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ABSTRACT

The operation of Extreme Ultraviolet (EUV) lithography scanners inherently goes hand-in-hand with the creation of highly transient pulsed
plasmas in the optical path of these tools. These so-called EUV-induced plasmas are created upon photoionization events when a pulsed
beam of EUV photons travels through the low pressure background gas. It is fully recognized by the lithography industry that EUV-induced
plasmas may significantly impact the quality and life-time of expensive and delicate optical elements in the scanner. Research efforts into
EUV-induced plasmas impacting plasma-facing surfaces have so far been limited to pure hydrogen (H2) plasmas. However, this hydrogen
background gas may occasionally be diluted with a small fraction of another molecular gas such as nitrogen (N2). The impact on the relevant
plasma parameters of such molecular contaminants has remained unknown until now. In this letter, we put forward measurements of
energy-resolved fluxes of (positive) hydrogen ions, nitrogen ions, and hydrogen-nitrogen ions created in a pulsed N2-diluted EUV-induced
plasma in H2 at approximately 5 Pa (typical EUV lithography scanner conditions). The data have been obtained using an electrostatic quad-
rupole plasma analyzer and show that although the N2-dilution fraction is small (�2� 10�3) compared to the H2 partial pressure, implica-
tions for the ion flux out of the plasma and the composition thereof are significant. Since the mass of nitrogen-containing ions is much
higher in comparison to that of their hydrogen counterparts, and because of their potential chemical activity, this effect has to be taken into
account while studying the surface impact of EUV-induced plasmas.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091825

Ever since the introduction of Extreme Ultraviolet (EUV) lithog-
raphy,1 highly transient plasmas have been observed in the optical
path of lithographic EUV scanners. These so-called EUV-induced
plasmas are the peculiar result of the low pressure background gas
being irradiated with high energy photons with wavelengths in the
EUV range (�13.5nm).2 Although these plasmas are both highly tran-
sient and rarified, the created environments satisfy the three “formal
criteria” in order to be called a plasma.3 EUV-induced plasmas are rec-
ognized as an inevitable phenomenon impacting the quality, the life-
time, and the long-term stability of the EUV optical components used.
For instance, impacting species generated by EUV-induced plasmas
may damage multilayer structures,4–7 while under the right conditions,
the same plasma can be utilized for in-situ cleaning purposes.8–10

The density and the dynamics of one of the dominant plasma
species in these plasmas, i.e., the electrons, have been investigated
numerically11,12 and experimentally by means of Langmuir probes13

and temporally resolved Microwave Cavity Resonance Spectroscopy
(MCRS) in low pressure argon14–16 and hydrogen16,17 environments.
Double-mode MCRS18 and multi-mode MCRS19 have revealed this
information on spatially resolved, while the combination of MCRS
measurements and an ambipolar diffusion model showed that in the
moderately high pressure regime (>3 Pa in argon20 and >6Pa in
hydrogen3), electrons thermalize to values close to room temperature
in the temporal afterglow of these pulsed plasmas.20 Especially of inter-
est when studying the interaction of EUV-induced plasmas with
plasma-facing surfaces are the total ion flux and the ion energy distri-
bution functions (IEDFs) of the ionic compounds impinging upon the
surface. In the literature, two diagnostics have previously been used to
study ion fluxes from EUV-induced plasmas; a Retarding Field Energy
Analyzer (RFEA) and an Electrostatic Quadrupole Plasma analyzer
(EQP).21,22 So far, these studies have been limited to EUV-induced
plasmas in pure hydrogen (H2). However, the addition of even small
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amounts of other molecular impurities [e.g., nitrogen (N2)] at the level
of 0.1%–1% can become highly relevant for the ionic balance in the
system and for the possible impact on plasma-facing surfaces.

In this letter, we report on measurements of IEDFs for 10 specific
ions in admixtures of H2 and (�0.2%) N2.

For the present study, we used a configuration similar to the one
used during our previous experiments on EUV-induced plasmas in
undiluted H2 gas.

