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This work reports on the measurements of ion flux composition and ion energy distribution

functions (IEDFs) at surfaces in contact with hydrogen plasmas induced by extreme ultraviolet

(EUV) radiation. This special type of plasma is gaining interest from industries because of its

appearance in extreme ultraviolet lithography tools, where it affects exposed surfaces. The studied

plasma is induced in 5 Pa hydrogen gas by irradiating the gas with short (30 ns) pulses of EUV

radiation (k ¼ 10–20 nm). Due to the low duty cycle (10–4), the plasma is highly transient. The

composition and IEDF are measured using an energy resolved ion mass spectrometer. The total ion

flux consists of Hþ; Hþ2 , and Hþ3 . Hþ3 is the dominant ion as a result of the efficient conversion of

Hþ2 to Hþ3 upon collision with background hydrogen molecules. The IEDFs of Hþ2 and Hþ3 appear

similar, showing a broad distribution with a cut-off energy at approximately 8 eV. In contrast, the

IEDF of Hþ shows an energetic tail up to 18 eV. Most probably, the ions in this tail gain their

energy during their creation process by photoionization and dissociative electron impact ionization.

Published by AIP Publishing. https://doi.org/10.1063/1.5017303

I. INTRODUCTION

Photon induced plasmas differ from most human-made

plasmas (inductively or capacitively coupled plasmas, dielectric

barrier discharges, and coronas), in that there is no external elec-

tric field acceleration of the electrons that supplies energy to sus-

tain the discharge. Until recently, the experimental research into

photon induced plasmas has been scarce due to the lack of

industrial applications. In nature, the presence of photon induced

plasmas is widespread in the interstellar medium, where they are

found in the form of H II regions and planetary nebulae.1,2

Recently, photon induced plasmas attracted attention

from the semiconductor industry because these plasmas are

inevitably present in the latest generation lithography tools.

For the sake of shrinking transistor sizes, extreme ultraviolet

(EUV) lithography has been introduced, which uses a much

shorter illumination wavelength (13.5 nm) than the previous,

deep ultraviolet systems (193 nm).3 The used EUV radiation

ionizes the low pressure (typically 1–10 Pa) background gas,

inevitably present in the lithography tools, creating plasma

as a by-product.4–6

In EUV lithography, multilayer mirrors are used for the

imaging and transport of EUV radiation. In the field, these

mirrors should retain their reflectivity under EUV irradiation,

which is non trivial due to the high absorption of EUV radia-

tion by even a small amount of contamination [a carbon

layer only 15 Å thick reduces the mirror reflectivity by 2%

(Ref. 7)]. The processes that influence the reflectivity are

actively investigated in multiple studies.5,7–15

The interaction between EUV induced plasma and adja-

cent surfaces can have beneficial effects such as the removal

of contamination by EUV-reactive ion sputtering.5 Negative

effects include the degradation of multilayer coatings due to

delamination leading to the formation of blisters.10,16 This

phenomenon has been attributed to impact by high energy

hydrogen ions formed in the plasma and accelerated by

plasma-induced electric fields. Blister formation in Mo/Si

multilayer samples due to ion irradiation has been confirmed

experimentally using moderate energy (50–200 eV)15 and

energetic (>800 eV) hydrogen ions.13,17 Even deuterium

ions with energies as low as 5 eV have been shown to be

capable of having a negative influence on EUV lithography

relevant optical materials.11

Some of these studies10,11,13,15 relate their work to mir-

ror degradation in EUV lithography by suggesting that the

used ion sources serve as a proxy for the ion fluxes created

by an EUV induced plasma. The applicability of the used ion

sources, in terms of ionic species composition and ion energy

distribution function (IEDF), is unclear because these prop-

erties have not yet been determined in EUV induced plasma.

To extend the knowledge base to the necessary level, in

the present study, the ion fluxes towards surfaces adjacent to

EUV induced hydrogen plasma are investigated experimen-

tally using an ion mass spectrometer. Hydrogen gas at 5 Pa is

irradiated with pulses of EUV photons with wavelengths

closely distributed around 13.5 nm. Although EUV lithogra-

phy light sources will operate at a very high repetition rate of

tens of kHz,18 in this study, a much lower frequency is used

to gain understanding of the basic physical mechanisms.

