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An experimental study of oxide reduction at the surface of ruthenium layers on top of multilayer

mirrors and thin Ru/Si films is presented. Oxidation and reduction processes were observed under

conditions close to those relevant for extreme ultraviolet lithography. The oxidized ruthenium surface

was exposed to a low-temperature hydrogen plasma, similar to the plasma induced by extreme ultra-

violet radiation. The experiments show that hydrogen ions are the main reducing agent. Furthermore,

the addition of hydrogen radicals increases the reduction rate beyond that expected from simple flux

calculations. We show that low-temperature hydrogen plasmas can be effective for reducing oxidized

top surfaces. Our proof-of-concept experiments show that an in situ, EUV-generated plasma cleaning

technology is feasible. Published by AIP Publishing. https://doi.org/10.1063/1.5006771

I. INTRODUCTION

Photolithographic technology, employing extreme ultravi-

olet (13.5 nm wavelength) radiation, has seen significant pro-

gress recently.1 Multilayer mirror (MLM) optics, comprised of

�50–60 bi-layers of Mo:Si, each layer being 6.7 nm thick, are

used in this spectral range. To maximise the lifetime of such

optics, oxidation of the top protective coating under the inten-

sive EUV radiation2 should be prevented. Oxidation can be

controlled by coating the mirrors with few nm of ruthenium.

Water molecules, which are physically adsorbed on the

ruthenium surface, absorb EUV photons. This may either par-

tially or fully dissociate the water, leading to the formation of

atomic oxygen. Atomic oxygen generation allows oxidation

to proceed during EUV radiation. It is noteworthy that elec-

tron irradiation at similar energies (�100 eV) does not result

in such an intense Ru oxidation.3

To control oxidation, a technology that efficiently and

precisely cleans MLM surfaces must be available. The con-

tamination and cleaning of EUV optics have been the subject

of intense research recently.4–8 Atomic hydrogen is currently

applied to remove different types of contaminations.5,9,10

However, atomic hydrogen is not a very effective agent for

ruthenium oxide reduction.10 In the case of exposure to high-

energy photons, photoionisation prevents the formation of a

high-density flux of H atoms toward the irradiated surface.

It imposes considerable limitations on the cleaning speed

and selectivity. On the other hand, plasma sources are known

to efficiently reduce oxide layers from many surfaces.11–13

However, these plasmas are typically high-density, high-

temperature plasmas and, as such, are incompatible with

EUV mirrors.

An alternative is to use the plasma generated by ioniza-

tion due to EUV radiation. The photon energy of EUV radia-

tion is 92 eV, sufficient to ionize hydrogen. Thus, direct

photo-ionization of the background gas, along with secondary

ionization due to electrons that are emitted from MLMs, cre-

ates a short-lived plasma above the mirror surface, which

may clean these surfaces in-line.14,15

Earlier works16 have proven that carbon can be efficiently

etched from multilayer mirrors in a EUV-induced hydrogen

plasma. This suggests that in-line cleaning could also work for

surface oxides as well.

In the absence of EUV, the rates of Ru oxidation and

reduction are governed by two rate equations,

d NRuOx½ �=dt ¼ k1 NH2O½ � NRu½ � � k2 NH2½ � NRuOx½ �;

d NRu½ �=dt ¼ k2 NH2½ � NRuOx½ � � k1 NH2O½ � NRu½ �;

where NRu, NRuOx
, NH2

, and NH2O numbers are surface densi-

ties for Ru, RuOx, H2, and H2O (the latter two being the main

reducing and oxidising agents). k1 and k2 are effective rate coef-

ficients of Ru oxidation and reduction from RuOx by hydrogen.

Furthermore, the ratios of the number densities depend on

the partial pressures of molecular hydrogen and water in a gas

phase and desorption temperatures of these species. Hydrogen

desorption starts from clean ruthenium Ru(0001) at 400K and

for oxidized surface RuO2(110) at 300K, while water desorp-

tion starts from ruthenium Ru(0001) at 150K and for oxidized

surface RuO2(110) at 200K.
5,17 Since the partial pressure of at

least one of these chemical agents (H2, H2O) can be controlled

in most vacuum systems, the surface coverage is often, to first

order, under experimental control.

However, although the number densities of the back-

ground gases are under control, the gases and surface adsorbed

species are often partially dissociated or ionized. For instance,

on a Ru surface, a fraction of the adsorbed water partially dis-

sociates. Absorption of EUV leads to the formation of oxygen

radicals, vastly increasing the rate of oxide formation. On the

other hand, hydrogen also dissociates on Ru, forming more

active radical species, while the presence of EUV leads to a

large radical and ion flux incident on the surface, changing the
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rate at which reduction occurs. Assuming linearity (e.g., that

all rates are independent of each other), these processes can be

taken into account in composite rates, k1 and k2. The rates k1
and k2 must be known, and the major contributors to the com-

posite rate understood in order to control the balance between

oxidation and reduction.

