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Summary 
 

Extreme UV (EUV) lithography has recently been introduced for high-volume 

manufacturing of semiconductor devices. Inside the EUV scanner, an EUV-induced 

plasma is formed in the hydrogen background gas. This weakly ionized plasma is 

instrumental in maintaining high system transmission by preventing carbon 

contamination and oxidation of the EUV mirrors. Potential side effects however are 

etching of the surrounding construction materials, particle release, and risk of charging 

of floating surfaces and discharges. This thesis will describe relevant aspects of the EUV 

generation and spectral composition, and the resulting impact on wafer imaging and on 

the EUV-induced plasma. 

The EUV scanner is sensitive to two types of contamination: chemical contamination 

and particle contamination. Both contamination types will influence the imaging quality 

of the scanner, and both will be significantly influenced by the EUV-induced plasma. 

This thesis will focus primarily on the particle contamination aspect, while also some 

molecular aspects will be briefly discussed.  

 

In terms of particle contamination control, the effect of plasma on release and 

transport of particles is known from observations from astrophysics and space 

missions, linking phenomena such as lunar glow and dust accumulation on spacecraft 

to charging effects on particles by electrons, ions and/or energetic photons in space. 

We have translated these studies to the EUV-induced scanner plasma, and found that 

the critical factor determining release is the presence of fast (photo)electrons.  

Also, the adhesion force between particle and surface may be reduced by plasma 

etching of surface or particle, or by removal of bonding adsorbates or water. We will 

describe how the understanding of these two mechanisms can be translated in rules-of-

thumb for selecting materials and surface finishing.  

Once released from the surface, the force balance will be dominated by neutral drag 

form crossflow and the Coulomb force from plasma. We will describe how the Coulomb 
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the EUV pulse itself, and might thereby frustrate sheath formation for some tenths of a 

microsecond; this also will result in reduced peak ion energies as the energetic 

electrons will cool down fast in the meantime.  

 

Still, even for low ion energies, the hydrogen ions and radicals may affect many 

common construction materials and coatings in several ways, such as roughening, 

blistering and chemical reactions. This may have consequences for both particle 

contamination control as well as for molecular contamination control. The 

thermodynamics of hydrogen radicals and ions is unfavorable for almost all materials, 

so whether an interaction becomes problematic relies on the details of the reaction 

kinetics.  

The plasma may affect particle adhesion by etching and roughening either the particle 

or the substrate, by chemical reaction, or by removing possible covalent bonds 

between particle and surface. Carbon and carbonaceous layers, such as e.g. greasy or 

oily residues, were found to be etched away by the hydrogen plasma, which will lead to 

release over time of hydrocarbons and of particles from poorly cleaned materials. Also, 

other materials that tend to react with hydrogen or form volatile hydrides were found 

to be liable to generate particles.  

 

Looking towards the future, the EUV power will continue to rise to enable throughput 

improvements in the scanner. The ion flux will scale linearly with increasing EUV pulse 

energy, while the ion energy is independent of this, as all electron populations scale 

equally with power. 
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met nauwe begrenzing rond de EUV-bundel als voor plasma nabij de EUV-spiegels of 

het masker. Constructiematerialen met een hoge secundaire elektronenemissie zouden 

bij voorkeur gebruikt moeten worden, maar te allen tijde moet geborgd worden dat 

alle materialen robuust zijn tegen waterstofradicalen en tegen waterstof-ionen. De UV-

afterglow van het primaire EUV-plasma kan langer duren dan de EUV-puls zelf, en zou 

daardoor de vorming van de positieve plasma-potentiaal (die verantwoordelijk is voor 

de versnelling van de ionen naar de wand) kunnen vertragen met enkele tienden van 

een microseconde; deze vertraging kan resulteren in lagere piek-energie van de ionen 

aangezien het plasma in de tussentijd snel zal afkoelen. 

