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1. Introduction

The next generation of photolithography, extreme ultraviolet (EUV)
lithography, makes use of 13.5 nm radiation, emitted by a pulsed hot
high-density tin plasma [1]. The ionizing photon flux, and vacuum
requirements create a challenging operating environment. One of
the challenges is to maintain the reflectivity, figure, and positioning
of the optics. Because of high EUV absorption, the optical elements
must be reflective rather than transmissive and must use multilayer
mirrors (MLM) of the highest quality.
MLMs consist of approximately 50 Mo/Si bi-layers, stacked to form
an artificial 1D Bragg crystal. The choice of the mirror material has
been determined by meeting the simultaneous requirements for
maximum possible optical contrast between the layers (i.e., the
maximum possible difference between the real parts of the
refractive indices of the two materials), and the minimum possible
absorption (i.e., the minimum possible imaginary part of the
refractive index). In addition to these requirements, the two
materials should form smooth, sharp, and long lasting interfaces. Mo
and Si form a pair of materials ensuring the maximum practical
reflectivity for a mirror designed to operate at 13.5 nm wavelength
(92 eV photon energy). The maximum theoretical reflectivity of a
Mo/Si MLM is 74%, while the experimentally achieved value is ~70%
[2-6]. A thorough review of these mirrors is given in [7]. Multilayer
mirrors in EUVL are expensive high-technology items. Since it is
expensive to manufacture such optics, the lifetime of Mo/Si
multilayers is one of the critical parameters for evaluating their
performance.
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Previous research has demonstrated that MLMs may lose their
reflectivity due to their surfaces becoming contaminated. [8,9]. For a
single optical element, a minor loss in reflectivity may not be
significant. However, for imaging systems that consist of multiple
elements, it is critical that peak and uniform reflectivity is
maintained. For instance, an EUVL optical system may consist of ~10
multilayer mirrors (figure 1), if the reflectivity of each mirror drops by
1%, then the total throughput drops by 15%. Furthermore, if the
reflectivity loss is unevenly distributed over the surface of the
mirrors, then the resolution of the image may be adversely effected.

Figure 1. Example of an EUV lithography imaging scheme. The
apparatus is comprised of a 13.5 nm light source; collector optics for
the collection and focusing of source radiation at the intermediary
focus; illumination optics to obtain appropriate illumination for the
mask, and projection optics to accurately project the mask pattern
onto the photoresist-coated silicon wafer.

Reflectivity loss due to contamination should be viewed from the
perspective of the expected lifetime of the optical element. EUVL
9

requires a lifetime of 3·104 hours for projection optics MLMs [10,11],
while, on the other hand, collector optics are swappable and only
expected to last ~3000 hours. Likewise, the mask, which also has a
MLM substrate, may only be used for a few hundred hours.
Contamination is generally caused by hydrocarbons and water
molecules that decompose under the action of EUV radiation,
causing an amorphous carbon film or oxide layer to form on the
mirror surface.
The formation of such films on the MLM surface is the main cause of
lifetime reduction for EUV optics. For example [12, 8], a carbon film
just a few nm thick would already cause significant loss of MLM
reflectivity.

In

vacuum

conditions,

the

partial

pressure

of

hydrocarbons defines the rate of amorphous carbon growth. The
growth rate of the carbon layer can be quite high, ranging from 0.001
nm/hr to 0.01 nm/hr, depending on the precise EUV illumination and
partial pressures [13,14]. Over the range of these growth rates, it is
clear that only the mask may not be effected by carbon growth.
To maximise the lifetime of MLMs, oxidation of the top protective
coating [14] should also be controlled. Although oxidation rates have
not been as thoroughly investigated as carbon growth rates, a rough
estimate has been made. For instance, at 2∙10-6 Torr H2O pressure
the oxidation rate is estimated to range from 0.016 nm/h up to 0.11
nm/h and depends on the EUV radiation pulse width, dose and
intensity. Under intense EUV radiation, partially or fully dissociated
water forms reactive species (OH groups, O atoms, H atoms).
Reactive species allow surface oxidation to proceed either directly, or
via subsequent reactions during exposure.
Reflectivity loss of a multilayer mirror caused by oxidation of the
protective layer has been measured in ref [15]. For these
10

experiments, a short exposure (4-5 hours) at a high water partial
pressure (5∙10-6 Torr) showed a reflectivity drop of 2%. Although the
water vapor pressure in an actual lithography apparatus would,
doubtlessly, be less than the test pressure, the oxidation rate should
also decrease by a factor of 104 to meet lifetime requirements, which
seems unlikely. Thus, any in situ mirror cleaning should also be able
to remove or reduce surface oxides.
Oxidation of ruthenium surfaces is often described by a model,
which was presented in detail in [16]. The mathematical model of the
oxidation describes the main steps: adsorption of water molecules,
dissociation, surface diffusion etc., and presents the estimated
dependence of the thickness of oxide layer on radiation dose.
Calculations show that oxidation predominantly occurs in the
presence of high intensity radiation for the case relevant for a
lithography machine. The model suggests that surface oxidation
saturates after the formation of one monolayer of atomic oxygen.
According to the model, high intensity EUV produces atomic oxygen
in excess of one monolayer, but the excess dissociatively desorbs
from the surface, rather than contributing to the formation of
subsurface oxide.
Furthermore, the balance between oxidation and reduction under
EUV radiation, and, consequently, in the presence of ions and radical
species has not been investigated.
Besides the above-mentioned types of contamination, there are
other types of contamination, such as tin (Sn). Sn is used as a source
of EUV radiation, and may contaminate collector mirrors. These
three types of contamination are discussed in more detail in this
thesis.
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1.1 Cleaning methods for multilayer optics.
As can be seen by comparing the growth rates of contaminants with
the expected lifetime of the various optics, contamination must be
actively controlled. To control contamination of optical surfaces, a
technology that efficiently and precisely cleans MLM surfaces is
required. In a technically perfect situation, such a cleaning procedure
should be realized without any interruptions to machine operation,
i.e. in situ and in line.
Atomic hydrogen is currently used to remove different types of
contaminants, because the majority of basic hydrogen compounds
are volatile. However, atomic hydrogen is not a very effective in all
circumstances: for example, the removal of surface oxides. In
addition, the efficiency of atomic hydrogen cleaning of amorphous
carbon—the most common contaminant—is extremely low [17],
particularly

in

comparison

with

the

surface

recombination

probabilities [18].
New cleaning methods, suitable for the conditions found in EUV
lithography, must be developed.