Although oxidation of ruthenium surfaces has been

described by a model, studies of reduction and oxidation are

limited.18 Specifically, the reduction of the surface, and the

balance between oxidation and reduction have not been stud-

ied in detail. Furthermore, the balance between the oxidation

and reduction under EUV radiation, and, consequently, in the

presence of ions and radical species has not been investigated.

The aim of this paper is to present an analysis of the

main mechanisms for oxide reduction. Thus, the potential for

balancing oxidation and reduction through the use of EUV-

generated active species (ions and radicals) can be evaluated.

Specifically, the possibility for in-line cleaning, via the low-

pressure hydrogen plasma that is induced by EUV radiation,

is considered.

We present new data on the oxidation and reduction of

the top ruthenium surface of MLMs in the presence of EUV

radiation. A low-density, inductively coupled, plasma and a

surface wave discharge (SWD) plasma were used to determine

the absolute etch rates due to hydrogen ions, radicals, and the

combination of the two. We conclude that, under EUV lithog-

raphy relevant conditions, efficient oxide removal is possible

using in-line plasma cleaning.

II. OXIDIZED RUTHENIUM SAMPLES

In order to relate observations of oxidation and reduction

on Ru-terminated multilayer mirrors to more fundamental

processes, we also performed experiments on model systems.

Ruthenium-terminated multilayers were studied in EUV

exposures, where the response of the mirror plays an important

role in the formation of the plasma near the mirror surface. The

MLM samples consisted of Mo/Si multilayers (25� 25mm),

terminated with <3nm of ruthenium. EUV-induced ruthenium

oxidation/reduction processes were studied under a variety of

exposure conditions and partial pressures of hydrogen and

water. We chose experimental conditions that are as close as

possible to those relevant to EUV lithography (EUVL).

For model-system studies, the samples consisted of

plasma-oxidized ruthenium films, which are structurally and

chemically similar to ruthenium oxide films that grow under

EUV illumination.5 The deposited Ru layer was 20 nm thick,

deposited on the oxide-terminated surface of a Si wafer. The

Ru layer was subsequently oxidized by exposure to an oxy-

gen plasma (see below for details on the oxide layer thick-

ness). The reduction of the oxide layer was performed in a

plasma reactor that produces ion energies and fluxes similar

to those produced by EUV-induced plasmas. This model sys-

tem is more straightforward to analyze than a regular MLM.

Furthermore, by using a relatively thick Ru layer, the sam-

ples could also be used as electrodes to measure the ion flux.

For MLM studies, the thickness of the oxide layer was

measured in-situ, using ellipsometry. To ensure the accuracy

of the optical model, thickness measurements derived from

Energy Dispersive Spectroscopy (EDS) and X-ray fluorescence

analysis (XRF) were compared with ellipsometry estimates.

Figures 1(a) and 1(b) illustrate the principle for an Ru/Si sam-

ple. Figure 1(b) shows a typical calibration curve for ellipsom-

etry and XRF. The symbols show the intensity of the EDS and

the model-predicted ruthenium oxide thickness, based on mea-

sured ellipsometry data. The model uses a modified set of opti-

cal constants obtained from Palik.19 The oxide layers for the

samples (Fig. 1) exposed to oxygen plasma were found to have

thicknesses of 0.26 nm, 0.48 nm, and 0.66 nm. These thick-

nesses correspond to less than 1 monolayer (ml) of oxide,

more than 1ml and less than 2ml of oxide, and more than 2ml

of oxide, respectively, assuming RuO2(110) oxide structure.

Three thicknesses of oxide film were chosen so that the influ-

ence of oxide depth on oxide reduction could be studied.

A linear regression of the data results in a measurement

accuracy of 60.05 nm for ellipsometry. For the plasma-

assisted reduction experiments, only ex-situ EDS measure-

ments were performed.

III. EVOLUTION OF OXIDATION AND REDUCTION OF
RUTHENIUM IN WATER/HYDROGEN MEDIUM

EUV-induced oxidation and reduction was -studied with

a EUV exposure tool using Ru-terminated MLM samples. A

schematic representation of the first used EUV set-up is given

in Fig. 2. The tool consists of two main parts: the EUV source

and the exposure chamber. The exposure chamber is separated

from the radiation source by a spectral-purity filter (SPF)

which ensures that the sample is only exposed to EUV light.

The SPF is a free-standing SiZr filter with 50 nm thickness and

FIG. 1. X-ray fluorescence analysis
of the oxidized 20nm thick Ru film on

Si. The presence of an oxygen peak
(525 eV) shows that the ruthenium sur-

face is always oxidized in the case of
ex-situ measurements. For our experi-

ments, the initial oxide thickness is less

than one monolayer (a) and calibration
curve for ellipsometry and XRF is lin-

ear (b).
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78% in-band transmission. The EUV beam (FWHM � 4mm)

was focused to a 2mm diameter spot with an average power

density of 5.7 mW/mm2 at 600Hz during 35 million pulses.

