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•••• INTRODUCTION
- extreme ultraviolet (EUV),
- laser plasma EUV source,

•••• LASER PLASMA EUV SOURCE
- gas puff target approach,
- compact laser plasma EUV source,
- EUV optics,

•••• PROCESSING OF POLYMERS 
- micro- and nanostructuring,
- modification of polymer surfaces,

•••• NANOIMAGING
- EUV microscope based on a Fresnel optics,

• CONCLUSIONS



INTRODUCTIONINTRODUCTION

•••• motivation for using EUV 
- nanometer resolution
- nanometer penetration depth

•••• generation of EUV
- e-tubes
- synchrotrons, FELs
- plasma sources (discharge plasmas, laser plasmalaser plasma ss))
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D. T. Attwood Soft X-rays and Extreme Ultraviolet Radiation: Principles and 
Applications (Cambridge University Press, Cambridge, 1999)

 

 

•••• extreme ultraviolet (EUV) 



LASER PLASMA EUV SOURCELASER PLASMA EUV SOURCE
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•••• SOURCE CHARACTERISTICS

- high single pulse brightness

- short pulse duration

- easy tuning of wavelength

- low investment costs

•••• MAIN DISADVANTAGES OF A SOURCE BASED 
ON A SOLID TARGET

- laser target operation

- target debris production

Vacuum 
chamber

Laser system

Oscillator Amplifier

Focusing lens
Target system
solid (rod, tape, wire), 
liquid (jet, droplet) Sample

CO2, Nd:YAG, KrF
1011-1012 Wcm-2

1-10 ns / 0.1 - 1 J

Laser plasma
∼ 40 eV, 1020 cm-3



DOUBLEDOUBLE --STREAM GAS PUFF TARGETSTREAM GAS PUFF TARGET
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outer nozzleinner nozzle

high-Z gas 
(xenon, krypton, argon)

low-Z gas 
(helium, 

hydrogen)
laser beam

•••• electromagnetic valve system

•••• schematic of a double-stream gas puff target

•••• X-ray backlighting images

H. Fiedorowicz et al., Appl.Phys. B 70 (2000) 305 



EUV EMISSION STUDIESEUV EMISSION STUDIES
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• KrF laser  (Institute of Plasma Physics, Nieuwegein , The Netherlands)

KrF laser beam 
0.7 J/26 ns 

Mo/Si 
mirror

AXUV 
photodiode

ocsilloscope

double-stream 
gas puff target

Schematic of the experimental setup
EUV signals
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EUV EMISSION STUDIESEUV EMISSION STUDIES

• Nd:YAG laser (Institute of Laser Engineering, Osaka , Japan)

flat-field reflection 
grating spectrograph

double-nozzle 
gas puff valve

1200 l/mm 
Hitachi 
grating

CCD 
camera

Nd:YAG laser 
0.5 J/10 ns

vacuum 
chamber
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H. Fiedorowicz et al., Opt. Communications 164 (2002) 161
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EUV EMISSION STUDIES EUV EMISSION STUDIES 
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ILE, Osaka

IOE, Warsaw

- Elimination of debris
- Operation with repetition
- Conversion efficiency improvement

H. Fiedorowicz et al., Opt. Communications 164 (2002) 161
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EUV emission from a double-stream xenon/helium gas puff target 
irradiated with a Nd:YAG laser (0.5J/10ns)
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vacuum chamberNd:YAG laser (EKSPLA)

gas puff valve

EUV spectrum for xenon
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• a compact laser-plasma EUV source based on a gas puff target 
for metrology applications

10 cm

H. Fiedorowicz et al., J.Alloys&Compounds 401 (2004) 99
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Collaboration with IOF, Jena, Germany

- degradation of Mo/Si multilayer 
mirrors irradiated with EUV pulses

- characterization of Mo/Si multilayer 
mirrors 
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Collaboration with REFLEX s.r.o. Prague, Czech Republic



PROCESSING POLYMERS WITH SYNCHROTRONPROCESSING POLYMERS WITH SYNCHROTRON
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Synchrotron Aurora:
- electron energy: 575 MeV
- critical wavelength: 1.5 nm
- 3x1017ph/s/cm2 at a sample surface

Non-thermal ablation of PTFE demonstrated:
- ablation depth: 240µm
- aspect ratio: 11

Advantages (as compared to LIGA):
- dry process,
- EUV radiation preferred (smaller 

facility and no high-contrast masks
are required).