1.2 Anticipated Method of Cleaning of Optics
Prior to looking closely at alternative cleaning methods, the
requirements

for mirror

cleaning should be

reviewed. The

requirements essentially emerge from the conditions discussed
above.


A cleaning method must work in-situ, i.e. cleaning without
interrupting wafer printing.
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Cleaning must be performed at the speed of about the
growth rate (0.01-0.1 nm/h) or faster.



Cleaning should be highly selective. Cleaning selectivity is
given by the ratio of carbon atoms removed to cap-layer (e.g.,
ruthenium) atoms removed. Provided that the required
mirror lifetime is 3·104 hours, the Ru layer thickness is 2 nm,
and the required cleaning rate is at least 0.1 nm/h, the
C
required cleaning selectivity  Ru
is as follows:

C
 Ru


Where RC

RC
 103  10 4
RRu

- carbon removal rate, RRu

- Ru removal rate. This

estimation of the selectivity for carbon with reference to a Ru top
layer is based on the assumption that the protective capping layer
should last the lifetime of the mirror. Atomic hydrogen, or hot-wire
cleaning, is currently considered as one of the most feasible
methods applied [9,19,20,21]. The method essentially involves
flowing hydrogen over a tungsten wire heated to ~ 2000°C. When
subjected to such a temperature, hydrogen molecules largely
dissociate into atoms. The flow of fast-moving atoms hits the surface
of the mirror and may react with carbon to form volatile species that
leave the surface of the mirror. Despite the obvious benefits of this
method in terms of removal of contamination, the method has
certain drawbacks. First, probability of removal of one carbon atom
per atom is very low (~ 10-6), meaning the efficiency is low for carbon,
and is even lower for other forms of contamination, such as oxide
formation [22]. Second, the mirror may be contaminated with W
atoms that boil off from the surface of the heated wire. As a result,
atomic hydrogen cleaning barely satisfies the above criteria, and
other solutions to this issue must be considered.
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An alternative to using hydrogen radicals is the use of plasmaassisted cleaning. At the moment, RF plasma is typically used for this.
The effectiveness of such cleaning for carbon removal is well
described in [17] for a hydrogen plasma, generated in a 40 MHz
capacitively coupled plasma (CCP) discharge. In this case the energy
of ions incident onto the sample surface does not exceed 20 eV (i.e.
plasma potential). According to plasma probe measurements,
maximum plasma density corresponded to ne ~1010 cm-3 and ion flux
varied in the range of 1∙1014 to 5∙1014 ion/cm2∙s.
From the data measured in the discharge afterglow, a removal
probability up to 10-5 C atoms per incident H atom was estimated.
However, the C atom removal probability per incident hydrogen ion
was found to be at least 0.1. This experiment promises high cleaning
efficiency while maintaining the selectivity of atomic hydrogen.
The relatively high ion energy of traditional (inductive or capacitive
coupling) plasma do not have the selectivity required to meet MLM
lifetime requirements. In practice this means that the ion energy
must be kept below 20 eV. In the case of ICP or CCP discharge,
selectivity is difficult to achieve because of the rather high plasma
potential. Furthermore, the placement of electrodes for plasma
ignition is impractical in many cases.
The alternative considered in this thesis is to use the plasma
generated by ionization due to EUV radiation to etch contaminants
from the surface. However, as discussed below, EUV-induced
plasmas operate in an entirely different energy and density regime,
so it is not clear that such a plasma will efficiently remove
contaminants from optical surfaces. The focus of this thesis was to
characterize the EUV plasma, and determine under what conditions
it can be used to etch contaminants. And, finally to understand the
14

etching process in detail. To achieve this, experiments in conditions
similar to those found in EUVL, with various environment gases and
pressures, must be carried out.
1.3 EUV radiation driven cleaning.
EUV radiation is radiation with photon energies from about 30 to 250
eV [1]. Due to such high energies, photons ionize a fraction of the
background gas. Besides gas photoionization, EUV photons can
generate energetic photoelectrons from any irradiated surface due
to the photoelectric effect. Thus, a radiation-generated short-lived
plasma is formed in the volume above mirror surfaces, which may be
used to clean these surfaces in-line [23].
At 9 Pa of H2 pressure, the plasma potential of EUV-induced plasma
is only few eV, the ion density is just ni~107 cm-3 and plasma is
relatively cold (Te~1-2 eV). The estimated electron density is 3-4∙107
cm-3 and drops after 3 microseconds. The ion’s energy is on the
order of the binding energy of atoms within the contamination layer.
In comparison, the ion density is two orders of magnitude higher in
plasma reactors. Taking into account the low density and ion energy,
the efficiency of radiation driven plasma cleaning must be checked
experimentally. Although the plasma potential is low, the ion energy
can be increased through the use of biasing (see following chapters).
However, the density and short lifetime of the plasma are given by
EUVL operating conditions, which cannot be easily altered.
In order to understand the physics and chemistry of the surface
plasma-cleaning process, experimental work was performed using a
unique set of tools. Chapter 2 contains a description of the
experimental

setup

to

generate

and

characterize

radiation-

generated plasmas, and plasma-surface interactions. The radiation
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source, with intensity and pulse duration relevant to EUVL, and
diagnostic tools for experimental measurements, are described in
detail.
To study elementary plasma processes, a time-resolved Langmuir
probe system was applied. In Chapter 3, the perturbations that the
probe