 

Toch kunnen de waterstofionen en radicalen, zelfs bij lage energie, veel 

constructiematerialen en coatings op verschillende manieren aantasten, zoals 

opruwen, blaarvorming en chemische reacties. Dit kan gevolgen hebben voor zowel de 

beheersing van deeltjesverontreiniging als voor de beheersing van moleculaire 

verontreiniging. De thermodynamica van waterstofradicalen en ionen is ongunstig voor 

bijna alle materialen, dus of een interactie problematisch wordt, hangt vooral af van de 

details van de reactiekinetiek. 

Het plasma kan de hechting van deeltjes aan oppervlakken verlagen door bijvoorbeeld 

het deeltje of het substraat te etsen en op te ruwen, door een chemische reactie of 

door mogelijke covalente bindingen tussen het deeltje en het oppervlak te verwijderen. 

Koolstof en koolstofhoudende lagen, zoals b.v. vette of olieachtige resten kunnen 

geëtst worden door het waterstofplasma, wat na verloop van tijd zal leiden tot het 

vrijkomen van koolwaterstoffen en deeltjes vanaf slecht gereinigde materialen. Ook 

bleken materialen die de neiging hebben om met waterstof te reageren of vluchtige 

hydriden te vormen deeltjes te kunnen genereren. 

 

Kijkend naar de toekomst, is de verwachting dat het EUV-vermogen zal blijven 

toenemen om de productiviteit van de scanner te blijven te verbeteren. De ionenflux 

zal lineair schalen met het toenemende EUV-vermogen, terwijl de energie van de ionen 

gelijk zal blijven. 
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Figure 3: evolutionary improvements in DUV scanners at ASML in past 35 years and the 

revolutionary jump to EUV. 
 

With the introduction in 2017 of the NXE:3400, with numerical aperture NA=0.33, EUV 

lithography entered large-scale production7. Offering source power of 250 W, and a 

corresponding throughput of 125 wph (wafers per hour), as well as progressive 

improvements in overlay, defectivity and availability, this tool has been inserted for 

production by leading-edge chip manufacturers worldwide, with more than 100 

systems installed by 2020. The successor system with higher NA=0.55 is currently in 

development for even higher resolutions. 

 

1.2. EUV scanner outline 
 

A scanner, or step-and-scan system, is the lithographic tool that lies at the heart of IC 

manufacturing. In a nutshell it images an object pattern present on a mask, or reticle, 

onto a photosensitive layer on a wafer. The resulting pattern in the photosensitive layer 

on the wafer is then developed and the wafer is processed further to create the 

electrical properties and interconnections that constitute an integrated circuit, layer by 

layer. Clearly, imaging and focus control are of paramount importance at resolutions 

approaching 10 nm. In addition, these layers need to be positioned with nm-accuracy 

with respect to each other, resulting in extremely tight requirements on pattern 

placement. 
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In current scanners, the typical magnification factor is ¼; in other words, the object 

pattern on the mask is 4x larger than the pattern as imaged on the wafer. The typical 

field size is 26x33 mm2 (at wafer level; so 104x132 mm2  at mask level). The pattern on 

the mask is scanned by a slit exposure (to relax the otherwise prohibitive large-field 

requirements in the projection optics), and this repeated a number of times to fully fill 

the wafer (which is typically 300mm in diameter), by stepping the wafer to a new 

position after each scan. Hence the name step-and-scan system. 

A full 300 mm wafer can contain ~100 full-field chips, such as used for laptop or server 

CPU and GPU chips, or ~1000 small-field chips (which can be fitted 9 or 12 times onto a 

single reticle to be exposed simultaneously), such as used for mobile applications and 

memory chips. 

 

 
Figure 4: Outline of EUV Lithography Scanner. Source: ASML. 
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volume. This needs to be considered carefully in designing the scanner system and 

materials not just in the beam itself, but also around the beam. 

 

1.4. Contamination and particles 
 

There are two basic types of contamination that may affect scanner operation: 

chemical contamination and particle contamination, also called defectivity since these 

result in imaging defects. Examples of chemical contamination are hydrocarbons, 

outgassing solvents or volatile metal-hydrides, which can lead to film deposits on the 

mirrors and on the mask (haze formation) and consequent reduction in reflectivity and 

increased straylight.  Examples of particle contamination are submicron metal particles, 

suspended dust, skin flakes or microfibers. Both will be severely influenced by the 

presence of the EUV-induced low-pressure hydrogen plasma. This thesis will focus 

primarily on the particle contamination aspect, while molecular aspects will be briefly 

addressed in section 6. 