Y. Zhang, T. Katoh, M. Washio, H. Yamada, S. Hamada, 
Appl. Phys. Lett., 67 (6) (1995) 872

Direct photo-etching of polymers with synchrotron r adiation – a single photon carries 
enough energy to break any chemical bond and create small fragments of a polymer chain.
Similar to photo-etching with UV light (UV laser ablation).

Ritsumeikan University Synchrotron Research Center



PROCESSING POLYMERS WITH SYNCHROTRONPROCESSING POLYMERS WITH SYNCHROTRON
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High Aspect Ration Micromachining of PTFE (Teflon)

M. Inayoshi et al. J. Vac. Sci. Technol. B 17 (1999) 949

UVSOR at the Institute for Molecular Science, 
Okazaki National Research Institute, Japan .

- 1-mm-thick Teflon
- aspect ratio: 50
- 10 nm wavelength
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Soft X-ray ablation of heated Teflon 

Synchrotron CAMD Louisiana State Univ:
- electron energy: 1.5 GeV
- critical energy:2.5 keV
- integrated power density 35 mW/horizontal cm

Non-thermal x-ray ablation of PTFE demonstrated:
- ablation rate: 40µm/h
- strong temperature dependent
- photochemical changes of x-ray irradiated samples

M. Feldman, G. S. Lee, D. Noel, C. Khan Malek, R. Bass
J. Vac Sci. Technol. B., 18 (6) (2000) 2976

PROCESSING POLYMERS WITH SYNCHROTRONPROCESSING POLYMERS WITH SYNCHROTRON



EUV PROCESSING OF SILICA EUV PROCESSING OF SILICA 
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EUV PROCESSING POLYMERS EUV PROCESSING POLYMERS 
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Source 
chamber

Optics
chamber

Resolution: 
130nm

(NA 0.25)

Period 1.4µm

F. Barkusky, K. Mann, T. Feigl, 
Rev. Sci. Instr., 76, 105102 (2005)

Laser-Laboratorium 
Gottingen, Germany



NANOPATTERNING USING EUV LASERNANOPATTERNING USING EUV LASER
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NSF ERC for Extreme Ultraviolet Science & Technolog y,
Colorado State University, Fort Collins, USA

• Wavelength: λ=46.9 nm
•Repetition rate: 4 Hz
• High energy per pulse max - 0.8 mJ 
•High monochromaticity: ∆λ/λ=1×10-4

• Coherence radius: Rc = 550 µm at 0.157m from 36cm capillary
•Very compact

Pillars with FWHM down to 58 nm (1.2λ) were 
obtained with period 153nm at high dose

Wachulak et al. Opto-electronics Review, 16 (2008) 444



Si/Mo ML

60-nm LIPSS

FLASH at 13.7 nm

60-nm LIPSS

LIPSS : Laser-Induced Periodic Surface Structures

LIPSS - spontaneously-grown ripples
on the FEL laser-illuminated surfaces.

L. Juha et al. J. Microlith. Microfab. Microsyst. 4, 033007 (2005)

LIPSS-I are formed due to the interference of 
the incident laser beam with a wave diffracted by 
periodic features on material surface 

17



PRAGUE ASTERIX LASER SYSTEM (PALS)PRAGUE ASTERIX LASER SYSTEM (PALS)
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EL = 700 J
τL = 0.5 ns

transmission 
grating 

spectrograph

PALS 
laser 

vacuum 
chamber

silicon 
photodiode

valve system 
with double 

nozzle

silicon 
photodiode 

silicon 
photodiode 

Experimental setup

K. Jungwirth et al., Phys. Plasmas 8 (2001) 2495



SOFT XSOFT X--RAY EMISSION FROM XENONRAY EMISSION FROM XENON
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Soft x-ray spectrum for xenon/helium gas puff target irradiated with the PALS laser

H. Fiedorowicz et al. J.Alloys&Compounds 362 (2004) 67

(0.5 ns/540 J)



EXPERIMENT ON SOFT XEXPERIMENT ON SOFT X--RAY PHOTORAY PHOTO--ETCHINGETCHING
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Schematic of the experiment