introduces

into

plasma

are

investigated

using

both

experimental data and a spatio-temporal numerical model of the
plasma [24]. We show that, by combining the Langmuir probe
measurements with the numerical model, the plasma parameters in
the absence of the probe can be determined. The relevancy of a
modeling approach with experimental data, compared to the direct
extraction of any plasma parameters from the probe curves is
discussed.
The study of carbon removal processes under EUV exposure is
presented in Chapter 4. It is shown that carbon can be efficiently
etched from multilayer mirrors in a low-temperature low-pressure
plasma. Earlier experiments had shown that the efficiency of
removing amorphous carbon from the MLM surface using plasmas
was found to be much higher than that of atomic hydrogen cleaning
[17]. Moreover, in presence of EUV radiation plasma cleaning is even
more effective. A new reactive-ion process is presented and physical
mechanisms for EUV plasma cleaning are discussed.
Within the experiments from chapter 4, magnetron deposited
carbon was used as a model for EUV-induced carbon growth.
However, the characteristics of a carbon film depend on the film
deposition conditions. In practice, this means that the optics
positioned close to the radiation source could be coated with a
significantly denser carbon film, due to the presence of a broad
spectrum of high energy photons and ions.
16

Chapter 5 reports the experimental study of carbon-based films,
deposited on the collector mirror of an EUV source. X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy (RS), energydispersive X-ray (EDX) spectroscopic analysis, transmission electron
microscopy (TEM), and other analysis of the film show that the
contaminant has DLC characteristics.
Furthermore, a plasma assisted cleaning experiment was carried out.
It was found that hydrogen ions are less effective for such DLC
contamination removal, compared to amorphous carbon. Hence, it is
necessary to know how the phase of carbon may vary, depending on
the growth conditions, to choose the optimal MLM maintenance
strategy.
In the sixth chapter, an analysis of the main mechanisms for oxide
reduction is presented. The potential for balancing oxidation and
reduction through the use of EUV-generated ions and radicals is
evaluated. Specifically, the possibility for in-line cleaning, via lowpressure hydrogen plasma is considered.
As one can see, the practical problem of maintaining the
performance of EUV optics raises a number of physics questions that
can be more adequately addressed using model systems.
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2. Extreme ultraviolet source and ultra high vacuum chamber

for studying EUV-induced processes

Abstract
An experimental setup that directly reproduces Extreme UVlithography relevant conditions for detailed component exposure
tests is described. The EUV setup includes a pulsed plasma radiation
source, operating at 13.5 nm; a debris mitigation system; collection
and filtering optics; and an UHV experimental chamber, equipped
with optical and plasma diagnostics. The first results, identifying the
physical parameters and evolution of EUV-induced plasmas, are
presented. Finally, the applicability and accuracy of the in situ
diagnostics is briefly discussed.
Introduction
The next generation of photolithography, extreme ultraviolet (EUV)
lithography, is expected to be required at the 13.5 nm node [1,2].
The ionizing photon flux, and vacuum requirements create a
challenging operating environment. One of the most important
requirements is optics purity with most of the optical elements
expected to last for the lifetime of the photolithography tool. The
basic optical element in EUV lithography (EUVL) is the multilayer
mirror (MLM). MLMs consist of approximately 50 bi-layers of Mo/Si
that are 6.7 nm thick, with the uppermost layer being a protective
layer that is for instance 2 nm thick. A thorough review of these
mirrors is given in [3]. Multilayer mirrors in EUVL are expensive, hightechnology items, making it desirable to extend their useful lifetime
as much as possible.
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Previous research has demonstrated that MLMs may lose their
reflectivity due to their surfaces becoming contaminated with
amorphous carbon or surface oxidation, induced by intense EUV
radiation [4,5]. One solution that is currently under investigation is
using EUV-induced plasma for in-line cleaning [6]. Experiments have
shown that carbon etching can be achieved under certain conditions,
but the physics and chemistry of the etching process is still not fully
understood. One of the reasons for this lack of understanding is that
the characteristics of the EUV radiation-induced plasma are poorly
known.
In this article we present an experimental setup that allows EUVinduced processes to be studied. These processes include carbon
contamination, surface oxidation, and plasma cleaning, as well as
plasma-assisted processes like ion sputtering and blistering [7, 8, 9].
Carbon contamination was previously studied using an electron
beam as a proxy for EUV [10]. However, electron beam irradiation is
not fully analogous to the situation found in an EUV tool, where high
energy photons play a significant role in plasma chemistry. This
problem can be solved by using synchrotron radiation [11,12], but
such experiments are impossible in ordinary laboratories. Currently
there are a number of laboratory EUV sources, based on vacuum
discharge in xenon or tin. The former sources are more common,
but the latter have much greater conversion efficiency (up to 2% in
tin compared to 0.5-0.7% in xenon) [1].
For the study of elementary processes in the EUV-induced plasma,
the apparatus must be equipped with the appropriate diagnostics.
Recent direct studies of the EUV-induced plasma were successfully
carried out by using a method called microwave cavity resonance
spectroscopy [13], but in this case, surface processes, such as
secondary electron emission and surface plasma formation cannot
21

be studied. However, EUV induced secondary electrons, which
escape from the surface of the topmost or capping layer, are able to
trigger surface reactions, possibly with an even higher efficiency than
direct EUV photoionization. These secondary electrons produce
additional ionization in the gas above the optic’s surface, leading to a
plasma sheath with an increased degree of ionization. Such a nearsurface layer with enhanced electron density may strongly influence
the surface photo- and plasma-chemistry, including practical
cleaning schemes.
As we can see, a lot of physical phenomena (photoionization,
secondary electron emission, ion plasma production etc.) contribute
to the processes above the surface under EUV radiation. At the
moment it is not clear which of them are more efficient at cleaning
surfaces, despite the fact that the influence of EUV light on cleaning
has been shown experimentally in ref [6]. However, near-surface
elementary processes, occurring in the EUV-induced plasma, are
poorly understood. Depending on the type of a gas and pressure in
the volume above the surface, different types of ions and radicals
(cleaning agents) predominate at different times. The formation of
different cleaning agents strongly depends on the speed of plasma
transport and the decay time of the plasma. Therefore, an
experimental setup for the study of time evolution of the plasma
parameters is required to understand EUV-induced surface plasma
processing.
An experimental setup, that is able to characterize low-density EUVinduced plasmas using a time-resolved Langmuir probe system is
presented in this work. Below, the radiation source, with intensity
and pulse duration relevant to EUVL, and diagnostic tools for
experimental measurements, are described in detail.

