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7.11.1  Introduction 
 
Of the many candidates employed for understanding the erosion of critical Extreme 
Ultraviolet Lithography (EUVL) components, potential energy damage remains relatively 
uninvestigated.  Unlike the familiar kinetic energy sputtering, which is a consequence of 
the momentum transferred by an ion to atoms in the target, potential energy sputtering 
occurs when an ion rapidly collects charge from the target as it neutralizes.  Since the 
neutralization energy of a singly charged ion is typically on the order of 10 eV, potential 
energy effects are generally neglected for low charge state ions, and hence the bulk of the 
sputtering literature.  As an ion’s charge state is increased, the potential energy (PE) 
increases rapidly, e.g. PE(Xe1+)= 11 eV, PE(Xe10+) = 810 eV, PE(Xe20+) = 4.6 keV, etc.1  
By comparison, the binding energy of a single atom on a surface is typically about 5 eV, 
so even relatively inefficient energy transfer mechanisms can lead to large quantities of 
material being removed, e.g. 25 % efficiency for Xe10+ corresponds to ˜ 40 atoms/ion.  By 
comparison, singly charged xenon ions with ˜ 20 keV of kinetic energy sputter only about 
5 atoms/ion at normal incidence, and less than 1 atom/ion at typical EUV source energies. 
 
EUV light sources are optimized for producing approximately 1016 xenon ions per shot 
with an average charge state of q=10 in the core plasma 2.  At operational rates of ˜ 10 
kHz, the number of ions produced per second becomes a whopping 1020

.  Even if only 
one in a billon ions reaches the collector, erosion rates could reach ˜ 1012 atoms per 
second, severely reducing the collector lifetime (for an average yield of 10 atoms/ion).  In 
addition, efforts to reduce contamination effects may contribute to reduced neutralization 
and even larger potential energy damages rates (discussed further below).  In order to 
provide accurate estimates for collector lifetimes and to develop mitigation schemes, 
NIST is working to understand and quantify potential energy damage mechanisms on 
materials relevant to EUVL.  Accurate potential energy damage rates can then be used for 



projecting component lifetimes as source plasma conditions are modified and 
characterized. 
 
This chapter will serve to provide an introduction and some background to the physics of 
highly charged ions and some of the relevant experimental work in the literature.  This 
chapter will first provide a brief background and an overview of the interaction of highly 
charged ions (HCIs) with solids as it is currently understood.   Secondly, it will present 
current data from screen test measurements performed to isolate and evaluate the effects 
of potential energy damage on critical EUVL materials.  We will then speculate on the 
implications of work to date and the outlook for EUVL development and, finally, 
summarize.  
 
7.11.2  Interactions of Highly Charged Ions with Solids 
 
When singly charged ions interact with solids, the transfer of the ions’ forward 
momentum is the dominant damage-forming mechanism, creating lattice dislocation and 
sputtered atoms.  Kinetic energy sputtering is a thoroughly studied and well understood 
process for most elements and kinetic energies.  Extensive experimental work has 
generated data on sputter rates as a function of kinetic energy for nearly every known 
combination of elements in the periodic table3.  The compilation of these data resulted in 
the accumulation of accurate parameters for use in analytical fits like Yamamura’s semi-
empirical model (based on Sigmund’s theory of sputtering4).  With increased interest in 
technologies that employ ion energies nearer to sputtering thresholds and at non-normal 
incidences, the models have been refined to increase their accuracy in the low energy and 
light ion regimes5.  In addition to semi-empirical fits to actual data, the Monte Carlo 
simulation SRIM (TRIM) has been widely tested and accepted as an accurate benchmark 
for quantitatively describing ion-solid interactions, particularly stopping ranges and 
sputter yields6.  In recent history, SRIM has been used to generate accurate predictions at 
arbitrary energies and incidence conditions for even further refinement of semi-empirical 
formulae that more accurately model the low energy (threshold) regime and the low mass 
ratio regime 7.  This vast compilation of knowledge, fit functions, and simulations make 
estimation of kinetic energy damage relatively easy and accurate, but they neglect charge 
and potential energy effects entirely. 
 