Other research groups have estimated local plasma ion densi-

ties using Langmuir probes19 and ion surfaces fluxes have

been characterized using retarding field energy analyzers.20

Both however lack the ability to resolve individual species.

The use of an ion mass spectrometer adds the mass separa-

tion and a much larger dynamic range.

Recently, the evolution of pulsed EUV plasmas has

been investigated non-intrusively using microwave cavitya)j.beckers@tue.nl

0021-8979/2018/123(6)/063301/6/$30.00 Published by AIP Publishing.123, 063301-1

JOURNAL OF APPLIED PHYSICS 123, 063301 (2018)

https://doi.org/10.1063/1.5017303
https://doi.org/10.1063/1.5017303
mailto:j.beckers@tue.nl
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5017303&domain=pdf&date_stamp=2018-02-09


resonance spectroscopy (MCRS)21,22 and a particle-in-cell

(PIC) model.23,24 When the EUV pulse repetition time is

much longer than the plasma decay time, the processes in

plasma creation and decay are as follows (also illustrated in

Fig. 1):

(a) Plasma creation is initiated by direct photoionization of

the hydrogen gas (ionization energy of 15.6 eV) by the

EUV photons (h� ¼ 60–125 eV).

(b) Due to momentum conservation, most of the excess

photon energy is carried by energetic electrons with a

highly non-Maxwellian energy distribution. Part of

these electrons escape to the wall, leaving behind a

positive space charge. The electron mean free path

(�3 cm) is slightly smaller than the cylinder radius

(5 cm). Therefore, more than 16% of the electrons can

reach the wall without colliding.

(c) The space charge created by the loss of only 1.5% of

the fast electrons is sufficient to create a potential well

that confines the remaining electrons and accelerate

positive ions outwards. The trapped electrons lose their

energy within a few tens of nanoseconds25,26 due to

ionizing and other inelastic collisions and at the same

moment increase the plasma density. After the plasma

creation, the local electron density decreases rapidly

due to the expansion of the plasma.

(d) When the plasma has filled the volume and the elec-

trons have reached their equilibrium temperature, the

density continues to decrease via ambipolar diffusion

followed by wall recombination.

All energy is supplied within a few tens of nanoseconds

by the EUV pulse, while it takes up to a few hundred micro-

seconds for the plasma to completely extinguish.22 This low

duty cycle (10–4) makes the plasma highly transient.

The IEDF is expected to be determined by the electron

temperature Te. In a collisionless DC sheath, the ion impact

energy is determined by the sheath-presheath to wall poten-

tial, Uw ¼ �Telnð mi

2pme
Þ1=2

, and the Bohm energy, Te

2
, where

mi and me are the ion and electron mass, respectively.27 In a

hydrogen plasma, where Hþ3 is expected to be the dominant

ion,2 the expected ion energy is therefore 3:88� Te. As Te

decreases to room temperature,26 the ion energy will also

decrease. The complex and dynamic processes in the elec-

tron cooling make it difficult to predict the behavior of the

sheath potential, but it is expected that during a substantial

period of the plasma decay, the electron temperature is

below 1 eV (Ref. 26) and the resulting IEDF will therefore

contain a majority of <4 eV ions.

II. EXPERIMENTAL SETUP

A schematic of the setup is shown in Fig. 2. Hydrogen

gas at 5 Pa is irradiated with pulsed EUV light, produced by

a hollow cathode pinch discharge in xenon. The EUV source

has previously been described by Van der Horst.28 The used

repetition frequency of the source is 500 Hz and the EUV

pulses have a temporal FWHM of about 30 ns. Since this

source also produces substantial amounts of UV and VUV, a

50 nm Si:Zr spectral purity filter (SPF) is used which trans-

mits mostly between 10 and 20 nm. The spectrum has been

published by Astakhov and Van der Horst.21,23 98% of the

radiation energy is within the 10 to 20 nm bandwidth. In the

past, the transmission of multiple SPFs has been measured to

ensure that the transmission is not SPF specific.