22

The EUV source, based on a discharge-produced plasma in tin vapor,
irradiates samples in a clean vacuum chamber. The latter is designed
for the investigation of surface and volume physical and chemical
processes, induced or assisted by EUV. The benefits of this setup are
high EUV power density, technical simplicity, and good control over
the background gas and electric fields in the clean cylindrically
symmetrical chamber. The

addition of surface

biasing and

cylindrically symmetric fields makes the setup amenable to
numerical calculations.
We also describe the diagnostic equipment for studying the EUVinduced plasma. Such plasma is difficult to study because of the low
7

density (the electron density hardly exceeds 10 -10

10

-3

cm ). In such

cases optical diagnostics are inefficient, while previous work
suggested that Langmuir probes would be infeasible [14]. Here,
however, we show that Langmuir probes for measuring the plasma
density and temperature are effective. We succeeded in obtaining
the temporal dynamics of the electron temperature and density in a
low-density

EUV-induced

plasma.

These

measurements

are

presented at the end of the chapter.

2.1 Setup
The installation shown in figure 1 (PROTO 2 setup) consists of several
main parts. The first part is the discharge vacuum chamber,
equipped with spouts for the entry of laser radiation and the
installation of diagnostic sensors. In addition, the chamber has four
flanges available for optical observations of the discharge. The
chamber pumping system consists of two pumps, capable of 1000
l/s, resulting in an operating pressure of 10
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Pa.

The lower part of this chamber contains the source of EUV
radiation—highly ionized tin plasma— initiated by a laser pulse in the
discharge gap (3-4 mm) between the anode and cathode. The anode
and liquid tin-coated cathode rotate synchronously at a frequency of
up to 30 Hz and operate at a potential difference up to 5 kV. One
load of tin is sufficient to maintain continuous operation for 17
hours, which is approximately 100 MShots.

Figure. 1. EUV source, based on discharge-produced plasma in tin
vapor, with a UHV vacuum chamber for the investigation of surface
and volume physical and chemical processes, induced or assisted by
EUV.

The tin is evaporated from the cathode using an Nd:YAG laser that
generates pulses with a duration of 50 ns, and energies up to 37 mJ,
at a pulse repetition rate of 1.6 kHz. The average laser radiation
power incident on the cathode is approximately 56 watts.
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The upper part of the discharge chamber contains collecting optics
and the debris mitigation system. The collection optics and debris
mitigation system are mounted in an independent housing, that is
attached to the side-wall of the upper discharge chamber at an angle
of 30° relative to the plane of the electrodes. The radiation is
introduced into the chamber using a metal conical light guide with
10 mm gap,
To prevent neutral tin atoms from entering the guide, hydrogen
flows in the opposite direction with a flow rate of 0.001 l/s. Along the
guide, there are six SmCo magnets, that create a field of 0.5 T in the
guiding structure. The magnetic field extends over a length of 10 cm,
and protects the collector mirrors from tin ions with energies up to
100 KeV. Finally, a rotating foil trap is used to protect the collection
optics from droplets of tin created by the discharge [15]. The foil trap
consists of 150 molybdenum foil blades, 20 mm long, on a disk with
a diameter of 150 mm. The trap rotates with the frequency of 100 Hz
and is located directly in front of the light collector. To pass through
the foil trap, particles are required to have a speed of 500 m/s.
Combined with the magnetic field trap, only Z-pinch ions above
150 keV are incident on the collector optics.
The light collector consists of grazing incidence cylindrical mirrors
that are coaxially mounted. The mirror substrates are made from
sital, and shaped by deep grinding and polishing. The radius of the
mirrors is 75 mm, and the height is 45 mm. The focal distance of the
collector is 480 mm. The mirror coating consists of a 100 nm thick
layer of Mo, deposited by magnetron sputtering and has an EUV
reflectivity of 83% with surface roughness ~ 7 nm.
To prevent carbon from accumulating on the mirror surface [4], the
mirrors are biased at 150 V [6]. This bias voltage provides a flux of
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low energy hydrogen ions to the surface, which act as a cleaning
agent.
2.1.1 UHV chamber
EUV radiation from the tin plasma is refocused by the collector optics
at the sample location in the clean chamber. The UHV chamber is
separated from the main volume by a 200 nm thick Zr filter,
mounted on a nickel grid [16]. The spectral purity filter (SPF) is
opaque from the deep UV to visible range and transmits EUV
radiation at a wavelength of the 13.5 nm. Radiation spectra from Zpinch discharge with and without SPF in range 10-25 nm is presented
in figure 2.
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Figure 2. Radiation spectra from Z-pinch discharge in tin vapor with
and without spectral purity filter (SPF) in the range of 10-25 nm.

The filter is mounted to the chamber using indium seals, and
provides sufficient physical strength to allow isolation even in the
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presence of large differential pressures. This allows the pressure in
the clean chamber to be varied from 10

-6

Pa to 100 Pa. The pressure

difference between the clean chamber and the discharge chamber is
limited by the tensile strength of the SPF as well as its sealing quality.
The maximum difference is determined by the gas leaking from the
clean chamber, which should not create a pressure greater than 0.06
Pa in the discharge. Pressures higher than that have an adverse
effect on the discharge and significantly lower the EUV power.