The effects of kinetic energy, which are the leading order effects for singly charged ions, 
are still present during interactions of HCIs with surfaces, but are not necessarily the 
most significant effect.  As many electrons are removed from an atom, the charge 
imbalance leads to enormous electric fields, e.g. the 1s electron on a Ar17+ ion will feel a 
˜ 5 x 1013 V/cm electric field.  The ion’s enormous electric field interacts with the surface 
from many Bohr radii away, tearing electrons from the surface well before the ion 
interacts kinematically with the surface8.  These extracted electrons are captured by the 
ion into atomic energy levels similar to the energy level the electron occupied in the 
solid, e.g. similar to the work function.  These atomic energy levels tend to be very high-
lying Rydberg states9, e.g. Xe25+ on Au would capture electrons into levels where n>20.  
Electrons captured into highly excited states with potentially high angular momentum 
numbers will relax by cascading to lower n levels, but the transition rates are highest 



when momentum is conserved by ejecting another electron.  For example, in the process 
of one electron moving from the n=20 down to an n=15 level, 5 other electrons may be 
ejected from the ion, which will subsequently be replaced by five more electrons from the 
surface.  Measurements of secondary electron yields from HCI-surface interactions have 
found that a HCI can “pump” hundreds of electrons per ion, many times the HCI’s initial 
charge state10.  Electronic extraction of this magnitude corresponds to enormous 
macroscopic analogs, for example, if a Xe20+ ion requires ˜ 100 electrons from a surface 
to become completely neutralized, and the entire charge transfer occurs in an area 1 nm2 
and ˜ 0.1 ps*, this corresponds to a current density of ˜ 1 x 1010 A/cm2.  With current 
densities of this magnitude, it is easy to see how the charge transfer is one way an HCI 
can de-stabilize a surface (depending on material, bulk vaporization will occur between 
105 A/cm2 and 108 A/cm2)11.   
 
The process of neutralizing highly charged ions on surfaces is known to dramatically 
destabilize some surfaces, as has been demonstrated by large secondary electron 
measurements, extremely high sputter yields (in diverse classes of materials, ranging 
from SiO2, LiF, GaAs, and UO2)8, similarly large secondary ion yields12, and X-ray 
emission measurements from target materials during HCI exposure13.  A unified theory 
that explains all these results has not yet been presented, but a few theories that have 
captured significant attention are worth summarizing. 
 
Perhaps the most intuitive model for target damage due to HCIs simply suggests that the 
rapid charge transfer from the surface can locally deplete electrons in the solid.  The 
residual positive charge expands due to the repulsive Coulomb forces resulting in a 
potentially massive explosion that removes many more atoms than the initial charge 
state14.  This “Coulomb explosion” model has persisted in part because of its ability to 
explain the large number of neutral atoms removed due to the HCI’s neutralization, as 
was shown in a molecular dynamics simulation where charge was pinned on a pre-
determined geometry of surface atoms15.  While the principal weakness of the Coulomb 
explosion model is its reliance on hole lifetimes long enough to develop a shockwave16, 
the model captures the principal idea that the HCI, through some mechanism, can 
introduce a shock into the target that results in significantly elevated damage rates by 
comparison to only kinetic energy effects. 
 
Depending on the target material of interest, mechanisms other than Coulomb repulsion 
can be identified that could generate a shock wave resulting in massive surface damage.  
In covalent solids like III-V materials, Si and SiO2, HCIs can induce a structural 
instability leading to a shock wave electronically by “ultra-fast electronic excitation17.”  
These materials are stable solids due to the binding nature of the valence bands, but the 
conduction bands are strongly anti-bonding.  If enough carriers (approximately 1 per 
surface atom in the region of interest) are promoted from the valence to the conduction 
band, the equilibrium lattice spacing can grow significantly, introducing a severe internal 

                                                 
* The exact neutralization time will depend on experimental conditions and the properties of the 
neutralizing surface.  This estimate is based on a relatively slow ion’s drift time from the distance of first 
electron capture (classic over-the-barrier method) 9 to penetration into the solid.  



stress18.  This stress can provide enough internal energy to significantly increase sputter 
yields, which may explain the large yields seen in materials like GaAs19. 
 