 

Even with perfect imaging and overlay control, device yield can be seriously affected by 

particles. The optical mirror design is such that no mirror surface is in actual focus, so 

particles on the mirror surfaces will not image sharply onto the wafer. In theory, they 

may have minor impact on straylight and overall optical system transmission, but in 

practice their total surface coverage will be <<1% and this can be ignored. 

However, particles that are on either the wafer or the mask will have a direct effect on 

imaging, by locally absorbing light, which will result in a local dose error. This may result 

in e.g. unopened contacts or bridging lines and loss of the chip. Assuming a killer defect 

to be defined by an imaging impact of 10%, the critical particle size at reticle level is 

found to be ~35 nm for the ultimate resolution limit of 13 nm dense lines, and ~40 nm 

for the realistic pitch of 16 nm. 
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resulting improved plasma understanding has reduced mask particle contamination 

levels to currently outperform DUV immersion alternatives14, removing the last major 

bottleneck from EUV acceptance. Still, there is clear customer value in further 

improvements and this will undoubtedly remain an area of active investigation for the 

coming years. 

 

1.6. Pellicle 
 

Besides controlling particle contamination down to effectively zero, as outlined above, 

another solution for particle contamination of the mask is to apply a so-called pellicle to 

the mask; this keeps the particles effectively out-of-focus so they do not image sharply 

anymore15. However, while this is a tried and proven solution in DUV scanners, in EUV a 

pellicle comes at a penalty in EUV transmission since EUV is absorbed significantly, even 

in a pellicle film of <50 nm. Thus, the productivity of the scanner goes down, which 

translates into a noticeable cost-of-ownership penalty. 

 

 
Figure 9: Dual path approach for particle contamination control: left, clean scanner 

(without pellicle); right, pellicle (relaxing clean scanner requirements)  
 

The optimum of choosing to use a pellicle or not depends on the details of the product, 

inspection capabilities and defectivity level, and ability to clean particles from mask; 
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this choice can vary per customer and per product, and even per layer, as discussed by 

Lercel16. 

  

 
Figure 10: Dynamic cost trade-off between pellicle and clean-system strategy; for the 

non-pellicle case, known costs and risk costs can be exchanged by optimizing inspection 
interval and inspection tools. 

 

This thesis will focus on the non-pellicle case, but specific pellicle aspects will be 

addressed where applicable. 

 

1.7. Adhesion and release 
 

For submicron particles, gravity is essentially negligible because of the exceedingly 

small mass; similarly, mass-dependent forces like vibrations will be very small. Flow-

induced forces may also be ignored in view of the low momentum of the hydrogen 

molecules, low pressure and the wall effect reducing effective flow speeds. The main 

adhesive forces in near-vacuum are the Van der Waals force, and chemical bonds via 

adsorbed hydrocarbons and possibly hydrogen bridges via water, even if capillary 

forces are not present at these low pressures17. Contact charging18 may be ignored, 

since charge will bleed away to the surface even from poorly conductive particles after 

several hours, and effectively instantaneously when the conductive EUV-plasma is 

switched on19. It should be noted however that capillary forces as well as contact 

charging and resulting mirror charge attraction20 can be a complicating factor in 

cleaning parts before closing and pumping down the scanner vessel. Particle materials, 
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However, the reactive plasma environment can shift the force balance towards release 

of particles by several mechanisms30: by decomposing bonding adsorbates, by etching 

away or roughening the surface layers of either particle or substrate, or by charging the 

particle. Furthermore, the hydrogen plasma may react with some materials which may 

result in ejection of particles via fragmentation or blistering. 