Figure 3. Schematic view of the ‘clean’ chamber. Clean chamber is
equipped

with

heating, cooling—including

a cryogenic

dosing

system—differential pumping, and sample mounts with the provision
for biasing samples. The bias potential of 200 to -200 volts can be
applied to the sample. A copper cylinder serves as an anode and is
mounted above the sample.

The UHV chamber (see figure 3) is equipped with heating, cooling—
including a cryogenic dosing system—differential pumping, and
sample mounts with the provision for biasing samples.
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Table 1. Basic parameters of the PROTO2 tin EUV source with exposure
chamber.
Main parameters of PROTO 2 experimental setup
Maximum source power consumption

3 kW

Mean electric energy of discharge output

1.85 J/pulse.

In-band discharge to optical conversion (2π solid
angle)

1.5%

Pulse repetition rate

1.6 kHz

Pulse duration of EUV radiation

100 ns
2

EUV intensity in focus spot D=6 mm without SPF

0,75 W/cm (4.9 10
2

J/cm /pulse)
2

EUV intensity in focus spot D=6 mm with SPF

-4

0,13 W/cm (0.85 10

-4

2

J/cm /pulse)

Exposure clean chamber and probe system parameters
o

o

Chamber temperature range

from -100 C to + 150 C

Exposure chamber pressure range

from 10 Pa to 100 Pa

Sample bias voltage range

from -200V to 200 V

Langmuir probe bias voltage range

from -190V to 190 V
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The energy characteristics of EUV radiation of discharge plasma were
measured using the pin diode (AXUV 100, IRD Inc.), shielded by an
SPF filter. The power of EUV radiation, introduced to the ‘clean’
chamber, was measured using a specially designed and calibrated
calorimeter, based on an AD590 temperature sensor.
The basic parameters of the EUV source and sample chamber are
provided in the table 1.

2.2.Study of the EUV-induced plasma.
To characterise the low-density EUV-induced plasma that forms in
the clean chamber, a system of Langmuir probes and low noise
electronics was installed.
2.2.1.Probe measurement scheme.
Figure

4

provides

a

full

scheme

of

probe

characteristics

measurement of the EUV-induced plasma. The plasma is formed
between the two electrodes. The first electrode, which is irradiated
with EUV, is a copper disc with a mount for 1'' (25 mm) wafers. This
electrode can be electrically biased in the range of -200 to +200 volt.
In our experiments, only negative bias voltages were applied, so this
electrode served as a cathode. The other electrode, used as an
anode, is a hollow copper cylinder with a height of 40 mm and an
inner diameter of 32 mm. The two electrodes are mounted coaxially
with the EUV beam, as shown in figure 4. From the SPF side, the
cathode is covered with a metal grid with a 1.5 mm spacing, which
prevents the electrons emitted from SPF from entering the interelectrode gap. The cathode and the anode are connected in an
electric circuit, allowing the current flowing in the gap to be
measured. There are three mounting holes for Langmuir probes
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(figure shows only one probe) along the axis of the cylinder of the
anode. The distances from the probe locations to the sample surface
are 12, 20, and 28 mm. Since each probe, in principle, disturbs the
plasma, all measurements are performed with a single probe
installed at a chosen location to minimize the probe influence while
still obtaining an accurate measurement of the spatial dependence
of the plasma. The probe consists of a steel wire of 0.5 mm diameter
in a ceramic shell that leaves a 5 mm length of wire exposed to the
plasma.
Before entering the chamber, gases are passes through a liquid
nitrogen trap to get rid of impurities. The temperature of the sample
and the anode is measured with a thermocouple and are kept at a
constant temperature through active cooling and heating. Heating is
provided by cement resistor heaters. Cooling is achieved using liquid
nitrogen. The electrical connections pass through a sealed iron
housing that provides screening from external crosstalk. In case of
experiments, that described in this chapter the clean chamber was
filled with hydrogen.
A low-noise amplifier circuit was used to acquire the probe signals. It
consists of two amplifier cascades. The current signal of the probe is
converted to a voltage signal by a transimpedance amplifier, based
on an OPA656 operational amplifier. The non-inverted input of the
amplifier, as well as the power supply terminals, have the same
potential as the output of the high-voltage amplifier that generates
the bias voltage. Due to the feedback of the transimpedance
amplifier, the inverting input, to which the probe is connected, has
the same voltage. To minimize crosstalk, this amplifier is mounted in
the clean chamber next to the probe. It must be mentioned that,
under typical experimental high vacuum conditions, no fabricreinforced laminate may be used because it releases gases. Thus, all
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the boards placed in the clean chamber are ceramic-based. The
signal from the transimpedance amplifier is transferred to a
differential amplifier that removes the common-mode interference
from the signal and amplifies the signal by a factor of five.

Figure 4. Block diagram of hardware and software that were used for
EUV-induced plasma dynamics studying.

The resulting signal is recorded by an oscilloscope (Tektronix DPO
3014), which, to reduce noise, operates in averaging mode. When
averaging

512

oscilloscope

records,

a

noise

amplitude

of

approximately 10 nA is reached, which is low enough to measure the
6
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currents that correspond to an ion density on the order of 10 cm .
Figure 4 also provides a scheme for measuring the current through
the sample, which behaves as if it is a flat probe. The focus of the
collector contains a sample holder (a large copper electrode with an
attachment for inch-size silicon substrates). A bias potential of 200 to
-200 volts can be applied to the sample, using an external power
source. A copper cylinder, which serves as an anode, is mounted
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above the holder. The holder and the anode are included in the
circuit provided in the figure 4. This circuit allows real-time
monitoring of the current leaving the sample, when exposed to EUV
radiation.

2.3 Experimental results
A straightforward way to characterize the EUV-induced plasma is to
measure the current in the inter-electrode gap. We refer to this as a
“photocurrent” since a significant contribution to it is made by the
photoelectric effect from the sample.

5
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0Pa -100V
30Pa -100V
100Pa -190V

3

EUV pulse ending
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due to plasma decay

1
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2

4

Time, s

6

8

Figure 5. The photocurrent, measured at different gas pressures and
bias voltages. The tail is due to the ion current and illustrates the
lifetime of the plasma formed during photo-ionization, and the
ionization of the gas by photoelectrons close to the sample.