The most dramatic potential sputtering effects have been reported in the alkali halides, 
particularly LiF, where sputter yields increased by a factor of ˜ 30 when the charge state 
was increased from Ar1+ to Ar11+ at 1keV of kinetic energy, with total sputter yields 
exceeding  80,000 amu/ion for Xe27+ at 1 keV of kinetic energy20,21.  A “defect-mediated 
desorption” model (DMD) has been employed to explain these data21, leveraging earlier 
work indicating that self-trapped excitons (STEs) in these systems could decay into 
lattice defects22.  If the HCI’s intense electronic interaction with the LiF target produces 
high densities of electron-hole pairs, these can decay into sub-surface F2 molecules and 
STEs.  Each of these can then decay such that a fluorine atom escapes into the vacuum, 
and a neutral lithium atom remains on the surface.  Subsequent ion-surface interactions 
stimulate desorption of the lithium preventing the growth of a segregated overlayer.   
 
The defect mediated desorption model provides a plausible explanation for materials with 
strong electron-phonon coupling, but further extension is required to incorporate dramatic 
potential energy effects observed in materials like MgO, which do not have strong 
electron-phonon coupling.  The principal proponents of DMD argue that the lattice 
defects created by the kinetic energy of the incident ion allow electronic energy to 
become localized in the target, thereby providing a mechanism for large yields due to 
potential energy23.  The proponents argue that this explains the apparent absence of 
potential sputtering in the limit of zero kinetic energy and the strong dependence of the 
sputtering yields on both kinetic energy and charge state. 
 
While each of the potential sputtering models summarized here has directly dealt with 
only the potential energy, much of the experimental data suggest a synergy of kinetic and 
potential energies24.  While the ion’s interaction time with the surface prior to collision is 
determined by the kinetic energy and charge, it seems that the deposition of potential 
energy into the surface prior to the collision cascade pre-softens the surface, resulting in 
much higher yields of ejected material, i.e. potential energy transfer enhances kinetic 
energy sputtering.  It has also been suggested that the collision process may produce 
lattice defects that allow electronic energy to be localized (STEs) resulting in an 
enhanced DMD process25, i.e. kinetic energy enhances potential sputtering. 
 
It is clear that at higher charge states, the interaction of the ion with target materials 
becomes more intense and complicated, involving many more mechanisms at non-
negligible rates.  Of all the materials classes studied, the noble metals are the only 
materials that have not shown clear and convincing evidence of potential energy related 
damage, but potential energy effects are not conclusively excluded either.  Essentially all 
low conductivity materials studied have shown some sort of susceptibility to potential 
energy damage, including metal oxides26 and semi-metals27.   
 
Selection of appropriate materials for use in a plasma environment requires balancing the 
relative significance of many different mechanisms, e.g. materials least susceptible to 
potential energy damage may be most susceptible to kinetic energy damage, attempts to 



screen critical components with gas curtains, etc. may actually increase component 
oxidation rates and therefore increase potential energy damage rates.  Further studies on 
actual devices to quantify relative rates of damage are critical for accurate projection of 
component lifetimes and development of schemes for mitigating expected damage. 
 
7.11.3  Experimental Studies of Potential Energy Damage to EUVL devices 
 
The Electron Beam Ion Trap (EBIT) at the National Institute of Standards and 
Technology (NIST) is capable of producing very highly charged ions (e.g. Bi 73+) and 
delivering monoenergetic beams of a particular charge state onto target samples.  Highly 
charged ions can be created from a wide range of elements, over a broad range of charge 
states and delivered onto samples via a complex ultra-high vacuum ion beam line 
(described in detail elsewhere28,29).  The NIST EBIT is being used in support of EUVL to 
isolate potential energy damage effects by exposing candidate materials and actual EUVL 
optics30 to controlled doses of highly charged ions (HCIs) and then characterizing the 
effects with in situ scanning tunneling microscopy (STM) and ex situ EUV reflectometry. 
 