21 While the reader is referred to Refs. 21 and 23 for
extensive details, here, we discuss only the main components of the
setup which are depicted in Fig. 1. Three vacuum chambers were con-
nected. The source chamber housed a xenon-based discharge pro-
duced plasma (DPP) source generating pulsed EUV radiation with a
repetition rate of 500Hz and a pulse duration of 50 ns [full-width-at-
half-maximum (FWHM) value]. Eight rotationally symmetric hyper-
boloid and ellipsoid collector mirrors of grazing incidence type in the
collector chamber focused this radiation into the measurement cham-
ber. At the focal point, the diameter of the EUV beam was 4mm, while
its divergence was 10�. At the location where the measurements were
performed, the beam diameter was 32mm, and an EUV pulse energy
of 1146 6 lJ was measured. This resulted in an EUV intensity at the
position of the front cap of the EQP of �283W/cm2, which is compa-
rable with conditions employed in lithography tools.

Just before the radiation entered the measurement chamber, it
passed through an optical filter. This filter was a Si:Zr membrane of
50 nm thickness and was used to filter out the out-of-band (>20nm)
radiation. The source’s radiation spectrum was previously measured by
Kieft,24 while several other researchers convoluted this spectrum with
the transmission curve of the used optical filter in order to retrieve the
spectrum at the position where the measurements were performed.3,23

Before and after each experiment, the stability of the spectrum-
integrated EUV pulse energy was confirmed using a calorimetric power
sensor as introduced and described by Van der Horst et al.15

The focused EUV radiation interacted with the injected gas
around the axis of a cylindrical measurement volume (denoted
“Cylinder” in Fig. 1) made of aluminum and having an inner diameter
and an inner height of both 100mm. The reason for having the experi-
mental geometry limited by this cylinder was twofold. First, it aids the
interpretation of the results, e.g., for future comparison with MCRS
measurements. Second, it facilitates numerical modeling efforts by
providing a well-defined volume. The front-end of the cylinder

contained an aperture which allowed the EUV beam to enter the cylin-
der. The back-end was closed by an aluminum plate that accommo-
dated the front-cap of the EQP. The side-wall of this cylinder
contained two additional slits; one for sliding in the calorimetric EUV
power sensor in the beam path and the other for future experiments
where the field of view of the EQP is perpendicular to the EUV beam
(not used in this work). All walls of the measurement cylinder were
electrically grounded.

Since the openings in the walls of the cylinder were significant, it
can safely be assumed that the composition and the pressure of the gas
in the cylinder were the same as set in the enclosing measurement
chamber (�5Pa working pressure and �10�5Pa base pressure).
Differential pumping ensured that the gas type and the working pres-
sure inside the measurement chamber could be controlled indepen-
dent of the gas type and the working pressure in the source chamber
and in the collector chamber. Partial pressures of H2 and N2 were con-
trolled by mass flow controllers and verified with the EQP in the resid-
ual gas analyzer mode.

The needed positive ion diagnostics were enabled by an
EQP1000, Hiden Analytic Ltd. This device is able to measure the
energy, the mass, and the time-resolved ion fluxes towards the surface
of its front cap. For a fully detailed description, the calibration, and the
alignment procedure, the reader is referred to Ref. 23. Here, we only
discuss the basic specifications of the EQP used. Ions were sampled
through an orifice after which they were transported through a flight-
tube which extended 400mm into the measurement vessel. The col-
lected ions are the energy and the mass filtered before being detected
by the secondary electron multiplier (SEM) ion detector at the end.
The diameter of the sampling orifice of 20lm was chosen such that it
was sufficiently small (compared to the expected Debye length, e.g.,
�43lm for an electron temperature (1 eV) and an electron density
(3� 1016 m�3) that are typical for these kinds of plasma21) to prevent
the generated plasma to enter the flight tube. The used SEM had a
large dynamic range of 7 orders of magnitude, and the mass filter was
set to an ion mass range of 1–50 amu. Before being detected, the trajec-
tories of the incoming ions were “steered” by 15 individually adjust-
able electrostatic lenses. The procedure for setting these lenses and the
calibration of the full EQP is extensively described in Ref. 23.