The photocurrent measurements of the sample (copper disk) were
carried out at different hydrogen gas pressures in the clean
chamber. The pressure was fixed for each of the individual
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measurements. When a chosen bias value was reached, the time
dependence of the current in the circuit between the sample and the
cylindrical anode was recorded. In a vacuum this current is
characterized by a duration comparable to the duration of EUV pulse
radiation, i.e., ~ 100 ns.
In the presence of a gas, the signal has a long plasma tail (see figure
5), fading in the 4-6 µs after the start of acquisition (and long after
the end of the EUV pulse). The slow tail is due to the ion current—
illustrating

the

lifetime

of

the

plasma

formed

during

photoionization—as well as due to the ionization of the gas by
photoelectrons above the sample.
The integration of the slowly decaying tail provides a charge that can
be used to determine the ion dose incident on the sample.
Moreover, assuming that plasma is localized in the volume of the
cylindrical anode, it is possible to provide an approximate estimate
of ion density. For this purpose, the pulse is integrated from the end
of the EUV radiation pulse (moment t0):

ne  ni 

2
eVa

tmax



t0

I P (t )dt

(1)

where Va is the volume of the cylinder of the anode, I P is the current
of the sample at gas pressure P, e is the electron charge, t 0 is the
time of the end of the EUV pulse. The multiplier 2 takes into account
the fact that the charge is collected on the sample from the nearelectrode layer and not from the entire volume.
Figure 6 shows the charge-bias characteristics for a sample exposed
to an EUV-induced hydrogen plasma. In this case, based on the curve
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in figure 6, the plasma ion density is estimated to be ni ~ 107 cm-3.
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Thus, as expected, the density of the plasma is low.

-80 -100 -120 -140 -160 -180 -200

Bias voltage, V
Figure 6. The charge-bias characteristics for a sample exposed to an
EUV-induced hydrogen plasma at different gas pressures.

2.4 Probe measurements

In each measurement, the pressure, and the offset voltage supplied
to the sample, over which the probe is placed, remain unchanged.
Measurements were taken at relatively high pressure (20 Pa), and
high sample potential (20 V) to limit the effect of the Langmuir probe
on the plasma. The potential of the probe is controllably varied, and
the current pulse from the probe was acquired for each probe
potential. Cutting the current data at a constant time results in a I-V
characteristics. Figure 7 shows the I-V curve for a number of different
times.
The Volt-Ampere characteristics of the EUV induced plasma, shown
in figure 7, are quite typical for a low-density, low-temperature
plasma. The floating potential of the probe, Vf, varied within a range
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of ±2 V. The electron contribution to the current appears abruptly,
which indicates that the plasma is, as expected, relatively cold (Te ~ 12 eV).

20 Pa H2, -50V bias
150

Current, A

OpAmp saturation

100
50

1s
1.5s
2s
2.5s
3s

0
-50
-80

-60

-40

-20

0

20

40

Probe potential, V
Figure 7. Volt-Ampere characteristics of the EUV induced plasma
measured at the different times for a gas pressure of 20 Pa, and a
sample bias of 50 V. Te can be estimated from the slope of the
near-exponentially decreasing portion of the curve. The electron
contribution to the current appears abruptly, which indicates
that the plasma is, as expected, relatively cold.

To estimate the density of electrons, Laframboise’s theory of charge
collection [17,18] was applied (see figure 8). The estimated electron
density was 3-4∙10-7 cm-3, which is in good agreement with the
estimate based on the charge-bias characteristic made above. Taking
into account the quasineutrality of the plasma, we know the density
of ions at the same time, which is the density of the active cleaning
species after EUV pulse. As we can see in figure 8 immediately after
the radiation pulse, the plasma temperature is relatively high due to
hot photoelectrons. After first two microseconds, electrons cool to a
temperature of about 1-1.5 eV, which is typical for low-temperature
35

plasmas. This temperature is maintained in the plasma for up to 4
microseconds, or during the entire plasma lifetime. To study plasma
dynamics during the EUV pulse, it is necessary to take into account
the emission from the surface of the probe, which we have not yet
studied.

ne
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13

3,4x10

3,0
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1,5
3,2x1013

0,0

2,0x10-6 4,0x10-6 6,0x10-6 8,0x10-6 1,0x10-5

Electron temperature, eV

Electron density, m-3

3,8x1013

Time,s
Figure 8. The plasma density ne and electron temperature Te of
EUV-induced plasma at 20 Pa of hydrogen and a sample bias of
50 V determined using the methods of the semi-logarithmic
electron current plot and Laframboise’s theory of charge
7

accumulation. The estimated electron density 3-4∙10 cm

-3

is in

good agreement with the estimate based on the charge-bias
characteristic.

2.5 Conclusion
An experimental setup for the study of EUV-induced plasma directly
interacting with surfaces at Extreme UV-lithography relevant
conditions has been described. The installation is equipped with a
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system of Langmuir probes that are able of measuring the temporal
and spatial development of very low density plasmas. Since the
surface chemistry of MLMs is often driven by plasma-induced
process, knowledge of the plasma properties is critical to
understanding surface chemistry. The experimental setup described
here is expected to allow further fundamental studies of surface
physics

and

chemistry,

supported

by

accurate

plasma

characterization.
The determined plasma characteristics include: the temperature of
electrons, and the density of plasma. Measurements can be
performed over a wide range of pressures and cathode biases. The
pressure in the clean chamber can be varied from 10

-6

Pa to 100 Pa.

