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Setup for pulsed laser deposition

Repetition rate  10 Hz
Power 270 mJ
Fluence <   5 J/cm²

2

deposition independent from laserdeposition independent from laser

KrF excimer



Outline
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Materials for PLD and physical principles
Processes at target and substrate

Properties of PLD grown thin films
Growth mechanisms and multilayers

Fabrication of X-ray optics
Thermally treated multilayers and Multilayer Zone Plates



KrF

Reflectivity of different classes of materials

Fabian et al. Meas. Sci. Technol. 21, 094034 (2010) 4

HTSC, oxides, nitrides, carbides, semiconductors, metals, polymers, fullerenes,...HTSC, oxides, nitrides, carbides, semiconductors, metals, polymers, fullerenes,...

Semi-
conductors

Oxides
Polymers

Co, Fe, Nb, Ni, Zr
YBa2Cu3O7, Pr0,68Ca0,32MnO3, MgO, Ta2O5

PE, PC, PS

XeCl Ruby Nd:YAG

Material
Si
Ti

ZrO2
PMMA

Rate [nm/pulse]
0.004
0.005
0.034
0.060



Processes at the target

Fähler & Krebs Appl. Surf. Sci. 96-98, 61-65 (1996)

energy deposition at surface
heat transfer into volume

energy deposition at surface
heat transfer into volume

55

Fe



Ablation process

Vasantgadkar et al. Thin Solid Films 519, 1421–1430 (2010)
Kelly & Dreyfus Surface Science 198, 263-276 (1988)

5 - 20nm

Knudsen layer

changes in surface morphologychanges in surface morphology

66

Skin depth

ionisation level 90 %ionisation level 90 %
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Eggert-Saha equation



Droplet formation

20 µm

Ti

1 µm Ti on Si

50 µm

Chrisey & Hubler Pulsed laser deposition of thin films (1994)

ZrO2

Liese Dissertation (2012)

hydrodynamic sputteringhydrodynamic sputtering
100 m/sec100 m/sec
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SEM

homogeneous
target rastering
homogeneous
target rastering

droplet reductiondroplet reduction



Shape of the plasma plume

Krebs et al. Appl. Surf. Sci. 86, 86-89 (1995)

thermal evaporation

collisions lead to
concentration of plume

collisions lead to
concentration of plume

Kelly et al. Nucl. Instr. Methods Phys Res B65 187-199 (1992)
Krebs et al. Appl. Surf. Sci. 96-98, 61-65 (1996)

104 m/sec104 m/sec

Maxwell-Boltzmann
velocity distribution

j

88

cos4 j
vertical

horizontal



Processes at the substrate

9Störmer et al. Appl. Phys. A 69 [Suppl.], S455–S457 (1999)

reflection



Variable stoichiometry

0–97 wt% W from a W0.8Cu0.2 target0–97 wt% W from a W0.8Cu0.2 target

Klamt et al. Appl. Phys. A 122:701 (2016) 10

different ablation thresholdsdifferent ablation thresholds

varying
sputteryields

varying
sputteryields

EDX
1.8 J/cm²

3.2 J/cm²
45°



background pressure
affects structure and rate

background pressure
affects structure and rate

Krebs & Kehlenbeck Physica C 162-164, 119-120 (1989)
Sturm et al. Applied Surface Science 154–155, 462–466 (2000)

750°C
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XRD

1 mbar

0.5 mbar

0.1 mbar

Ag UHV
YAg = 55%

Ag 0.04 mbar
YAg = 10%

TOF

mbar
1.0-8

1.0-3

1.0-1

Ag in Ar

Effect of ambient pressure



Initial state of growth
AFM20 nm Ti
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100 nm

Cu

PC

20 µm

sTi = 0.4 nmsTi = 0.4 nm

2 µm

50 nm Cu on Si(100)

5 µm

TEM

SEM

S. Schlenkrich Dissertation (2014)



Laser deposited multilayers

Röder, Liese &  Krebs J. Appl. Phys. 107, 103515 (2010) 13

cumulative smoothingcumulative smoothing
sputtererosion and
ballistic transport

sputtererosion and
ballistic transport

500 nm

ZrO2

Ti

S. Schlenkrich Dissertation (2014)

SEM



Precise characterization of multilayers
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2  Theta [°]

XRR

sZrO2
= 0.5 nm

sTi = 0.6 nm

10 x [ZrO2/Ti]
1 x [3.3 nm/3.3 nm]
8 x [3.1 nm/3.3 nm]
1 x [3.1 nm/2.9 nm]

deviation from deposition
rates due to resputtering

deviation from deposition
rates due to resputtering

measurement
simulation

Ti
ZrO2

30nm

interlayers due to implantationinterlayers due to implantation



Perfect [ZrO2/Ti] multilayer stack

sZrO2
= 0.6 nm

sTi = 0.6 nm
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XRR
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10 x [ZrO2/Ti]
[10.0 nm/10.0 nm]

measurement
simulation

interface quality independent
from thickness

interface quality independent
from thickness

foundation for many X-ray opticsfoundation for many X-ray optics

AFM

sTi = 4 nmsTi = 4 nm1 µm Ti



Thermal stability of 25 x [ZrO2/Ti]

TiOx 6.4 nm

ZrOx 3.3 nm

Ti 1.7 nm

ZrO2 5.1 nm

XRR
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change of lattice periodicity
reduction of ZrO2
oxidation of Ti

change of lattice periodicity
reduction of ZrO2
oxidation of Ti

2  Theta [°]



Pt

Si

Si

Heating of ZrO2/Ti multilayers

polycrystalline Ti

amorphous ZrO2

Si substrate

polycrystalline Ti
amorphous ZrO2

polycrystalline Ti
amorphous ZrO2

30 nm
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30 nm

T=22°C

Focussed Ion Beam: Radisch, Transmission Electron Microscopy: Hahn

TEM



Si

Pt

30 nm

Si

Pt

30 nm

Changes during heating

T=400°C
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TEM



Pt

Si

Pt

Si

T=600°C

Inner morphology after annealing

ZrO2 completely crystallizedZrO2 completely crystallized

30 nm

30 nm
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TEM



0 9 19 29 39 49 59 69 mm

f =  220 µm

l

Multilayer Laue Lens
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Reese et al. Appl. Phys. A 102, 85 (2011)
Liese, Radisch & Krebs Rev. Sci. Instrum. 81, 073710 (2010)

2.88 nm

MLML
SiSi

PtPt

MLML

SiSi

PtPt

ML
Si

Pt

ML

Si

Pt

85
layers
ZrO2/Ti
Dr =
40 nm

zone plate lawzone plate law line focusline focus
FWHM 374 nm

Position[µm]



Multilayer Zone Plate  (W/Si)

21Döring, Hoffmann et al. OPTICS EXPRESS Vol. 21, No. 16 (2013)

TEM