Within the exposure chamber, samples are irradiated at

the focus of the EUV beam under varying background gas

pressures and sample temperatures. The base pressure of the

system after bake-out is 4� 10�8 mBar. Water and hydrogen

are introduced to the exposure chamber via two separate

valves. For in-situ oxidation/reduction studies, the natural

oxide layer due to exposure to atmosphere was first removed

by hydrogen radical etching within the load lock chamber.

While the sample is being irradiated, an imaging ellips-

ometer allows for in-situ monitoring of changes to the sample

surface (e.g., growth or reduction of surface oxide) with sub-

nm sensitivity; with this technique, the oxidation and reduc-

tion of the surface can be spatially and temporally resolved.

The imaging ellipsometer was developed in-house. It is a

rotating compensator ellipsometer in a polarizer-compensator-

sample-analyzer configuration. It uses a �630 nm LED light

source that is collimated to a �2.5 cm diameter beam that is

incident at a 70 degree angle on the sample. The reflected light

is detected by a 2/300 CCD camera with a 75mm focal length

lens. The timing of the camera trigger is synchronized to the

rotation of the compensator, allowing one to determine W (the

amplitude ratio upon reflection) and D (phase shift) for each

pixel.

Samples were held at a fixed temperature using a closed

cycle system (Phoenix II, Thermoscientific). The minimum

sample temperature is limited by the thermal contact between

the cooling circuit and the MLM. The actual temperature is

measured by a small (2� 2mm) PT1000 resistive tempera-

ture sensor (3.8 X/�C) that is clamped on the metallic frame

that holds the mirror.

An example of the oxide thickness determination, as

extracted from the optical constants, is presented in Fig. 3.

In order to illustrate control for oxidation and reduction

of the MLM protective layer, we placed the samples under

the EUV radiation and monitored the oxide thickness under

different H2O:H2 ratios using ellipsometry. Figure 4 shows

the evolution of Ru oxidation and reduction as the partial

pressures of water and hydrogen are varied. The RuOx thick-

ness and phase shift (D-signal) are plotted as a function of

exposure time. The experiment began with a sample that was

oxidized to a depth of 0.12 nm. First, the ability to obtain a

balance between oxidation and reduction is demonstrated by

exposing the sample to a mixture of water and hydrogen (par-

tial pressures of PH2O ¼ 2� 10�5 mBar and PH2
¼ 5� 10�2

mBar at a temperature of 4 �C). Here, to within our measure-

ment accuracy, an equilibrium is observed: oxidation is bal-

anced by oxide reduction.

Once the partial pressure of water is reduced to back-

ground levels (�10�8 mBar) (30min–64min, Fig. 4), reduc-

tion dominates. In this case, D increases, indicating the

reduction of the oxide thickness from 0.12 to 0.08 nm. We

also demonstrate that this can be reversed (64min–140min,

Fig. 4) by reducing the hydrogen partial pressure to back-

ground levels and returning the water partial pressure to

PH2O ¼ 2� 10�5 mBar. Under these conditions, as expected,

D reduces, indicating oxidation of the Ru.

FIG. 3. Ruthenium oxide thickness map. The sample was oxidized at
2� 10�5 mBar of partial water pressure and 4� 10�8 mBar of partial hydro-

gen pressure. Surface temperature was 8 �C. The EUV power density was
5.7 mW/mm2 at 600Hz, and the total number of EUV pulses was 35� 106.

FIG. 4. In-situ oxide thickness as a function of time when varying the partial

pressures of water and hydrogen. The change in ellipsometry phase shift
signal (D), which is approximately linear with oxide thickness in this range,

is used as an approximation for oxide thickness. The sample, oxidized to

a thickness of 0.12 nm, is first exposed to a balanced water (PH2O ¼ 2� 10�5

mBar) and hydrogen (PH2
¼ 5� 10�2 mBar) environment. Then, a hydrogen-

dominant environment (PH2
¼ 5� 10�2 mBar, PH2O < 2� 10�8 mBar) and

finally to a water-dominant environment (PH2O ¼ 2� 10�5 mBar, PH2
< 5

� 10�8 mBar). For all measurements, the sample temperature was main-
tained at 4 �C.

FIG. 2. EUV exposure tool.
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The details of the mechanisms underlying the balance

between oxidation and reduction require a separate study and

is not the subject of the current paper. Here, we focus on an

empirical model that describes the balance.