 

Once released into the plasma bulk (or for free-floating particles) the short-range 

surface forces of Table 1 become negligible, and the force balance will be dominated by 

neutral and ion drag forces and electrostatic attraction (Coulomb force). Ion drag and 

Coulomb forces are determined by the plasma and grounding/biasing details, while the 

neutral drag force can be independently set by local gas flows. These forces can have 

different orientations, so care should be taken in the force balance: besides amplitudes 

also the vector nature of the forces must be considered. 

 

1.8. Transport 
 

The force balance on a free particle is dominated by neutral drag force, ion drag force 

and coulomb force. Gravity may again be ignored for submicron particles. 

 

   
Figure 12: Force balance on free particle; without and with scanner. 

 

Neutral drag force is determined by the gas pressure and the gas velocity. The scanner 

crossflow is designed to flow parallel to the reticle surface with zero force component 
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towards the reticle, and a force component away from the reticle above the 

unavoidable open gap of the EUV beam. The reticle crossflow should be high to 

minimize residence time of any free particles in the volume beneath the reticle, while 

avoiding turbulences or backflows; resulting flow speed is to be in order of 100 m/s and 

the neutral drag force at 5 Pa H2 is then ~5·10-15 N. 

 

The Coulomb force is the result of the EUV-induced photoelectric emission on the 

floating reticle surface, which transiently charges the reticle positively. As submicron 

particles will be negatively charged by the more mobile electrons in the plasma this will 

result in an attractive electric force on the particles towards the reticle. As the reticle is 

conductive, the surface charge will extend beyond the plasma and this force will attract 

particles over a wide area, as shown in Figure 13. In between the EUV pulses, the 

plasma will compensate the surface charge, and the force drops to zero. Still, averaged 

over the pulse interval an attractive force results, which is not compensated by the 

neutral drag force, as this force is orthogonal to the Coulomb force. The Coulomb force 

will build up over multiple pulses, so the crossflow must be designed such that the 

residence time of the particle beneath the reticle is minimized and the repeating 

Coulomb force cannot integrate to a large enough displacement to end up on the 

reticle surface. Given the aspect ratio of the reticle dimension to the slit height 

underneath the reticle of ~10:1, this means the neutral drag force must be at least an 

order of magnitude higher than the average electrical force.  

 

The ion drag force is the result of momentum transfer from moving ions to charged 

nanoparticles in the plasma, either by direct impact or by elastic scattering of the ion in 

the Coulomb field around the nanoparticle. The ion drag force points in the direction of 

the ion flow, irrespective of the charge of the nanoparticle. During the short transient 

of the EUV pulse, in the irradiated area ions will be pushed away from the surface as 

the surface is charged positively by the photoelectric effect, and ion drag will point 

away from the reticle, counteracting the Coulomb force in the irradiated area. In 

between the pulses, ion drag is only significant near the plasma-reticle boundary, and 

will point towards the reticle. Even if the ion drag force may be of same order of 
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magnitude as the Coulomb force, it only acts in a very limited volume very close to the 

reticle surface around the EUV beam, and hence it may typically be ignored. 

 

  
Figure 13: Particle-in-Cell simulations of the force map for a 100-nm diameter particle in 
the region around the reticle. Left: at the end of the EUV pulse. Right: in between pulses. 
Red indicates an electrical force higher than the neutral drag force, while blue indicates 
a lower electrical force; arrows indicate local direction of combined force. Simulations 

courtesy of ISAN. 
 

 

 

1.9. Layout of this thesis 
 

This thesis will outline the characteristics of the EUV-induced plasma within the 

scanner, focusing on the impact thereof on particle contamination control and on the 

scanner electrostatics. Section 2 will describe the generation of EUV, and section 3 will 

detail out how the EUV induces a plasma in the scanner background gas, including 

modeling aspects and in-situ measurements. Subsequently, section 4 and 5 will go into 

the electrical interaction between plasma, particles and surfaces, and chapter 6 will 

describe the physical/chemical interaction between the EUV-induced plasma and 

materials. Chapter 7 will provide conclusions and recommendations for future 

investigations. 