Gas puff valve

Laser plasma

PALS laser beam
0.5 ns/500 J

Sample

Micro-grid

1-3 cm

Advantages of using the gas puff target

- elimination of target debris,
- reduction of ions,
- high conversion efficiency.
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H. Fiedorowicz et al. Microelectronic Engineering 73-74, 336 (2004)



PROCESSING OF POLYMERS USING PROCESSING OF POLYMERS USING 
A COMPACT LASER PLASMA EUV SOURCEA COMPACT LASER PLASMA EUV SOURCE
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EUV

Micro-grid

Polymer sample

EUV spectra
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• micromachining of organic polymers by direct photo-etching using a compact
laser-plasma EUV source

SEM microphotographs of 
microstructures in PTFE 

SEM microphotograph of 
microstructures in PMMA 

Bartnik et al. Microelectronic Engineering 78-79 (2005) 452

1000 
pulses

~1µm

~2µm

EUV fluence ~2-3 mJ/cm2/shot



PTFE

EUV fluence ~2-3 mJ/cm2/shot,
10 min exposition time,    

Kr/Ar gas puff target, T=2000C Xe/Ar gas puff target, T=2000C

Xe/He gas puff target, T=1000C Xe/He gas puff target, T=2000C

EUV PHOTOEUV PHOTO--ETCHING POLYMERSETCHING POLYMERS

24

A. Bartnik et al. Microelectronic Engineering 78-79 (2005) 452
A. Bartnik et al. Appl.Phys. B 82 (2006) 529
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EUV OPTICAL SYSTEMEUV OPTICAL SYSTEM

Collaboration with REFLEX s.r.o. Prague, Czech Republic (substrate) and IOF, Jena, Germany (multilayers)
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EUV OPTICAL SYSTEMEUV OPTICAL SYSTEM

Grazing incidence „lobster eye” multifoil mirror system 

Two orthogonal stacks of ellipsoidal 
mirrors forming a double-focusing 

device. The ellipsoidal surfaces are 
covered by a layer of gold that has 

relatively high reflectivity at the 
wavelength range between 8-20 nm 

up to about 10 degrees of an 
incidence angle. 
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Collaboration with the Czech Technical University and Reflex s.r.o., Praha



X-ray fluence ~20-30 mJ/cm2/shot

EUV PROCESSING POLYMERS WITH OPTICSEUV PROCESSING POLYMERS WITH OPTICS

High-aspect microstructuring polymers with the use of t he 
„lobster eye” mirror system 

50 µm PTFE foil

Exposition time 4 min. (40µm/h for CAMD)

front side back side

28



EUV OPTICAL SETUPEUV OPTICAL SETUP

Ellipsoidal 
EUV collector

70 mJ/cm2/shot

27

Collaboration with RITE, Prague (former Reflex s.r.o)



LASER PLASMA EUV SOURCELASER PLASMA EUV SOURCE

Optical table Nd:YAG laser

Vacuum chamber

Gas puff valve

EUV optical system

Sample

33

Diaphragm for differential 
pumping

Lens

Gas puff valve

Laser



EUV PHOTOEUV PHOTO--ETCHING POLYMERS WITH OPTICSETCHING POLYMERS WITH OPTICS

Polytetrafluoroethylene,
PTFE

Fluorinated ethylene –
propylene, FEP

Poly (methyl 
methacrylate), PMMA

50 µm thick polymer foils, 2 min irradiation, 10 Hz operation rate, GI mirror 

Ablation 
acompanied by 
cones formation

Suggested explanations 
for cones formation:

• shielding by impurities,
• carbon enrichment
• local shift of the 
ablation threshold,
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CONICAL STRUCTURES FORMATIONCONICAL STRUCTURES FORMATION

poly(ethylene 
terephthalate), PET

SEM images of strongly modified surfaces with conical structures, 10 Hz EUV 
irradiation. Dashed yellow lines indicate borders between zones of different structures

Polyimide, PI

Structure coming  probably 
from relaxation of frozen

stress fields
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J. Heitz et al. Appl. Phys. A 65, 259 (1997)

Si3N4 Ceramics – ArF laserT. Lippert et al. Macromolecules 29 (1996) 6301

SURFACE MODIFICATION WITH LASERSSURFACE MODIFICATION WITH LASERS
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Polymer -KrF laser

Si-fs laser

E. Mazur et al. Appl. Phys. A 65, 259 (1997)

Applications:
- biomedicine
- photovoltaics
- ………….



