* EDS : Si(Li), SDD, bolometer
energy dispersive CCD camera



Two XSW modes

Fluorescence Fluorescence q
Photoelectrons
Auger electrons

Incident beam

N \

Glancing incidence mode Glancing exit mode
“Standard” or Gl “Kossel” or GE



Two XSW modes

Incident beam = x-ray beam
Requires synchrotron
Fluorescence

Photoelectrons X-ray tu be
Auger electrons Geometry to be fulfilled

Generally very grazing

Incident beam Detected beam

i\ No special geometry
requirement
Large solid angle of
Glancing incidence mode detection possible
“Standard” or Gl



Two XSW modes

Incident beam = any ionizing beam
X-rays

Electrons

lons

No geometry requirement

Fluorescence d

Detected beam =
characteristic x-rays \-
Geometry requirement

Generally very grazing

Small solid angle of detection Glancing exit mode
“Kossel” or GE




A bit of history

M. Von Laue

Nobel prize 1914 for his discovery of the x-ray diffraction by crystals

W. Kossel

1935

Diffraction of the fluorescence
produced within the crystal

by the crystal itself

First x-ray diffraction pattern
Hydrated copper sulfate

P1 triclinic

1912: von Laue, Friedrich, Knipping
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yuieve . Mg/Co XSW - XRF
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Intensity Co La (Counts / Amp)

Fluorescence of Mg/Co multilayer
Si substrate / [Mg (5.1nm) / Co (2.6nm)]x30 / B4C (3.5nm)
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* Les ondes stationnaires (XSW)
* XSW — XRF: Co/Mg/Zr

* XSW — HAXPES: Pd/Y/B4C

e Kossel — XRF: Pd/Y/B4C



Introduction of Zr into Mg/Co stack
* Makes the stack stable upon annealing

* Improves the reflectivity (optimization on the
optical path within the stack)

1-.'""+_+1"‘.
“,f‘ fﬁq’;\u‘. s i:}gg,icu . .
i P B A s Reflectivity measurement
S0 f,fj; Ry I‘. % —+— Mg/Zr/Co/Zr N . .
y SN Y at the application wavelength
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- L
Fhoton wavelength (o)

Si substrate / [Mg (5.45nm) / Co (2.55nm) / Zr (1.5nm)]x30 / B4C (3.5nm)
Si substrate / [Mg (5.45nm) ) / Zr (1.5nm) / Co (2.55nm)]x30 / B4C (3.5nm)

Two different orders of the layers



Intensity (a.u.)

X-ray emission spectrosocpy

— Mg bulk
* Co/Mg multilayer

* Mg atoms as in pure Mg
* No interaction between
Mg and Co layers

1290 1295 1300 1305
Emitted photon energy (eV)



NMR spectroscopy

Probe of the nearest neighbour local structure around the Co atoms

I I I I
bulk hcp Co
Co atoms surrounded
= by other Co atoms
vg; Multilayers
E — Co/Mg (2009}
p= o Mg/CofZ;
: ol Colzr
E interface
5 Co/Mg
5 .
= ~Interface
2) Co atoms with Mg atoms
@ . hearest neighbours
DD W .-_'P ?:“:‘ T P Wk AW ST D —
o | o ot | | 7
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20 41 fill a0 100 120 140 160 120 200 220 40
Frequency (MHz)

Mg/Co and Mg/Co/Zr
well-defined layers and interfaces



NMR spectroscopy (3)

Probe of the nearest neighbour local structure around the Co atoms

bulk hcp Co
Co atoms surrounded Ff'

by other Co atoms

Multilayers

—Coilg

o MgiColZr

+ Mg/ZrCo
— Mg ZeColZr

ColZr
interface

Co/Mg

~interface
Co atoms with Mg atoms

. nearest neighbours

Spin Echo Intensity (arh. u.)