The rate of oxide reduction and growth, obtained for H2

and H2O, is very close to the absolute value, suggesting a

first-order approximation

dz=dt ¼ ar PH2O; PH2ð Þ þ aox PH2O; PH2ð Þ; (1)

where z is the oxide thickness and a is the oxide/reduction rate

(slope of the line at Fig. 4). In case of reduction, slope ar, is

considered to be positive (0.216 0.1 nm/h from Fig. 4).

Oxidation rate aox is negative (�0.176 0.1 nm/h from Fig. 4).

The validity of Eq. (1) was checked directly by compar-

ing measured to predicted oxide thickness growth rates at

varying partial pressures of hydrogen and water. Figure 5

shows the measured oxidation/reduction rates for water/hydro-

gen presence only and experimental data for the case of pres-

ence of both water and hydrogen. The total dz/dt rate from (1)

for the 2� 10�5 mBar H2O environment pressure at different

partial pressure of hydrogen was calculated using data for pure

hydrogen (ar) and pure water (aox) environments. The experi-

mental value for the total rate is in good agreement with that

calculated from the first-order approximation.

It can also be seen (see Fig. 4) that with increasing

hydrogen pressure, oxygen removal is sufficiently fast to

avoid Ru oxidation.

In summary, we observed that, under EUV radiation,

the oxidation and reduction rates are only dependent on their

respective feed-gases rates. It is worth noting that the experi-

ments were carried out at relatively low temperatures (4 �C) in

order to enhance the oxidation process. At a higher tempera-

ture, oxidation at PH2O ¼ 2� 10�5 mBar is not observed. The

physical mechanism of this process should be determined;

however, we assume that the main factors could be surface

activation of ruthenium or carbon growth. With increasing

hydrogen partial pressure, hydrogen ions will be formed into

the exposure chamber. The high energy EUV-photons ionize

background gaseous hydrogen as well as the hydrogen mole-

cules adsorbed on the surface. Secondary electrons signifi-

cantly influence this process. One can assume that the low-

pressure EUV-induced hydrogen plasma that formed above

the sample is primarily responsible for ruthenium reduction.

IV. PLASMA-ASSISTED RUTHENIUM REDUCTION

To study the plasma-assisted Ru oxide reduction mecha-

nisms, we performed experiments on a model system: 20 nm

Ru, deposited on a Si wafer (all experiments of this Section)

in a hydrogen discharge plasma with conditions that closely

reproduce those of a EUV-induced plasma.

Samples with varying thicknesses of ruthenium oxide

were placed in a surface wave discharge plasma reactor,

shown schematically in Fig. 6. The samples were placed along

a long quartz tube with an inner diameter of 55mm, where a

low-pressure low-density H2 plasma is generated.14–16 The

plasma is generated in pure hydrogen, at a pressure of 100

mTorr (13.3 Pa), using an electrode-less surface wave dis-

charge (SWD) with a power of �10–12W, and oscillating at a

frequency of 40MHz. Due to a surface electromagnetic wave,

a quasi-neutral plasma column is produced in the tube beyond

the SWD antenna. The electron temperature is nearly constant

along the plasma column, while the plasma density gradually

drops off as the distance from the antenna increases.16 These

characteristics mean that the plasma density and the corre-

sponding ion flux vary by up to two orders of magnitude,

depending on the sample position, while the ion energy spec-

trum remains the same for all samples. The ion flux incident

on the sample surfaces was, for each sample position, derived

from the analysis of IV curves for flat Langmuir probes.16 To

vary the energy of the incident ion flux, the sample holders

were negatively biased. Owing to the fast ion conversion reac-

tion: H2
þ þH2 ! H3

þþH (k¼ 1.5� 10�9cm3/s), the domi-

nate ion is H3
þ.14–16,20,21

One major difference between the generated plasma

described above and the EUV-induced plasma is that the latter

consists of a mixture of hydrogen radicals and ions, while the

FIG. 5. Oxidation rate, aox (black), for constant H2O pressure (2� 10�5

mbar) only and reduction rate, ar (red), for different partial pressures of H2

only (shown at the top of the figure). Observed total dz/dt rate marked with
blue color (experiment) and, predicted total dz/dt rate (just sum of H2 and

H2O rates) marked with green for different partial pressures of hydrogen and
a fixed partial pressure of water.

FIG. 6. The SWD plasma source (right hand side) generates ions with a con-
stant energy spectrum but decreasing density. The ICP plasma reactor (left-

hand side) was used to generate H atoms. As a result, the different sample
positions are subjected to different ratios of ions to radicals.