Time-averaged IEDFs for specific positive hydrogen ions (Hþ,
H2
þ, and H3

þ), positive nitrogen ions (Nþ, N2
þ, and N2þ) and posi-

tive nitrogen-hydrogen ions (NH2
þ, NH3

þ, NHþ, and N2H
þ) have

been obtained from an EUV-induced plasma in a gas admixture of
5 Pa H2 and 0.01Pa N2. The results are plotted in Figs. 2(b), 3(a), and
3(b), respectively. As reference, the IEDFs for positive hydrogen ions
from an EUV-induced plasma in undiluted H2 (Ref. 21) are shown in
Fig. 2(a).

As can be seen from Fig. 2(b), when comparing with the pure H2

situation in Fig. 2(a),21 diluting the H2 gas with a small fraction of N2

hardly alters the time-averaged IEDFs for the hydrogen ions; H3
þ

remains the dominant (positive hydrogen) ion and the IEDF for Hþ

continues to show the energetic tail that extends to almost 20 eV.
However, even though the partial pressure ratio between N2 and H2 is
low (2 � 10�3), detected fluxes of nitrogen ions are significantly large
compared to those of hydrogen ions (e.g., a ratio of �2 � 10�2 when
comparing, for instance, the maximum IEDF values for N2

þ and
H3
þ). The reason for this is that the total photoionization cross-

section at 13.5nm for N2 (rpi ¼ 2:5 � 10�22 m2, Ref. 25) is more than

FIG. 1. Schematic overview of the experimental setup used (not to scale) with the
source chamber housing the xenon-based discharge produced plasma source, the
collector chamber housing the focusing optics, and the optical filter and the mea-
surement chamber housing the measurement cylinder and the EQP diagnostics.
Reproduced with permission from Van De Ven et al., J. Appl. Phys. 123, 063301
(2018). Copyright 2018 AIP Publishing.
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40 times larger than the corresponding value for H2 (rpi ¼ 6 � 10�24
m2, Refs. 26 and 27) At this pressure, electron impact ionization is of
significant importance when it comes to continued creation of plasma
species even after the EUV pulse has ended [typical after 50 ns–100ns
(FWHM) after the start of the pulse].17 Immediately after the first pho-
toionization events, the energy of the created electrons (energy-distrib-
uted highly non-Maxwellian) equals the energy difference between the
photon energy and the ionization energy of the respective molecules.
At these energies, however, the cross-section rei for electron impact
ionization is only slightly higher for N2 (rei ¼ 1:5 � 10�20 m2 for N2,
Ref. 28 compared to rei ¼ 1:1 � 10�20 m2 for H2, Ref. 29). Therefore,
the relatively high value of the flux of nitrogen ions can be contributed
mainly to the much higher photoionization cross-section (in the EUV
range) of N2 compared to that of H2.

With respect to the nitrogen ions in Fig. 3(a), the first surprising
feature is the energetic tail in the IEDF for Nþ, while the IEDFs for the
other ions do not show this feature. Similar observations can be made
from Fig. 2 (and have been made before21) for the hydrogen ions; the
IEDF for Hþ shows an energetic tail, while the IEDFs for the other
hydrogen ions do not. Several mechanisms can be involved in the

production of various ions. In a direct sense, photoionization [Eq. (1)]
and double photoionization [Eq. (2)] of N2 can occur upon EUV
irradiation

N2 þ ht! Nþ2 þ e�; (1)

N2 þ ht! N2þ
2 þ 2e�: (2)

The reaction product of the reaction in Eq. (1) N2
þ is, for low ion

energy values, the dominant nitrogen ion. However, N2
þ may be sub-

ject to electron impact dissociation: Nþ2 þ e� ! Nþ þ N þ e� with a
threshold of 8:460:5 eV and a kinetic energy release of 6:460:5
eV.30 Although double photoionization [reaction in Eq. (2)] might be
able to produce doubly ionized nitrogen molecules (N2

2þ), these mole-
cules have not been detected by the EQP measurements. From that, it
can be concluded that in this case, N2

2þ is unstable and dissociates
before being detected. Iwayama et al. experimentally showed the possi-
ble dissociation channels for N2

2þ to be either N2
2þ ! Nþ þ Nþ or

N2
2þ ! N2þ þ N.31 Note that both the ionic reaction products Nþ

and N2þ are detected [see Fig. 3(a)]. Pandey et al.32 showed that

FIG. 2. Time-averaged IEDFs for Hþ, H2
þ, and H3

þ ions from an EUV-induced
plasma produced (a) in undiluted H2 at 5 Pa (used data from Ref. 21) and (b) in H2
at 5 Pa diluted with 0.01 Pa N2 (this work).