Uncertainties in the transmission are smaller than 0.8% in

the range from 30 to 60 eV and less than 0.25% below 20 eV.

FIG. 1. Illustration of the EUV induced plasma creation and evolution. The image border represents the wall of the experimental geometry. (a)

Photoionization creates fast electrons. (b) Fast electrons escape to the wall, leaving behind a positive space charge. (c) The hereby created potential well con-

fines the remaining electrons and accelerates ions outwards. (d) Plasma has fully expanded. The plasma induced electric fields are indicated.

FIG. 2. Sketch of the experimental setup. EUV is generated by the Xe-pinch

discharge and focused by collector mirrors into the measuring vessel. The

EUV power can be measured with the retractable power sensor. The cylinder

is indicated with the EQP placed at the back. EUV is therefore directly inci-

dent upon the sample orifice.
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The uncertainty in the spectrum before the SPF is larger,

because electrode wear could alter the spectral output. The

use of the SPF reduces the impact of these variations.

The EUV radiation is focused into the measuring vessel

using grazing incidence mirrors. The width at beam waist is

4 mm and the divergence is 10�. The EUV pulse energy is

measured before and after each measurement using a calori-

metric power sensor, which has also been described by Van

der Horst.28 The pulse energy is 124 6 3 lJ.

In the preparation of future numerical modeling and to

facilitate data analysis, the measuring area is enclosed in an

aluminum cylinder that creates a well defined symmetrical

geometry. The length and radius are 100 mm and 50 mm,

respectively. Due to the divergence of the EUV beam, the

beam diameter at the measurement location is almost 38 mm.

The EUV energy density is therefore 157 6 4 mJ/m2/pulse.

This is of the same order or magnitude as delivered by the

current and future EUV sources in EUV lithography irradiat-

ing a mirror area of 0.1 m2. Although these sources have a

much higher output power of 125–500 W, they operate at a

substantially higher frequency of 50 kHz and therefore have

a relatively little power per pulse.18

The ion flux is measured with an Electrostatic

Quadrupole Plasma analyzer (EQP1000, Hiden Analytical

Ltd.), an ion mass spectrometer enabling mass and energy

resolved measurements. The grounded sampling surface of

the EQP is placed perpendicular to the EUV beam at the

back plate of the cylinder and is thus directly exposed. All

the walls are grounded.

The EQP consists of a sample plate, ion guiding electro-

static lenses, energy filter, quadrupole mass filter, and a sec-

ondary electron multiplier ion detector. An extensive

description is given in Refs. 29 and 30. The bandwidth of the

energy filter is 0.6 eV (FWHM). The EQP has a narrow

acceptance angle. It therefore measures the ion velocity dis-

tribution in the forward direction,30 which will be presented

in units of energy. Correct operation and interpretation of the

measurement results is far from straightforward. We will

highlight some of the most important considerations and

measures taken to ensure a proper measurement.

To ensure that the plasma is not influenced by the pres-

ence of the sample orifice, it should be smaller than the

Debye length, which is the distance scale over which electro-

static effects are screened in the plasma. Furthermore, this

prevents the plasma from penetrating the EQP, which would

disturb the electrostatic fields inside the mass spectrometer

which in turn would perturb the measurement of the IEDF.

Experimentally, this is manifested as a significant reduction

of the <2.5 eV ion flux, which is instead detected with an

apparent negative energy.

The smallest Debye length is estimated using an elec-

tron temperature of 1 eV and a peak density of 3� 1016 m–3

measured with MCRS,22 which was translated from the

electric field averaged electron density to the actual den-

sity.26 The resulting Debye length is 43 lm. Using a 50 lm

orifice, a substantial amount of negative ions were detected

together with a 20 times reduction in the Hþ3 flux below

1 eV. Therefore, a sample orifice with a diameter of 20 lm

is used that guarantees that plasma does not penetrate the

spectrometer. Using this orifice, no ions with apparent nega-

tive energy were measured.

Long term EUV exposure can result in the contamina-

tion of the sample plate, which forms a non-conducting

layer. The cap is then no longer electrically grounded but

floating, which changes the IEDF considerably. Therefore, a

fresh and clean plate was used during these measurements. A

50 nm thick ruthenium coating was applied to prevent con-

tamination and oxidation.