Start date 23-Aug-2007
End date  22-Feb-2010
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Institute of Applied Physics, Linz
Institute of Optoelectronics, Warsaw
Institute of Biophysics, Linz
REFLEX s.r.o, Prague

RESEARCH PROJECTRESEARCH PROJECT

Motivation 



Polymethyl methacrylate (PMMA)Polymethyl methacrylate (PMMA)

SEM images of PMMA irradiated in the focal plane of Mo coated ellipsoidal 
collector, Xe plasma radiation, repetition rate 10 Hz

1 min 
exposure

2 min 
exposure

2 mm 10 µm 2 mm

2 µm 10 µm2 µm
34



Polyvinyl fluoridePolyvinyl fluoride (PVF)(PVF)

SEM images of PVF irradiated in and out of the focal plane of Mo coated 
ellipsoidal collector, Xe plasma radiation, 1 min exposure, repetition rate 10 Hz

Irradiation in a focal plane Irradiation 6 mm behind a focal plane

10 µm

10 µm10 µm10 µm

1 mm 2 mm
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Polyvinyl fluoride (PVF)Polyvinyl fluoride (PVF)

SEM images of PVF irradiated 3 mm behind the focal plane of Mo coated 
ellipsoidal collector, Xe plasma radiation, repetition rate 10 Hz

5 s exposure 10 s exposure 30 s exposure

10 µm 10 µm 10 µm

1 mm1 mm 1 mm

36



Polystyrene (PS)Polystyrene (PS)

SEM images of PS irradiated in the focal plane of Mo coated ellipsoidal 
collector, Xe plasma radiation, repetition rate 10 Hz

1 min exposure 2,5 s exposure

1 mm 1 mm

10 µm

10 µm

10 µm 10 µm
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Polystyrene (PS)Polystyrene (PS)

SEM images of PS irradiated behind the focal plane of Mo coated ellipsoidal 
collector, Xe plasma radiation, 10 s exposure, repetition rate 10 Hz

3 mm behind a focal plane 5 mm behind a focal plane

10 µm 10 µm 10 µm

10 µm1 mm 1 mm
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Polyethylene terephthalate (PET)

SEM images of PET irradiated in the focal plane of Mo coated ellipsoidal 
collector, Xe plasma radiation, repetition rate 10 Hz

1 min exposure 2 min exposure

1 mm 10 µm 10 µm

10 µm 10 µm 500 µm
39



SEM images of PET irradiated behind the focal plane of Mo coated ellipsoidal 
collector, Xe plasma radiation, repetition rate 10 Hz

Polyethylene terephthalate (PET)

1 min exposure 30 s exposure 10 s exposure

Central part

Close to an edge of 
the focal spot

10 µm 10 µm10 µm

10 µm 10 µm 10 µm
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CHO cells at EUV irradiated PET

• EUV-induced wall- type structures at PET with dimension in the micrometer range were observed,

• good alignment of Chinese hamster ovary (CHO) cells along the direction of the walls was found,

• CHO cells showed only bad adhesion at the irradiated surfaces and no alignment
for samples irradiated with UV laser at 193 nm,

• chemical surface modification is more pronounced for EUV irradiation.

SEM Phase Contrast Microscope

41



SelfSelf --organized microstructures organized microstructures 

Polyvinylidene chloride,
PVDC

Polyvinylidene fluoride, PVDF
Polyvinyl fluoride,

PVF300 EUV pulses, 
1 mm from the centre

10 EUV
pulses,
centre

25 EUV
pulses, 
centre

300 EUV pulses, 

0,5 mm 
from the 
centre

centre
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SelfSelf --organized nanostructures, PTFE organized nanostructures, PTFE 

2 min, 10 Hz
exposure

2,5 min, 10 Hz
exposure

3 min, 10 Hz
exposure

Nanostructures are formed 1.5 mm from 
the centre of the interaction region for 
fluence below 10 mJ/cm2. No signs of 
melting, probably preferential dry 
etching leading to formation of 
nanofibres with variable diameter. 
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Laser plasma EUV source for modification polymers  Laser plasma EUV source for modification polymers  

The instrument designed at the Institute of Optoelectronics MUT has been built 
in co-operation with PREVAC – leading in Europe producer of vacuum instruments  

44



NANOIMAGING USING LASER PLASMA EUV SOURCE  NANOIMAGING USING LASER PLASMA EUV SOURCE  
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Scheme of the EUV microscope based 
on a Fresnel optics

Quasi-monochromatic 
EUV emission

Photon flux ~8.8 x 1010 photons 
at λ=13.84nm.