153301-4 Dolgov et al. J. Appl. Phys. 123, 153301 (2018)



radical component of the former is negligible. To generate rad-

icals, a flow of molecular hydrogen passes through the smaller

diameter quartz tube, where it is dissociated by an inductively

coupled plasma (ICP) discharge (13.56MHz, 200W). Under

the given discharge conditions, up to �40% of molecular

hydrogen is dissociated. However, H atom recombination,

mainly at the surfaces of the metallic flanges that couple the

quartz tubes,22 is rapid, so only about 1%–2% of atomic hydro-

gen reaches the sample holders. Despite rapid recombination,

the atomic hydrogen contribution from the 13.56MHz dis-

charge is an order of magnitude more than that from the SWD

40MHz discharge. The density of hydrogen radicals over the

sample positions was measured using actinometry. Details of

the measurements are presented in the Appendix. To calibrate

the actinometry signal, 10% of argon was added to the hydro-

gen flow and the difference in the ratio of the emission spec-

trum lines was used to estimate the density of dissociated

hydrogen over the samples.21,22 The ion and atomic hydrogen

fluxes, incident on the sample surfaces, were calculated from

the measured ion and atom densities by using “flat-probe”

approach and ideal gas relations, respectively.

Thus, the combination of a low-power SWD plasma

with an ICP source for H atoms production allows for the

effects of low-density hydrogen plasma, atomic hydrogen,

and the combination of these two, to be studied in a con-

trolled manner.

The rate of O removal from the oxidized Ru surface was

obtained for three cases: samples were treated by H atoms

only; H3þ ions only; and H3þ ions and H atoms at the same

time. To control the energy of the incident ions, the samples

were biased with respect to the plasma potential. The oxygen

atom removal per incident ion was estimated for different

sample bias voltages and ion fluxes. The parameters of the

plasma above the sample surface were determined, based on

measured sample voltage-current characteristics.16

The best reduction effect was observed for the case of

joint exposure to hydrogen atoms and ions. Ions are more

effective than atoms, and even a low ion flux was observed

to increase the removal rate noticeably. The oxygen removal

rate by H atoms only is relatively low (see Figs. 7 and 8). In

order to describe the ruthenium reduction phenomenologi-

cally, a linear approximation has been used, as it was for

C-cleaning in Ref. 16.

We present the following equation for ruthenium reduc-

tion rate R:

R ¼ bðEact; TS::Þ � FH þ nðEi; TS; ::Þ � Fi; (2)

where Fi and FH are the hydrogen ion and atom fluxes,

respectively; b(Eact,Ts) is a coefficient that can be defined

as the efficiency with which H atoms remove O atoms from

the surface. Eact is the activation energy of the surface reac-

tion (typically �0.5 eV) and Ts is the surface temperature.

The parameter n(Ei,Ts) is a dimensionless coefficient for

ions, defined as the efficiency with which H3
þ ions removes

O atoms from the surface. n(Ei,Ts) and b(Eact,Ts) depend on

many parameters, including surface temperature and, in the

case of n, the ion energy, Ei.

Of course, such a description does not directly take into

account the transport of oxygen from below the surface, the

mechanism by which surface vacancies are generated, etc.

However, this model is sufficient to predict in-situ reduction

of Ru under conditions that are close to those applied in

EUVL. In EUVL, the goal is to keep the oxide layer as thin as

possible, so reduction reactions of ultrathin layers are domi-

nated by surface reactions, rather than diffusion to the surface.

Furthermore, all the governing physics and chemistry—

surface vacancies, for example—are absorbed into the

empirically determined rates.

Figure 7 shows the dependence between the oxygen

removal rate and the flux of hydrogen atoms. As expected,

the oxygen removal rate increases with increasing hydrogen

atom flux. Furthermore, in the range of fluxes investigated

here, the oxygen removal rate is approximately linear. The

efficiency of a single hydrogen atom removing an oxygen

atom is estimated to be b � (1.46 0.3)� 10�6 from the

slope of a linear fit to the experimental data from Fig. 7.

FIG. 7. The dependence of ruthenium reduction rates on atomic hydrogen

flux. The per-H-atom efficiency of removing an oxygen atom is estimated
from a linear fit to the data.

FIG. 8. Effectiveness of oxygen removal from grounded samples. The ruthe-
nium reduction rate was measured for the following cases: surface wave dis-

charge is ON for ion exposure (ions only); and surface wave and ICP
discharges are switched onto obtain a mixture of atoms and ions. The initial

slopes (slopes of dashed lines) were used to define the per-ion O removal
rates.

153301-5 Dolgov et al. J. Appl. Phys. 123, 153301 (2018)



Figure 8 shows the oxygen removal rate for the case of

ions, and for the case of a mixture of radicals and ions. The

slope of the non-saturated part of the curve is estimated from

a linear fit to the data. For the grounded samples, the effi-

ciency, n, was found to be �0.13, and somewhat larger

(�0.2) for a mixture of radicals and ions. Clearly, ions are

more effective than hydrogen radicals alone. This can also

be seen by comparing the absolute fluxes of ions and radi-

cals. The ion flux is four orders of magnitude less than for

radicals (see Fig. 7), while the reduction rate for ions is still

an order of magnitude more than for radicals alone.