The EQP contains electrostatic lenses composed of mul-

tiple electrodes which are adjustable by the user. In principle,

there are little restrictions regarding the choice of electrode

potentials. These settings influence the transmission and the

angle under which ions are detected.29,31 The most important

requirement that we have applied here is that no stray ions,

at random angles larger than the acceptance angle, should be

able to enter the energy filter, as this may cause transmission

spikes in the energy spectrum. The SIMION software pack-

age32 was used to simulate the ion trajectories through the

device and to find settings that guarantee the fulfillment of

the above requirement. The acceptance angle using this set-

tings decreases from 5� at 1 eV to a constant 1� above 10 eV.

The transmission of the mass filter is almost flat with the

ion mass, which was determined using appearance potential

mass spectrometery (APMS).33 The measured fluxes of ion

species with different mass can therefore be directly com-

pared without the need for mass dependent corrections.

III. RESULTS AND DISCUSSION

Figure 3 presents the measured IEDFs of hydrogen ions

in 5 Pa hydrogen gas. Two observations are made. First, the

three species detected are Hþ; Hþ2 , and Hþ3 (m/z¼ 1, 2, and

3). Mass scans at 4 eV show that no other ions are present.

Second, the shapes of the IEDFs of Hþ2 and Hþ3 are similar,

showing a broad distribution with a steep decrease at about

8–9 eV. The shape of the IEDF of Hþ in this energy range is

similar to that of the other species. However, this distribution

FIG. 3. The species resolved IEDF in EUV induced plasma in 5 Pa hydrogen

gas. The EUV pulse energy was 124 6 3 lJ.
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has an energetic tail that extends to just under 20 eV, which

was not anticipated.

The influence of ion-molecule collisions is expected to

be minor. The ion mean free path is in the order of 1 cm,

which is larger than the sheath width, which is typically a

few times the Debye length.27 From the moment of maxi-

mum plasma density [��1016 m–3 (Refs. 22 and 26)], until

the density has dropped to 1� 1014 m–3, the Debye length is

smaller than 2 mm for Te below 5 eV. Because the density

has dropped by a factor 100, we also expect that we have

captured �99% of the total flux. During this period, the

Debye length is much shorter than the mean free path and

therefore ion-molecule collisions are negligible.

A. Ion flux composition

The measured Hþ and Hþ2 are created by photoioniza-

tion in a ratio Hþ=Hþ2 of about 0.27.34 The excess energy

results in the creation of relatively energetic electrons, with

energies up to 76 eV. These electrons further ionize the back-

ground gas by electron impact ionization, creating mainly

Hþ2 as the cross section for ionization to Hþ2 is 10 times

larger than that for ionization to Hþ.35 Hence, more Hþ2 than

Hþ is created.

Although not created by photo- or electron impact ioni-

zation, Hþ3 appears clearly as the dominant ion. The reason

for this is that Hþ2 is rapidly (0.2 ls) converted to Hþ3 by col-

lisions with the background H2 gas ðHþ2 þ H2 ! Hþ3 þ HÞ.36

The dominance of Hþ3 has been shown in other weakly ion-

ized plasmas,2 but is now, for the first time, also observed in

a photon induced plasma.

B. Energetic tail

The creation of the high energy tail in Hþ may be

explained by the following two mechanisms:

1. Due to its lower mass, Hþ is affected more by the tempo-

rally high potential.

2. Upon entering the space charge region, Hþ already has a

higher energy than Hþ2 and Hþ3 when it enters the space

charge region.

In the first mechanism, the observed tail is the result of

the lower inertia of Hþ, compared to that of Hþ2 and Hþ3 . The

potential peaks shortly after the EUV pulse and then decays

within a few tens of nanoseconds because the electrons cool

due to electron neutral collisions. All ionic species are accel-

erated by the resulting electric fields ~E with the same force

due to their equal (single) charge

~ai tð Þ ¼
~Fi tð Þ
mi
¼ qi

~E tð Þ
mi

; (1)

with ai and ~Fi , respectively, being the acceleration and force

on species i and mi the particle’s mass.