The cathode can be electrically biased in the range of -200 to +200
volt. It is also possible to study the temporal dynamics of plasmas
after the EUV pulse.
Our initial results show that the characteristic development of a lowtemperature plasma, excited by pulsed EUV radiation, are in good
agreement with preliminary estimates of the plasma parameters.
The experiments show that the electron density for EUV-induced
plasma increases from the moment of the beginning of the pulse
and lasts a few microseconds. In these measurements the density of
8

all gas pressures studied never exceeds 5∙10 cm
3 microseconds.
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and drops after

References
1. Bakshi V 2006 EUV sources for lithography. (SPIE press).
2. Silverman P J. 2005 Journal of Micro/Nanolithography, MEMS, and
MOEMS 4.1 011006-011006.
3. Louis E, Yakshin A E, Tsarfati T, Bijkerk F 2011 Progress in Surf.
Science 86 255 -294.
4. Chen J Q, Louis E, Lee C J, Wormeester H, Kunze R, Schmidt H,
Schneider D, Moors R, van Schaik W, Lubomska M, and Bijkerk F
2009 Optics Express 17 16969-16979.
5. Hiroaki O et al. 2007 Jap. J App. Phys 46 L633–L635.
6. Dolgov A., et al. 2014 J. Phys. D: Appl. Phys 47 065205.
7. Allain J P, Hassanein A, Allain M M C, Heuser B J, Nieto M et al
2006 Nuclear Instruments and Methods in Physics Research Section
B: Beam Interactions with Materials and Atoms, 242 520-522.
8. Kuznetsov A S, Gleeson M A, and Bijkerk F, 2012 J. Phys. Condens.
Matter 24 052203.
9. Kuznetsov A S, Gleeson M A, van de Kruijs R W E and Bijkerk F
2011 Proc. SPIE 8077 807713.
10. Kurt R, van Beek M, Crombeen C, Zalm P, Tamminga Y 2002 Proc.
SPIE, 4688 0277.
11. Socol Y, Kulipanov G N, Matveenko A N, Shevchenko O A, and
Vinokurov N A 2011 Phys. Rev. ST Accel. Beams 14 040702.
12. Al-Ajlony A, Kanjilal A, Sivanandan S H and Hassanein A 2012 J.
Vac. Sci. Technol. B 30 041603.
13. van der Horst R M, Beckers J, Nijdam S, Kroesen G M W 014 J.
Phys. D: Appl. Phys. 47 302001.
14. van der Velden H L 2008 Radiation generated plasmas Doctoral
Thesis Eindhoven University of Technology Netherlands.
15. Shmaenok L A, de Bruijn C C, Fledderus H F, Stuik R, Schmidt A A
et al 1998 Proc. SPIE 3331 90.
16. Chkhalo N I at el.2012 J. Micro/Nanolith. MEMS MOEMS 11 021115.
17. Chen F F.2003 IEEE-ICOPS Meeting, Jeju, Korea.
18. Laframboise J G 1966 Univ. Toronto Aerospace Studies Report 11.

38

3.Numerical simulations based on probe measurements in
EUV-induced hydrogen plasma

Abstract
We use a two-dimensional Particle-in-Cell model with Monte Carlo
collisions to study the plasma induced in hydrogen by short pulses of
extreme ultraviolet (EUV) radiation at wavelengths in the range
10-20 nm with a pulse duration of about 40 ns (FWHM). This plasma
is formed via both photoionization by high-energy EUV photons and
secondary photoelectrons emitted from the hydrogen molecules and
the irradiated surface. The latter process can be enhanced by an
external electric field that accelerates the electrons. In order to
establish a base for our model so as to obtain accurate results, we
record a temporally-resolved series of current-voltage characteristics
for a small probing electrode, inserted into EUV-induced hydrogen
plasma. We then resort to simulating this plasma in the same
geometry, including the probe, and validate the model by matching
its predictions to the experimentally measured dynamics of the
probe current-voltage curves. Having validated the model this way,
we use the model as an independent instrument, capable of
obtaining the spatio-temporal picture of EUV-induced plasma
evolution. We use this instrument to study plasma formation during
the EUV pulse and point out the processes that take part in forming
the plasma, such as impact ionization and direct ionization by the
EUV photons.

Introduction
Here we use the term "EUV-induced plasma" to denote a plasma that
is formed in a low pressure (a few ten of pascal) background gas by
the ionizing action of extreme ultraviolet (EUV) radiation. EUV
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radiation is usually classed as radiation with wavelengths in the
5-40 nm range, which corresponds to photon energies from about 30
to 250 eV [1]. Due to such high energies, EUV photons allow direct
photoionization of the background gas, generating high energy
electrons, which are also capable of ionization. At the same time,
EUV photons can generate energetic photoelectrons from any
irradiated surface due to the photoelectric effect. Thus, a radiationgenerated plasma can be formed both by direct photoionization and
by impact ionization from secondary electrons. External electric
fields can enhance impact ionization, as the, initially slow, secondary
electrons can gain sufficient energy to ionize atoms and molecules.
Studies of EUV-induced plasmas are of direct relevance for
understanding and controlling the operation conditions of multilayer
mirrors serving as EUV optics [2]. An important example of the
application of EUV optics is extreme ultraviolet lithography (EUVL).
EUVL makes use of 13.5 nm radiation, emitted by a pulsed hot highdensity tin plasma [3]. The optical column of an EUVL machine
operates in a vacuum chamber with a low pressure hydrogen
atmosphere. Because of this, an EUV-induced hydrogen plasma is
formed within the vacuum chamber. This plasma usually has a low
density (107- 109 cm-3) and a short lifetime (down to a few µs) [4, 5, 6].
Being in contact with the EUV optic’s surfaces, EUV-induced plasma
invokes various physical and chemical processes that might be
crucial for the EUV optic’s lifetime. For that reason it is important to
understand the behavior of EUV-induced plasmas in detail. This
requires a study of the spatio-temporal evolution of EUV-induced
plasma and a development of suitable diagnostic methods.
There is an extensive range of papers covering the studies of pulsed
radiation-generated plasmas. The first experimental work on EUV40