FIG. 3. Time-averaged IEDFs from an EUV-induced plasma produced in H2 at 5 Pa
diluted with 0.01 Pa N2. Detected ions are plotted in groups regarding the contained
elements. (a) nitrogen ions: Nþ, N2

þ, and N2þ and (b) nitrogen-hydrogen ions:
NH2
þ, NH3

þ, NHþ, and N2H
þ.
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dissociation of high-lying repulsive N2
2þ states into 2Nþ governs a

kinetic energy release between 10.7 eV and 14.8 eV. Distributing this
energy over the two reaction products and superimposing this on the
directed “bulk” energy the ions pick up from the plasma-created space
charge region (e.g., the shape of the IEDF for N2

þ) perfectly explain the
presence, the absolute value and the shape of the high-energy tail in the
IEDF for Nþ. Note that—after being accelerated by the electric fields in
the space charge region—the bulk energy of N2þ is expected to be twice
the bulk energy of Nþ. This, however, is not observed in the respective
IEDFs, which can be explained by the fact that N2þ is also accelerated
twice as fast by the electrostatic fields in the EQP’s energy filter. As a
result, they are detected at half the pass energy of the filter.

Besides these photoionization events, initially created fast elec-
trons might be responsible for the further production of ionic species
through electron impact ionization processes.

From Fig. 3(b), it can be observed that a variety of plasma chemi-
cal reactions produce significant amounts of (positive) nitrogen-
hydrogen ions, i.e., NH2

þ, NH3
þ, NHþ, and N2H

þ ions. Note that
NH4

þ, an ion often found in plasmas in H2/N2 mixtures, is not
detected at all. Apparently, plasma chemical pathways towards NH4

þ

are unlikely under these conditions. Among the detected nitrogen-
hydrogen ions, the most dominant one is N2H

þ. This ion is most
likely created by the proton-transfer reaction between H3

þ and N2

Hþ3 þ N2 ! H2 þ N2H
þ: (3)

As observed experimentally before21 and also from the measurements
presented in Fig. 2(b), H3

þ is highly abundant. The reason for the
abundance of H3

þ—and therefore also for the importance of this spe-
cies in the plasma chemical reaction in Eq. (3)—is the highly efficient
reaction Hþ2 þH2 ! Hþ3 þ H. This “proton-hop-reaction” is gov-
erned by a very large cross-section33 since H2

þ induces a dipole
moment in the neutral H2 molecule, creating an attracting potential
between the two species.

Finally, it can be observed that the IEDFs for N2
þ and N2H

þ show
a cut-off at an energy (around 5eV) that is much lower than the maxi-
mum energies observed for all other ions (>7.5 eV). From the current
experiments, this effect is not understood yet. However, it might be corre-
lated with the higher mass-over-charge-ratio of these ions; N2

þ and
N2H

þ are much heavier than the ions housing a single N atom. As a
result, the transit time through the plasma-induced space charge
region,11,17,21 accelerating the ions towards the front-cap of the EQP,
becomes longer. At the same time, this space charge region is highly tran-
sient. Due to electron cooling, the accelerating electric fields may have
been depleted before the ions even have transited the full initial space
charge region. Hence, these heavier ions may not “feel” the full potential
difference over the initially plasma-induced space charge region.

Overall, the presented measurements in this letter are for EUV
lithography scanner realistic conditions in terms of the gas composi-
tion, i.e., N2-diluted H2. The main conclusion is that although the frac-
tion of N2 additives is very small, a considerable amount of nitrogen
(containing) ions is produced. This fact is crucial for the lithography
industry to take into account because of the higher mass (and thus a
higher impact) of these additional ions and because of their potential
chemical activity regarding the exposed surfaces.

The authors would like to acknowledge ASML for financial
support and the measurement time on their EUV Source.
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