However, assuming that the potential drop decreases

significantly over the ion transit time through the sheath,

there is only a limited time of fast acceleration. Hþ gets

accelerated to a higher extent than Hþ2 and Hþ3 due to its

lower mass.

The kinetic energy ei gained up to t ¼ s is

ei tð Þ ¼ 1

2
mivi tð Þ2 ¼ mi

2

ðs

0

ai tð Þdt

� �2

¼ q2

2mi

ðs

0

E tð Þdt

� �2

: (2)

The ratio of eðtÞ between species i and j is a constant

ratio between their masses: ðei=ejÞðtÞ ¼ mj=mi. Therefore,

Hþ gains two times more energy than Hþ2 and even three

times more than Hþ3 which could result in the formation of a

high energy tail.

Following this reasoning, the difference in mass

between Hþ2 and Hþ3 would also result in a disparity in maxi-

mum energy between those species. This is not seen in the

present measurements: Hþ2 and Hþ3 have the same maximum

energy of about 8–9 eV (see Fig. 3). It could be that this is

overshadowed by the bulk of the ion flux, but it is neverthe-

less detrimental to the hypothesis.

The second mechanism is that Hþ already has a higher

kinetic energy before it is accelerated in the induced space

charge. Energetic Hþ is formed by both dissociative photo-

ionization [Eq. (3)], double photoionization followed by dis-

sociation [Eq. (4)] (Ref. 37), and dissociative electron

impact ionization. We first consider the photoionization

reactions

h� þ H2 ! H
þð�Þ
2 þ e� ! Hþ þ H� þ e�; (3)

h� þ H2 ! Hþþ2 þ 2e� ! 2Hþ þ 2e�: (4)

In the first process, initially, a repulsive 2Rþu state or an

excited molecular ion is formed in a vertical process. Upon

dissociation, an Hþ ion and a hydrogen atom in the excited

state are produced. The kinetic energy of the two products

depends on the initial state of Hþ�2 and the resulting H*, but

is in the order of 8 eV.37 In the second process, both elec-

trons are removed from the hydrogen molecule to create

unstable Hþþ2 , which dissociates into two Hþ. The excess

potential energy associated with Hþþ2 of 18.8 eV is evenly

distributed over the separated Hþ due to momentum conser-

vation.38 The resulting ion energy is 9.4 eV.

If we consider the cross sections for ionization, we

see that the contribution of dissociative photoionization

ðrðHþ;HÞ ¼ 1:4� 10�20cm2Þ34 to the energetic tail is a few

times larger than that of double photoionization

ðrðHþ;HþÞ ¼ 0:27� 10�20cm2Þ,39 considering that two ions

are created in the later process. In photoionization, about 27%

of the events lead to the creation of fast Hþ. About 16% of

these ions are created by double photoionization, which is

4.3% of the total photoionization.

Dissociative electron impact ionization involves the

same intermediate excited ions as photoionization

e� þ H2 ! H
þð�Þ
2 þ 2e� ! Hþ þ H� þ 2e�: (5)

In electron impact, Hþ can be created via the 2Rþg state

of Hþ2 which results in near-zero kinetic energy, or, similar

to dissociative photoionization, via the repulsive excited

063301-4 van de Ven et al. J. Appl. Phys. 123, 063301 (2018)



states of Hþ2 and the repulsive 2Rþu state which result in a

broad energy distribution peaked at the energy of �8 eV.40

Electron impact collisions with energies lower than the

threshold of transition to 2Rþu mainly result in low energy

Hþ via the 2Rþg state. In total, high energy (>0.25 eV) Hþ is

formed in about 5% of the electron impact ionizations.41

Numerical simulations have shown that at 5 Pa, approxi-

mately one electron impact ionization takes place for each

photoionization.23 Therefore, the contribution of dissociative

electron impact ionization is roughly equal to that of double

photoionization.