An example of an EUV reflectance map is shown in Figure 1 of a prototype piece of 
EUVL optic after exposure to a very low dose of Xe44+ (˜ 1 ion per 250 nm2).  The 
reflectivity of the optic is changed by ˜ 0.8 % in the lower part of the figure, 
corresponding to the region where the optic was exposed to the xenon ions.  A similar 
optic exposed to ˜ 1 Xe10+ ion per 10 nm2 showed a 0.3 % change in the EUV reflectivity 
(not shown).  Data of this type suggest that the reflectivity of an EUV optic is initially 
changed 1 % for every ˜ 250 eV/nm2 of potential energy delivered to the optical surface†.  
Using the bulk densities for the ruthenium oxides, this implies that ˜ 20 eV of potential 
energy is required for the removal of each molecule.  Using an estimated bulk binding 
energy of ˜ 5 eV, we can infer that ˜ 25 % of an ion’s potential energy is converted to 
sputtered material.  Efficiencies of this magnitude are similar to computational results of 
damage due to potential energy effects15. 
 
The reflectivity data is taken on samples that are part of a series of EUV optics exposed 
to the same number of HCIs per unit area and studied by STM and tunneling 
spectroscopy.  For this series, the optics were exposed to ˜ 5x109 mm-2, or 1 ion per ˜ 200 
nm2.  A 200 nm x 200 nm sample image of the EUV optic’s surface after exposure to 
Xe10+ ions is shown at left in Figure 2.  Extensive analysis of the surface topography does 
not reveal any characteristic feature(s) that can be correlated with an individual ion’s 
impact.  This can be understood after comparing the time scale of the ion exposure with 
the time scale for intrinsic surface smoothing.  The ion exposure took place over the 
course of an hour, and the subsequent imaging in the STM takes place over several hours.  
While this is not long enough for the surface to react with any contaminants present in the 

                                                 
†For these measurements, the EUV reflectivity initially increases as the capping layer, which inhibits 
reflectivity, is reduced.  Continued erosion would result in a maximum of reflectivity and a subsequent 
reduction to values much less than the initial reflectivity.  This non-functional (double-valued) dependence 
introduces an ambiguity in the analysis; the solution of least damage is assumed, actual damage may be ̃ 2 
times worse. 



ultra-high vacuum environment, the surface kinetics can wash out any characteristic 
feature, so the signature is lost in the intrinsic roughness. 
 
While individual topographic features due to HCI impacts are not evident in the 
topographic images, spatially localized spectral features in the surface conductivity maps 
at moderate bias (-0.63 V) are consistent in density with the ion dose and consistent in 
size with analysis of the EUV reflectivity data.  A representative 20 nm x 20 nm spectral 
map is shown at right in Figure 2.  This image represents the current at -0.63 V of bias as 
a function of position, since the bias is negative, bright areas represent poor conduction 
and vice-versa.  The dark cross-shaped features‡ are patches of the surface with 
significantly higher conductivity than the surrounding region that may be due to single 
ion impacts.  These individual features collectively represent a measurable change in the 
surface that we have statically analyzed. 
 
While we have not seen quantifiable potential energy damage in the surface topography 
on the EUV optics, statistical analysis of the tunneling spectroscopy reveals an increase 
in the surface conductivity with increasing potential energy, shown in Figure 3.  The 
optic’s surface conductivity systematically increases with the potential energy deposited 
per ion§.  This is likely due to potential energy ablation of oxide on the surface.  The 
higher potential energy density corresponds to a larger fraction of the surface’s oxide 
being removed.  Since the oxide is not deliberately grown, but is a consequence of 
exposure to atmosphere, the surface is rough on the nanometer scale prior to HCI 
exposure (nominally the same as Figure 2, left side).  This roughness has a ˜ 5 nm 
characteristic lateral feature size, which may be indicative of oxide clusters (root mean 
square roughness <1 nm).  An incident HCI may remove some oxide clusters whole, 
particularly if they are weakly bonded to the underlying capping layer31.  This cluster 
dissociation idea is one possible model for the removal of large amounts of material per 
incident ion. 
 