To compare the effectiveness of reduction under various

conditions, we estimate the average number of oxygen atoms

removed by a single hydrogen ion, which we refer to as

reduction efficiency, n. The dependence of n on ion energy,

shown in Fig. 9, was estimated by measuring reduction rates

on biased samples. It can be seen that n rises slowly with

increasing ion energy at energies below �40 eV. But for

energies greater than 40 eV, n begins to increase sharply and

reaches a value of more than 2 for ion energies >100 eV.

The sharp increase in efficiency may be due to two

different mechanisms to remove oxygen from RuOx. The

first, which we refer to as process-1, is dominant at energies

<40 eV, while the second, called process-2, requires ion ener-

gies >40 eV. Evidence for the existence of process-1 and

process-2 is presented in Fig. 10.

We propose the following mechanism for the observed

energy-dependence for ion-assisted removal of oxygen.

For low-energy ions (Ei �40 eV) where n< 0.5, ion-surface

neutralization, which produces hot H atoms on the surface, is

responsible for O removal, while for higher energies (Ei

> 50 eV), chemical sputtering starts to contribute, and eventu-

ally dominates. Arrhenius plots for these two mechanisms are

shown in Fig. 10. The range of energies in our experiments is

too low for classical two-body collision model to be valid.

However, during plasma treatment, the surface species absorb

certain part of ions energy. Or kTs� cEi where c is a coefficient

that takes into account energy loss due to collisions, stopping

processes, etc. Taking this assumption, we fit the dependence

between oxygen removal efficiency and 1/Ei in order to find the

activation energies for different ruthenium reduction processes.

As can be seen in Fig. 10, two processes play a role in

ruthenium reduction under plasma treatment.

Process-1 is described by the equation

ln n ¼ lnA1 � 1:5 � ð1=EiÞ; (3)

and dominates at low ion energies, while process-2, which

occurs at high ion energies, is given by

ln n ¼ lnA2 � 137 � ð1=EiÞ: (4)

Given that kTs� cEi, an estimate for c can be found. The

Arrhenius equation becomes

ln n ¼ lnA1 � ðEa=kTSÞ ¼ lnA1 � ðEa=cEiÞ:

We propose that process-1 is the removal of oxygen atoms

by hydrogen atoms. The excess energy from the ion dissoci-

ates the RuO bond, making OH formation highly probable, a

process well known from Ref. 10. The activation energy for

this process is 0.48 eV,10 which means that c¼ 0.32.

Substituting c into Eq. (4), one finds an activation energy

of about 44 eV. The energy is higher than the binding energy

of surface atoms in oxide structure. This implies that the pro-

cess responsible for ruthenium reduction is not a direct pro-

cess. Ions with an energy of 44 eV will, as they stop, drive

many energetic processes, such as secondary electron emis-

sion, which can dissociate more than a single ruthenium oxide

bond. At the same time, these processes result in the forma-

tion of atomic hydrogen atoms at or just below the surface

of the ruthenium oxide. Moreover, volume vacancies could

be generated to increase oxygen diffusion to the upper surface

layers. Thus, there are many possible indirect processes that

may contribute to process-2. Interestingly, the linearity of

process-2 indicates that only a single pathway is dominant.

FIG. 9. O atom removal efficiency n per ion, as a function of the average ion

energy with (red curve) and without (blue curve) additional hydrogen radical
flux.

FIG. 10. lnn as a function of 1/Ei � 1/Ts for ions (blue), ions and radicals

(red). As one can see there are two different mechanisms for oxygen
removal from RuOx, which we label process-1 and process-2. Process-1 is

dominant for energies below 40 eV, while for energies above 40 eV,
process-2 becomes increasingly dominant.
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Thus, H3
þ ions are very effective for removing oxygen

from the surface and recovery of Ru in comparison with H

atoms. However, to evaluate the applicability of in-line plasma

etching to EUV lithography, experiments under EUV lithogra-

phy relevant conditions were performed.

V. EUV-INDUCED PLASMA EXPERIMENTS

A second series of EUV exposure experiments were per-

formed in a UHV chamber, attached to a tin discharge pro-

duced plasma EUV source, which is described in detail in

Ref. 23. Briefly, EUV radiation from a tin plasma is refo-

cused by collector optics at the sample position, located in

an UHV chamber. The UHV chamber is separated from the

main volume by a spectral purity filter (SPF), which is opa-

que from the deep UV to the visible range and transmits

primarily the source’s EUV radiation at a wavelength of

13.5 nm. By using differential pumping and the SPF, the vac-

uum in the UHV chamber is as low as 10�6Pa. The UHV

chamber can be filled with different gases to a pressure up to

100 Pa, and the samples can be biased to control the ion

energy of the flux incident on the sample surface.