Ionization of fast H by electron impact ionization ðHþ e�

! Hþ þ 2e�; r ¼ 7� 10�17cm2Þ can also create energetic

Hþ. However, this cross section is just a factor 10 larger than

that of the electron impact ionization of H2 to Hþ and thus the

fast H density should be in the order of 10% of the gas density

in order for this process to have a substantial contribution.

Those fast H are not produced by electron impact ionization

and conversion of Hþ2 to Hþ3 ðHþ2 þ H2 ! Hþ3 þ HÞ.2,25 The

binary recombination process of Hþ3 with electrons is negligible

at our working pressure42 and asymmetric charge transfer of

Hþ or Hþ3 with H2 to form fast H requires ions with elevated

initial ion energies. Photoionization of H2 [Eq. (3)] does create

fast H at a rate similar to that of Hþ. Also, electron impact dis-

sociation creates H ðr < 9� 10�17 cm2Þ, part of which has

energies above 7 eV.25 The expected rate at which they are cre-

ated is similar to that of ions. Due to their high velocity, they

reach the walls of the vessel within a few ls, if they have not

lost their energy in excitation collisions with the background

gas [the mean free path is about 10 mm (Ref. 36)]. Therefore,

the fast H will be lost long before the next EUV pulse. The den-

sity is therefore not sufficient to contribute to the energetic Hþ

tail. Other energetic Hþ production processes are negligible

because either the ion energy thresholds (Hþ2 or Hþ3 dissociation

in collision with H2 and asymmetric charge transfer between

Hþ2 and H) or molecule kinetic energy thresholds (H2þH2

impact ionization) are too high.2,36

The energy that ions gain in the above described photo

and the electron impact ionization processes match with the

length of the energy tail, which extends from 8 to approxi-

mately 18 eV. The ions traversing the induced space charge

still receive the energy due to the crossing of the space

charge region, which is added to their initial energy of

approximately 10 eV.

Energetic Hþ have been measured before in electron

impact experiments.38 Until now, they have not been

reported in a plasma experiment. That is because the energy

threshold for excitation to a state that produces energetic Hþ

is much larger than the ionization threshold: more than

25 eV for the Q1;
1Rþu ð1Þ state, which autoionizes and disso-

ciates producing Hþ with energies up to 4.4 eV.43

Dissociating Hþ�2 states need more than 30 eV to be produced

and the vertical threshold for Hþþ2 formation is 51.09 eV.37

Electrons at these energies are scarce in plasmas driven by

electric fields. Energetic Hþ production in laser driven plas-

mas is also uncommon as laser wavelengths below 50 nm

(h� ¼ 25 eV) would be required for the ionization via the

Q1;
1Rþu ð1Þ state. Therefore, most plasmas lack the mecha-

nisms needed for the production of energetic Hþ.

IV. CONCLUSIONS

The current work shows the composition and energy dis-

tributions of ions from an EUV induced plasma in H2

impacting an electrically grounded surface. This situation is

representative for the non-biased mirrors in the imaging part

of the EUV lithography tool. It must be noted that these con-

ditions differ from those in the EUV light source part of the

tool in terms of pressure, EUV spectrum, pulse frequency,

and the presence of tin debris in the form of fast ions, atoms,

and particulates.44 The effects of these differences on the

EUV induced plasma and the IEDFs in particular, require

further investigation.

The IEDF in EUV induced plasma in hydrogen appears

relatively broad with a clear cut-off energy a little under

10 eV. The ion flux consists mainly of Hþ3 . The energetic tail

of Hþ extends to just under 20 eV.

The observed energies are much lower than the ones

used during the investigation of ion induced delamination in

multilayer mirrors.11,13,15 These studies use a thermal gas

cracker11,13 or an ion gun15 to provide the ion fluxes.

Moreover, those devices produce mainly Hþ2 in contrast to

the situation of EUV induced plasma, where also Hþ and Hþ3
are present, which could influence the surface chemistry. In

bombardment with mono-atomic molecular ions, each atom

is usually counted separately.45 The energy per atom is

greatly reduced when Hþ3 would be used as the beam particle

with the same total kinetic energy. Hence, if blistering would

be observed close to EUV induced plasma in hydrogen, the

mechanisms involved in the blistering formation could be

different than the ones investigated in the previous studies.
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