= =] )
| = | | | | | | | | | |
20 40 ]l &l 100 120 140 160 180 200 220 240

Frequency (MHz)

Mg/Co and Mg/Co/Zr
well-defined layers and interfaces

Mg/Zr/Co and Mg/Zr/ColZr
strong intermixing between Co and Zr

[Mg/Co and Mg/Col/Zr

0]

nly geometrical roughness ]

Mg/Zr/Co and Mg/Zr/Col/Zr reaction between Co and Zr




GE measurements — Mg-Co-Zr

Different contrasts of the features for Co L emission
depending on the sample
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Same behavior in Gl mode



Simulations — Mg-Co-Zr
Mg/Zr/Co — Co L emission
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* Mg/Zr/Co trilayer described as Mg/Co,Zr bilayer
 Mg/Co/Zr trilayer with nominal parameters



Mg-Co-Zr interfaces

From XRR, NMR, XES, XSW-XRF
» Sharp Zr-on-Co interfaces in Mg/Co/Zr
* Mixing at Co-on-Zr interfaces in Mg/Zr/Co

Surface free energy
*Co 2.0Jm™
o 7r 1.6 J.m™2

-

Asymmetric behavior of
Zr-on-Co and Co-on-Zr interfaces



* Les ondes stationnaires (XSW)
* XSW — XRF: Co/Mg/Zr

* XSW — HAXPES: Pd/Y/B4C

e Kossel — XRF: Pd/Y/B4C



Pd/Y based periodic multilayers

100000
B,C(2.5nm)/[Pd(2nm)/Y(2nm)], /Si

—exp
— fit

®Problem: the original design has bad ...
optial performance

® X-ray reflectometry @ 8048 eV - Cu K radiation:
Low reflectance, bad periodicity
® Severe interdiffusion between Pd and Y layers. 0]

000 4

100 +

Intensity (a.u”

®Solution: Derivative systems o
Interface engineering 10000 B ,C(2.5nm)[Pd(2nm)/¥(2nm)], /Si - 6%N,
® N, in the sputtering gas 10000 4 e
0% 2% 6% o

000

® B,C barrier layers at

100 4

Pd-on-Y interfaces

Intensity (a.u.)

Y-on Pd interfaces 10

all interfaces ] Tt - Hnd

T T T T
0 2 4
Grazing angle (° )



Methodology: HAXPES

® An extension of conventional X-ray
Photoelectron Spectroscopy (XPS) technique.E E

Q
o
o
Q

h V=Eb+¢spectrometer+Ek 0

® Higher incident photon energy.

Longer inelastic mean free path. Probed depth increases.
10 keV => 22 nm (about 5-6 periods, bulk sensitive)
3 keV => 9 nm (about 2 periods, surface sensitive)

® GALAXIES beamline in SOLEIL Synchrotron.

High brilliance monochromatic x-ray source.
Small cross section due to high energy.



Methodology: combine HAXPES with XSW

B,C(2.50 nm)/[Pd(2.00 nm)/¥(2.00 nm}]g on Si

0,<0

Brag

detector

0 2 4 ] ] 10 12
Depth, 2 [nm]
(B=0.922 deg, E=10000,000 V)

[

Photo
: electron

Fleld Intensity, |
[

reflected " 1
beam incident 0
0 beam oo e
(=084 deg, E=10000.000 &¥)
sample
_2
§
A 2n :
=.—=_ E
2smf 0 ‘
ei>eBrag
g

1] H 4 ] ] n 12
Depth, 7 [nm]
($=0.963 deg, E=10000.000 #V)



From HAXPES spectra to XSW curves
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Result: XSW curves measured with
10 keV incident photons

2 ——Pd2p
m Bulk sensitive. g 1 ¢
B 04F :
M XSW curves, extracted from 802
photoemission spectra, of the Pd/Y £ S Y \

=

multilayers prepared with 2, 4, 6 08 085 . 0g ) 0£95 | 1 1.05 1.1
. razing ineident angle (°
and 8% of N, respectively measured 2ing ingident angle ()

s

with a 10 keV incident photon 3
energy. S8
£ 06
B Elemental information in the stacks. EM
Chemical selectivity. §0.2 _
Pd & O Y&N £
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Grazing incident angle (°)

Integrated intensity (a.u.)
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Decomposition of Y 2p3/2 spectra

Distribution of chemical

states.
90 T T T T . 12
i Experimental
4-p_eak model was used al o :»;::r;;wntsl - -_z_-Y pa
to fit the spectra, only 2 | Y mota | ==
peaks are necessary. 0F ) | —N ] .
= =Background

Only Y metal and YN are

presented in the Y layers. 3 3l
According to the XSW 3 £
curve contrast, YN has - b
less interdiffusion than Y.
5 L
4 L
Pd ..
0 1 1 Il 1 1 ! Il 1 Il Il L L L
Y 2065 2070 2075 2080 2085 2090 20¢ 8.65 07 075 08 08 09 095 1 105 1.1
Binding Energy (eV) grazing angle
Y 2p,;, photoemission spectrum of the sample with 6% nitrogen in
the sputtering gas (left), and the XSW curves corresponding to the
Pd sub-peaks (right).