The EUV beam is focused to a diameter of 12mm

(FWHM 6.3mm) and has a spatially and temporally averaged

intensity of 0.13W/cm2 in the focus spot. To eliminate most

of the scattered EUV radiation, a diaphragm of synthetic mica

(Ø¼ 8mm) was placed on top of the samples. The EUV

source operates at 1.5 kHz, and the energy flux per pulse is

0.085 mJ/cm2 in a 100 ns (FWHM) pulse.

Ruthenium films of 25 nm on a silicon substrate

1� 1 cm2 size were oxidized in a plasma reactor to a depth

of up to 0.69 nm, according to calibrated XRF measure-

ments. Afterwards, they were exposed to EUV in the pres-

ence of hydrogen at a pressure of 3 Pa. All exposures were

carried out at room temperature with a sample bias voltage

of �100V.

Three sets of experiments were carried out for 2, 5, and

10� 106 EUV pulses with MLM samples. The total ion

charge, measured by the sample current, was used to estimate

both the ion-flux incident on the sample surface, and the num-

ber of ions formed in the EUV-induced plasma above the

sample. Thereby, the applied radiation doses of 2-, 5-, and

10� 106 pulses corresponded to an integrated ion dose of 6-,

15-, and 30� 1015 ions at the surface.

Ruthenium reduction half-profiles for different ion doses

(exposure times) are shown in Fig. 11. The hydrogen ion

flux profile depends on the EUV intensity profile, which is

shown by the line in Fig. 11. It is clearly seen that the RuOx

reduction profiles correlate well with the profile of the EUV

beam, which implies that reduction is activated by the EUV-

induced plasma.

Under conditions that are similar to those expected

during EUVL, only the ruthenium in the topmost surface

(less than monolayer of oxide) is restored quickly, while the

underlying oxide is not reduced. Moreover, the dependence

on total ion dose is very weak, as the reduction efficiency

falls off after approx. 0.5 monolayer of oxide is reduced. On

the other hand, the correlation between the spatial profile of

the EUV spot and the spatial profile of the oxide reduction

shows that there is a clear dependence between RuO2 reduc-

tion and ion flux.

Removing underlying layers of oxide requires that

hydrogen penetrates, and that the oxygen can diffuse to the

surface. For ion energies in the range used here, the stopping

distance is estimated to be 1–2 nm, which is sufficient to

reduce the entire oxide layer. Therefore, we conclude that

the reduction of ruthenium is limited by the diffusion of oxy-

gen to the surface.

VI. DISCUSSION

The results of plasma experiments show that there are

two different mechanisms (process-1 and process-2) responsi-

ble for the reduction of ruthenium oxide. In what follows, we

propose that process-1 may follow a similar reaction pathway

to that for atomic hydrogen, while process-2 may involve

direct vacancy generation that leads to oxygen removal.

Process-1 involves low energy ions that are likely to

quickly neutralize at or very close to the surface. Thus, the

reduction processes may be similar to that found for hydro-

gen atoms, which is described in Ref. 10. In this case, oxide

removal from a RuO2 surface (likely to be the predominant

oxide in our case13) is described by a stepwise process. In a

RuO2 matrix, hydrogen may be present within the lattice,

weakly bound to the Olattice and on the surface, adsorbed to

the bridge, Obridge, between two ruthenium atoms. According

to Ref. 10, the surface of the ruthenium oxide hydrogenates

through adsorption. In addition, hydrogen atoms, adsorbed at

surface Obridge sites, form hydroxyl groups that are chemi-

cally bound to the surface (Obridge-H). The formation of the

OH bond results in a nearby vacancy

2 Obridge-Hð Þ ! Oabsorb-2Hð Þþ Obridgeþ surfacevacancy:

This is followed by water desorption. As a result, oxygen

and vacancy concentration gradients form in the oxide film.

These gradients are perpendicular to the surface and lead to

FIG. 11. Ruthenium reduction half-profiles for different ion doses (exposure

time). Hydrogen ion flux profile depends on the EUV intensity profile. The

dependency between the reduction and the spatial profile of the EUV beam
is clearly observable.
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oxygen diffusion from the oxide bulk under the following

scheme:10

Olattice þ surface vacancy ! Obridge þ vacancy in the lattice:

As a result, oxygen escapes to the surface, where it can be

removed as described earlier.