The HCI dose used in this study (Figure 3) was selected to avoid saturation effects at high 
charge states, higher doses of low charge states are expected to lead to damage which 
scales with the potential energy.  We do not believe that the suggestion of any threshold 
is an accurate interpretation of the data.  Initial data from much higher doses of Xe10+ on 
EUV optics suggest that damage scales with total potential energy dose, rather than 
strictly with charge state (or potential energy per ion).  
 
This work indicates that the EUV optic materials are susceptible to potential sputtering as 
they are currently deployed.  Whether optic lifetimes will ultimately be limited by effects 
of potential energy erosion will largely be determined by the source’s operational 
characteristics.  Since EUV sources do not yet meet the industrially required power 
output, demanding dramatic changes in design and operation, proper consideration of 

                                                 
‡ The cross-like shape is due to nearest-neighbor filtering used to reduce pixel noise 
§ The error bars represent the propagated RMS values of the distribution of conductivities for mean value 
conductivity analysis.  We are currently pursuing more advanced analysis that is expected to be more 
sensitive to the conductivity change, thereby reducing the relative errors. 



potential energy and the associated damage when minimizing risk to critical components 
is prudent. 
 
7.11.4  Implications and Outlook 
 
Evidence of HCI damage on EUV optics taken in concert with data listed in the 
references presented in this paper clearly indicates the existence of potential energy 
damage effects.  EUV devices, as currently optimized for use in production tools, are 
susceptible to potential energy damage.  It is possible to minimize or mitigate damage to 
the components by seeking to “harden” the components, or by minimizing the flux of 
HCIs from plasma sources so that potential energy damage is negligible compared with 
the kinetic energy effects.  In either case, accurate quantitative data for damage rates of 
various materials is highly desirable, since accurate modeling of component lifetimes rely 
on accurate rate estimates.   
 
Efforts to determine if sources currently in testing are emitting substantial fluxes of 
highly charged ions, or ions with substantial energies, are not conclusive.  Some source 
suppliers indicate ion emission with kinetic energies as high as 20 keV, while others are 
adamant their source is not emitting ions above 500 eV.  As sources are ramped up to 
production power levels and repetition rates, substantial ion emission may become more 
likely.  Whether or not potential energy damage will be a limiting factor in production 
tools will ultimately depend on the source’s ion emission rates, but prudent assessment of 
materials properties can allow for last minute corrections that might mitigate a show-
stopping oversight. 
 
7.11.5  Summary 
 
In summary, NIST’s work indicates that EUVL optics are susceptible to potential energy 
damage due to the neutralization of highly charged ions.  Initial estimates for damage 
yields suggest that ˜ 20 atoms may be removed for each Xe10+ ion, about an order of 
magnitude more than due to just kinetic energy alone.  The removal of optical material 
results in an EUV reflectivity change of about 1 % for ˜ 250 eV/nm2 deposited on the 
surface.  This change is correlated with an increase in the surface conductivity measured 
by tunneling spectroscopy and appears to be a very sensitive measure for the change of 
the surface state that can be employed for studying a broader class of critical materials.  
Further efforts are expected to provide more quantitative guidance for mitigating 
potential energy damage effects. 
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Figure 1:  The 13.4 nm reflectivity of 
an EUVL mirror after exposure to a 

very low dose of highly charged ions 
(˜ 1 ion/250 nm2) shows evidence of 

damage.  The yellow lobes at the 
bottom of the image correspond to the 
regions of HCI exposure.  We believe 
this increase in the reflectivity is due 
to an ablation of the capping layer in 

those regions, which has removed 
some the oxide, effectively thinning 

the ruthenium capping layer. 



 
Figure 2:  At left is a 200x200 nm STM image of an EUVL mirror after exposure to Xe10+ ions, the rich 
surface morphology and rapid kinetics mask morphological damage.  At right is a spatial slice of 
spectroscopic data taken at -0.63 V of bias: the image is a current map as a function of position, 20 nm x 20 
nm.  The dark, high conductivity dots may be due to single ion impacts creating a low resistance pathway 
through the surface oxide.  (The dots look like crosses due to nearest neighbor filtering used to reduce pixel 
noise.) 
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