YN




Decomposition of Pd 2p3/2 spectra

Distribution of
different chemical
states.

XSW curves are
normalized with the
ratio compared to
the main sub-peak.

Multiple
components have
the same XSW
curve.

Homogeneous
distribution of Pd
and its oxides? No.

Shake up satellite
peaks
=> oxide peak too

close to metal peak.
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Pd 2p,, photoemission spectrum of the sample with 6% nitrogen in the
sputtering gas (left), and the XSW curves corresponding to the sub-peaks (right).



Result: XSW curves measured with 3
keV incident photons

B Surface sensitive.

B XSW curves, extracted from
photoemission spectra, of the

Pd/Y multilayers prepared with
2, 4 and 6% of N, respectively
measured with a 3 keV
incident photon energy.

Integrated intensity (a.u.)

B 2% data unreliable due to
instrumental problem.

B Elemental information in the

stacks. Chemical selectivity.
Pd&O Y&N

Integrated intensity (a.u.)

26 2.7 2.8 2.9 3" 31 3.2 33
Grazing incident angle (%)
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® B 1s total photoemission intensity 1
decreases. 4
3
?;2
® B,C component decreases. g,
@,
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T

® Cap material loss.
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Decomposition of C 1s spectra

300 T T
O Experimental
— Best Fit
’3‘.*250 ==—BCN 7
® B,C component almost entirely ) .
. 2200 e (.0 1
disappears. — — ~Bakground

® Contamination becomes dominant.

® Cap material loss confirmed.

® Due to change of deposition rate.

Wang et al. “Nitridated Pd/B4C multilayer mirrors for soft
X-ray region: internal structure and aging effects,” Opt.
Express. 25, 7749 (2017).

Intensity (a.u.)

280 281 282 283 284 285 286 287 288 289 290
Binding Energy (eV)



Decomposition of Y 2p3/2 spectra
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® The effect of X-ray standing wave enhancement is clearly observed.

® The information of elemental distribution is obtained indicating a
chemical selectivity among the elements:

Yy O N Pd O 0

® Only Y metal and YN are presented in the Y layers. The formation of YN
improves the optic performance of the multilayers.

® There is B,C cap material loss when we add nitrogen in the sputtering gas
due to the change of deposition rate.



* Les ondes stationnaires (XSW)
* XSW — XRF: Co/Mg/Zr

* XSW — HAXPES: Pd/Y/B4C

e Kossel — XRF: Pd/Y/B4C



Particle Induced X-ray Emission

® Particle Induced X-ray
Emission (PIXE)

lonization: particle generated core hole
X-ray emission (fluorescence)

® SAFIR platform in SU

Systéme d’Analyse par Faisceaux d’lons
Rapides

(Analysis System using fast ions)
Van de Graaff accelerator of positive ions
2 MeV proton beam, ionization of Pd L shell

. Advantages of protons Van de Graaff accelerator in SAFIR

Low scattering
Low Bremsstrahlung

Low energy loss (0.5% after penetrating the
multilayer)

Uniform ionization cross section



Combine PIXE with Kossel diffraction

A 27
2smf8  Q
Excitation
X-ray X-ray
emission emission

periodic structure
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detection angle.

Proton X-ray
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= AP Andor lkon-M CCD
~150 eV resolution @5.9 keV

® Advantage: spatially resolved

® Measurement of X-ray emission intensity in a
squared area of about 13 x 13 mm

® Native: 1024 x 1024 sensor array with 13 x 13 ym
pixels

® Our selection: 256 x 256 pixels of 52 x 52 pm

>>> compromise of angular/energy resolution

® No need to scan the angle

® \We place a 200 um beryllium film in front of the
camera to filter the scattered protons. Protection of
the camera

® Acquisition time significantly reduced compared to
SDD
Days to 2 hours >>>potential of in situ measurements
(annealing test, oxidation test)

sample

/7 |
/

wl_Energy dispersive CCD

Each pixel
gives a
spectrum.