 

 



https://www.anandtech.com/show/16028/better-yield-on-5nm-than-7nm-tsmc-update-on-defect-rates-for-n5
https://www.anandtech.com/show/16028/better-yield-on-5nm-than-7nm-tsmc-update-on-defect-rates-for-n5
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Figure 1: Sketch of EUV pulse train (top) and individual pulses (bottom). 

 

The narrow-band 13.5 nm wavelength is created by the resonance peaks of multiply 

ionized Sn ions2, plus a broadband thermal spectrum. Away from the main 13.5 nm 

resonant peak, the spectrum can be approximated as Planck-like blackbody radiation, 

with details that will depend on the plasma parameters which in turn are determined by 

source operating conditions. In general, out-of-band EUV (outside of the primary band 

of 13.2-13.8 nm) is undesirable, since it might cause spurious mirror heating for the 

scanner mirrors. Further downstream this out-of-band EUV will be step-by-step reduced 

by the repeated selective reflectivity of the consecutive narrow-band Bragg-type multi-

layer (ML) mirrors, so it does not contribute to imaging (or image contrast degradation) 

at wafer level3. The VUV component between 70 nm and 110 nm is also effectively 

suppressed by absorption by the background hydrogen gas4; however, this suppression 

becomes less effective above 110 nm. The narrow-band ML mirrors mitigate the UV 

component, especially in the range between 110 nm and 200 nm. Figure 2 shows the H2 

photoionization and photo-dissociation cross section from 50 nm to 115 nm, and the 

spectral filtering by the ML mirrors.  
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Figure 2: Left: Cross sections of H2 molecules and absorption zones beneath 110 nm, 

with photo-dissociation in red and photoionization in green; from Heays4. Right: 
suppression of UV spectrum below 200 nm by a single ML mirror reflection and 

absorption to create LPP source output5.  
 

Typical photoresists at wafer level are based on organic molecules that are intrinsically 

sensitive to UV light from 150 to 300 nm, resulting in possible contrast loss6. This 

imposes strict requirements on the UV/EUV ratio in resist at wafer level for EUV 

scanners.  

Even if the out-of-band radiation does not reach the wafer, the detailed source 

spectrum is still relevant for the EUV-induced plasma in the scanner, as the ionization 

cross section and secondary electron yield are significantly higher for longer 

wavelengths and significant spectral content might be present in in the band around 50 

nm (see e.g. Figure 4). Differences in VUV/UV spectra are also a concern when 

translating findings from off-line EUV/plasma setups to scanner, as many off-line 

sources have significantly higher VUV/UV content. 

 

2.2. LPP EUV generation 
 

High-power LPP systems achieve high Conversion Efficiency (CE) by using two closely 

timed IR-laser pulses per EUV pulse, in order to both optimize EUV emission by the Sn 

ions and reduce the opacity of the outer layers7. First, the pre-pulse shapes and 

expands the liquid Sn droplets into a 2D pancake-like shape, reducing the Sn density 

and opacity in the direction of EUV emission. Next, the short energetic IR pulse 

increases the electron temperature to 30-60 eV and the ion density to ~1024-1025 m-3, 
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Figure 6: Top: Key components of EUV transmission grating spectrometer; bottom left: 
schematics of spectra measurement setup; bottom right: spectrometer specifications 

sheet; from Bayraktar15 and Liu16. 
 

Figure 7 shows spectra from 10 nm to 60 nm, measured on a LPP proto system. Two 

sets of data which were acquired under the same source operation condition but at 

different time are plotted to show the good reproducibility. The spectrometer is 

accurate in the range of interest around 13.5 nm, but above 25 nm the measured 

spectrum is disturbed by the high diffraction orders from the main peak around 13.5 

nm; for this spectral range (25-60 nm) novel measurement techniques are currently 

being investigated. Figure 7 also shows the normalized EUV spectra comparison 

between a 125W and a 250W LPP source, zooming in on the 7-16 nm range. The higher 

power source has a slightly better spectral purity above 13.5 nm due to higher MP 

power density and resulting higher electron temperature and density in the Sn plasma.  

 








































































































































































































































