NANOIMAGING USING LASER PLASMA EUV SOURCE NANOIMAGING USING LASER PLASMA EUV SOURCE 
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Experimental setup of the table-top EUV microscope



NANOIMAGING USING LASER PLASMA EUV SOURCE  NANOIMAGING USING LASER PLASMA EUV SOURCE  
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(a) SEM image of the copper mesh
(b) EUV microscope image of the mesh

Knife-edge test for EUV image

The estimated 10 to 90% intensity 
transition across the sharp edge is equal 

to 138.5nm (5 image pixels).

This corresponds to a half-pitch spatial 
resolution of the microscope equal to 

69.4+/-4.0nm.(c) magnified EUV image
(d) defocused EUV microscope image 

P. Wachulak et al. Optics Letters – submitted (2010)

Sub-70nm resolution table-top microscopy at 13.8 nm  using 
a compact laser-plasma EUV source



CONCLUSIONSCONCLUSIONS

• a compact laser plasma EUV source based on a gas puff target 
was introduced,

• micro- and nanoprocessing polymers using the laser plasma EUV 
source was demonstrated

• preliminary investigations on modification of polymer surfaces 
using EUV have been performed,

• laser plasma EUV source dedicated for processing polymers was
developed,

• EUV microscope at 13.8 nm based on a Fresnel optics have been 
proposed,

• sub-70nm resolution was demonstrated.
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LaserLaser --Matter Interaction GroupMatter Interaction Group



International PhD Program ALTech

The Institute of Optoelectronics, Military University of Technology in Warsaw has established the 
International PhD Program “Advanced Laser Technolog ies for Material Science and 

Engineering, Health and the Environment (ALTech)” to offer an unique interdisciplinary platform for 
PhD training at the IOE and its foreign partners. The Program will be funded by the Foundation for 

Polish Science. The ALTech Program will start in September 2010 and finish in June 2015. 

Under the Program 20 PhD projects will be realized. 

•Tunable, mid-infrared lasers based on transition metals (Cr , 
Fe ) doped semiconductor crystals.

•High peak power holmium laser based on hybrid technology.
•Ceramic lasers based on yttrium aluminum garnets. 
•Near and mid-infrared photonic fiber lasers. 
•Resonantly pumped, ‘eye-safe’ erbium lasers.
•Tunable mid-IR a ZGP optical parametric oscillator.
•Pulsed fiber laser sources operating in the “eye-safe”

wavelength range.
•High repetition rate, Q-switched Er-doped laser operating at 
3 µm wavelength range.

•Investigation of the interaction of the middle infrared pulsed 
lasers with biological-like media.

•X-ray contact and projection microscopy using a 
compact laser plasma X-ray source. 

•Imaging with nanometer resolution using a compact 
laser plasma EUV source based on a gas puff target.

•Nanoengineering of diffractive optics for soft X-ra ys 
and EUV.

•Micro- and nanomachining of polymers using wide 
band EUV radiation and UV lasers.

•Modification of physical and chemical properties of  
polymer surfaces by extreme ultraviolet (EUV), 
ultraviolet (UV) and laser plasma treatment.

•Analysis of decomposition process of polymers 
irradiated with EUV pulses using mass spectrometry.

•Generation of coherent EUV radiation using high-
intensity femtosecond lasers.

•Generation of ultra-short X-ray pulses for pulsed 
diffractometry using high-intensity femtosecond 
lasers.

•Numerical simulation and experimental studies of laser 
shock processing materials.

•Deposition of silicon carbide (SiC) thin films by hybrid 
pulsed laser deposition (PLD).

•Fabrication of a membrane-electrode assembly for fuel 
cells using the hybrid pulsed laser deposition method.



ShortShort --term Training in Laser Plasma Soft Xterm Training in Laser Plasma Soft X --ray and EUV Sourcesray and EUV Sources