Proton beam

S|exid 952




X-ray emission spectrum

B,C(2.5 nm)/[Pd(2 nm)/B,C(2nm)/Y(2nm)], ,o/Si

Energy resolution is about 150 eV at 5.9 keV 1 . et

Interesting

(Mn Ka). range a Moy

-7 1410°

1210° -

Pd La LB, Y La Ka, Si Ka can be observed

Pile up effect due to multiple photons
detection

Intensity (a.u.)
Intensity (a.u.)
(=-]

-

o'.h

Y Ka
emission

Energy calibration of the spectrum is carried
out with

Pd La (2.838 keV) and Y Ka (14.958 keV)

1000 -

100 -

0 2 4 6 8 10 12 14 186 15 2 25 3 35

Energy (keV) Energy (keV)
> Y Ka has too low intensity. X-ray spectrum of Pd (2nm) / B,C (2nm) / Y (2nm)
> Y La, Si Ka are in the low efficiency periodic tri-tilayer:
part of the X-ray camera. a) overview (log scale)
> Pd LB does not bring additional b) zoomed range of interest (linear scale).

infomation
> \We measure Pd La

emission



1.
2.
3.

Kossel curves

The original image obtained by X-ray color camera contains |
the intensity of emitted photons of all energies.

Kossel curve: the angular distribution of the characteristic
X-ray emission.

Integrate
Too get the Kossel curve of Pd La emission, we need 3 along the
steps: .
Select region of interest (ROI) on the spectrum. ve.rtlcal
“Filter” the original image by applying ROI. pixels
Integrate the “filtered” image along the vertical pixels.
PR g T IO RS v ol 250

210°

ROI Pd Lat

emission 200

150

Intensity (Count)

100

50

0

140 150 160 170 180 100 200
Channel

100 150 200 250

0 50
Distribution of Pd La

ROI selection

Distribution of X-ray
emission




Calibration of detection angle

B Pixel of the detector - grazing exit

angle

B 4-layer sample:

B,C(2.5 nm)/[B,C(1 nm)/Pd(2 nm)/B,C(1 nm)/Y(2

NmM)],40/Si

B 1stand 2nd order of Kossel ocillation
a) experimental curve in channel (pixel)
b) simulated curvein angle (degree)

B Precise values obtained from the
derivatives of the curves
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Non-destructive test

®m B,C(2.5 nm)/[Pd(2 nm)/B,C(2
nm)/Y (2 nm)], ,40/Si

B Exposure under proton beam for
7.5 hours

B Kossel curve maintains its shape

.

The structure is

not changed after

7.5 h exposure The
measurement
is
Standard measure non- _
timeis 2 h destructive

4510

410’

3.510°

310’

Intensity (Count/s/A)

2.510°

210’

—2h
——idh
——6h

——T7h 30min

100



First observations of
multilayer structures

It is known that Pd and Y intermix easily during magnetron sputtering, and thus
need stabilising

Interface engineering:

» Introduce N, into the plasma during growth — 0%, 2%, 6%

» Use 1 nm B,C buffer layers

Pd 2 nm
Pd 2 nm
B,C1nm B,C1nm
Pd 2 nm




Kossel curves of Pd La emission

2-hour acquisition time. Curve
statistics can be further
improved by increasing the
acquisition time.

Angles are adjusted to the
Bragg angle, which is in most
cases located in the center of
the Kossel oscillation.

The periodicity of the
originally designed Pd/Y
multilayer is totally
compromised.

Nitrogen reduces the
interdiffusion.

Kossel features can be
distinguished for samples with
different B,C barrier layers.
Structural sensitivity.

5107

Intensity (Count/s/A)

3107

4510 -

410" L

3510 |

d

04

Kossel curves of the series of

03 0.2

Angular variation from Bragg angle (°)

samples:

a) Deposited with nitrogen in
the sputtering gas.
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04 03 02 01 0 01 02 03 04

Angular variation from Bragg angle (°)

Kossel curves of the series of
samples:

b) With B,C barrier layers. The
notation gives multilayer
structure and layer thickness
respectively.



Simulation

B4C/Pd/B4C/Y Pd L alpha emission

® Simulation of the PIXE-Kossel 410" - Experiment |
curve - 40
® Code for XRF-Kossel curve 3510
<
@
® Approach 2 0
. . . . 3
® Uniform ionization 9
>
. =2510
@® Still not perfect due to £
[}
background E

7
® Improvement needed 210

—— Simulation |
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