In process-2, the ions have sufficient energy to directly

generate vacancies, rather than by hydrogen exchange and

water desorption. According to earlier research, vacancies

have an important (if not a crucial) role in metal recovery

from oxides under the action of hydrogen. In particular, oxy-

gen bonds are broken at the surface with the resulting forma-

tion of the hydroxyl group under the action of a high-energy

ion. This, in turn, leads to the formation of oxygen vacancies

in the surface layer. Nonetheless, low ion fluxes may not pro-

vide sufficient ions to allow the reaction between hydroxyl

groups and hydrogen (either as an ion or a radical) to proceed

at high efficiency. Furthermore, at ion energies above 50 eV,

a significant portion of the flux penetrates the surface and

is unable to reduce surface oxide. Thus, process-2 may also

depend on a combined flux of ions and radicals to provide

both the energy to activate hydroxyl formation and a supply

of reactant. With increased radical concentrations, there is a

high probability for the hydroxyl group to react with a radical

to form water. Figures 8 and 9 show that this is related to the

increased reduction efficiency in the presence of hydrogen

atoms on ruthenium oxide.

Once the surface is reduced, further RuO2 reduction is

rate limited by two processes: the implantation or diffusion

of reactive hydrogen species and the diffusion of oxygen.

This naturally leads to a deceleration of the efficiency of

oxygen removal from deeper layers.

VII. CONCLUSIONS

Our experiments show that the top atomic layer of ruthe-

nium can be effectively and efficiently reduced from an oxide

to a metallic state under hydrogen ion fluxes that are relevant

to EUVL. Furthermore, we show that the balance between

reduction and oxidation can be effectively controlled by

adjusting the partial pressure of hydrogen in the chamber.

Additional experiments demonstrate that the removal of

oxide from beneath the surface is more difficult to describe.

Rather high energy ions are required to deliver reactive

hydrogen species to the buried oxide, while the rate at which

oxygen diffuses to the surface is found to be very low. As a

result, the reduction rate is most likely limited by the slow

diffusion of oxygen through ruthenium.

APPENDIX: ACTINOMETRYOF H ATOMS ON Ar

The density of hydrogen atoms produced by 13.56MHz

ICP discharge over the samples surfaces in the quartz tube

was measured by actinometry. For a low-pressure plasma,

when the dissociation degree is low, the hydrogen dissocia-

tion degree can be estimated from the ratio of emission lines

of H atoms and stable actinometer atoms like any of the noble

gases. We use Ar, a common choice. The ratio of atomic

hydrogen to molecular hydrogen is given by

H½ �

H2½ �
� CH

Ar

IH

IAr
f;

where f ¼ ½Ar�
½H2�

, CH
Ar ¼

SAr
knm

kHij

SH
kij
kArnm

�
kAre
kHe

¼ A �
kAre
kHe
, A is some constant,

and Sk is the sensitivity of the detection system at the wave-

length k. ke
H and ke

Ar are excitation rate constants of the

emitting states of H and Ar atoms. The rate constants of exci-

tation by direct electron impact ke
H and keAr are very sensi-

tive to energy distribution function (EEDF). However, the

ratio of the excitation rate constants is insensitive to changes

to the EEDF, as long as the electron temperature, Te, exceeds

the difference of atom excitation energies. This condition is

fulfilled for the given experiments described here. Thus, the

Maxwellian EEDF with the measured Te and respective exci-

tation cross sections were used to calculate the ratio ke
Ar/ke

H.

To perform the experiments, 10% of Ar was added

to hydrogen and the difference in ratio IH/IAr of intensities

of Ha (656 nm) to Ar(2p1) (750 nm) emission lines in the

40MHz SWD plasma column was measured. By switching

the 13.56MHz ICP discharge on and off, the additional

atomic hydrogen contributed by the ICP was measured. The

detection system was placed such that the atomic hydrogen

concentrations were measured over the different sample posi-

tions. The emission spectrum of 40MHz SWD discharge

in 10% Ar/H2 mixture is shown at the bottom of Fig. 12.

The difference of this spectrum with the spectrum when the

13.56MHz ICP discharge was switched on is shown at the

top of Fig. 12. The increase in atomic hydrogen is calculated

from the difference between ICP on and ICP off spectra.

The hydrogen dissociation degree is estimated from

actinometric signal, i.e., the ratio IH/IAr. IH is intensity of Ha

line from the differential spectrum (top of Fig. 12), and IAr
is intensity of Ar(2p1) line (bottom Fig. 12) from the usual

spectrum. Figure 13 shows the ratio of IH/IAr as a function of

the distance along the quartz tube. The hydrogen dissociation

degree is rather small, and falls fast along the tube. The low

FIG. 12. Bottom blue curve is emission spectrum of the 40MHz SWD dis-

charge (10W) in 10%Ar/H2 mixture (100 mTorr) with the 13.56MHz ICP
discharge switched off. Top red curve is the difference between the 40MHz

SWD emission spectra when the 13.56MHz ICP discharge was switched on
and off (only emission of H atoms produced by ICP is observed).
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atomic hydrogen concentration is due to the fast H atom

recombination on open surfaces of metallic flanges between

the ICP (which is �45% efficient) and tube.
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