induced plasma was the PhD thesis of Van der Velden [4], which
followed his earlier publication on Particle-In-Cell with Monte Carlo
collisions (PIC MC) simulation of such plasmas [7]. The PIC MC
simulations were discussed in the PhD thesis as well and gave an
insight into interaction of EUV-induced plasma with the optical
surface. In the experimental part, an attempt to characterize an
argon EUV-induced plasma with Langmuir probes was described.
However, the author claimed those to be infeasible for studying EUVinduced plasma in a reliable manner.
A spectral study of a neon EUV-induced plasma in the focal spot of
an EUV source, as well as under the irradiation by free-electron laser
radiation, was conducted by Bartnik et al. [8, 9]. Although they dealt
with higher background gas densities (1017-1019 cm-3 compared to
1015-1016 cm-3 in the lithography machine), they pointed out the
ionizing role of hot secondary electrons emitted from neon atoms,
which

increased

the

plasma

density

in

addition

to

direct

photoionization. Recently, van der Horst et al. published a number of
papers reporting the successful application of microwave cavity
resonance spectroscopy (MCRS) for measuring ne dynamics in an
EUV-induced plasma [5,10,11]. One important result of their study
was showing that the peak plasma density is proportional to the
square of background gas pressure, i.e. nemax~p2. They explained this
quadratic dependence by ionization due to secondary electrons,
resulting from photoionization and, thus, emphasized the role of
these secondary electrons in the formation of EUV-induced plasmas.
The MCRS technique, despite its simplicity and non-invasive
character, only deals with space-averaged values of ne and is limited
to a specific experimental geometry (microwave resonator cavity).
An experimental study of EUV-induced plasmas in a more spatiallyresolved and less geometry-specific way is still a challenge, since
41

most methods of plasma diagnostics stumble upon short timescales
and low signal levels (see [4]). However, due to modern advances in
numerical simulations, one might build a rather strict model of the
object and then use a wide set of experimental data to adjust the
model input to match this data. This approach would make such a
model an accurate instrument that can be used as an independent
(and informative) study method. In this chapter, we present a study
of the evolution of EUV-induced plasma in hydrogen, using the
aforementioned approach. As an experimental diagnostic, we
employ a small auxiliary electrode which we insert into plasma and
then record the dynamics of current voltage characteristics for that
electrode. This is similar to the probe technique introduced by
Langmuir, [12] which has since been used for measuring plasma
potentials, electron densities, and temperatures. Unfortunately, it is
well known that, in some cases, such a probe can be a source of
perturbation and the introduction there of can cause significant
disturbance to the plasma. In the case of a low-density transient
plasma, localized in a small volume (a few cm3), such as a typical
EUV-induced plasma, the perturbation, even from a very small probe
(a few tens of microns in dimensions), is comparable in scale with the
whole plasma bulk size. This means, that the probe alters the plasma
considerably, and the probe readings from the perturbed plasma
might differ dramatically from the actual values from the plasma
without a probe.
The disadvantages of the probe technique arising from the plasma
perturbation can, however, be turned into an advantage when one
resorts to accurate numerical modeling. In this chapter, we do it in
the following way. For a range of probe potentials we simulate the
evolution of EUV-induced plasma with the probe, using a twodimensional Particle-In-Cell Monte Carlo (2D PIC MC) model. The
character of perturbations due to the probe varies with the probe
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potential, and, in our case, so does the evolution of the perturbed
plasma. We validate our model against a wide range of probe
potentials and obtain good agreement between the experimental
probe curves and those calculated in simulations. Such thorough
validation ensures that the model handles even such complicated
cases as the perturbed plasma correctly and allows us to use the
model as an independent method of studying the plasma. We then
use our validated model to simulate the EUV-induced plasma in the
same chamber without the probe. From these simulations, we
deduce the dynamics of the plasma formation and draw conclusions
on what processes take place therein. This chapter is organized in
the following structure: section 2 describes the experimental setup.
Subsections 3.1 and 3.2 of Results and discussion are dedicated to
the experimental results that constitute the base for the further
modeling. Finally, subsection 3.3 discusses the numerical modeling.
Subsection 3.3 is divided into three parts. The 1st part deals with
validating the model against the results of the probe measurements:
the essential step of making the model an accurate instrument. In
the second part, the simulation of EUV-induced plasma formation
with the validated model is discussed; we consider the spatiotemporal profiles of the plasma density and deduce the mechanisms
responsible for the plasma formation. The third part of the
numerical modeling subsection contains the discussion of the
perturbations that the probe introduces into plasma and why our
modeling approach is more fruitful than the direct extraction of any
figures from the probe curves.

3.1 Experimental setup
All the experiments were conducted at the PROTO-2 experimental
setup that is described in detail in [6]. It is a pulsed EUV source,
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based on a Z-pinch discharge in tin vapor operating at a repetition
rate of 1.6 kHz. The pinch spectrum in the 10-20 nm range has a wellknown profile, such as described in [3]. The light from the pinch is
collected by a grazing incidence collector and reflected into the clean
chamber. This chamber is sealed tightly from the discharge chamber
so it can be pressurized with a background gas to a pressure up to
about 100 Pa while the pressure in the discharge chamber will be no
higher than 5∙10-2 Pa.

Figure 1: Schematic view of Proto-2 setup.

The EUV light enters the clean chamber through a spectral purity
filter (SPF) window, which is a 200 nm thick multilayer Zr/Si foil [13].
This filter suppresses the IR, visible, and optical UV light from the
pinch so it is mainly EUV and partly VUV light that enters the clean
chamber. In the clean chamber, the setup for studying EUV-induced
plasma in the vicinity of optical surfaces is assembled (See Figure 2).
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The main part of it is the sample holder. It is a round copper disc,
25.4 mm (1 inch) in diameter, placed at the focus of the EUV
collector.
Note that the results described in subsection 3.1 were obtained with
the probe removed from the chamber. A bias voltage, V0, in the
range of 0 to -200 V can be applied to this disc with an external
voltage supply so that it serves as a photocathode. The EUV light
gathered by the collector is concentrated into a spot roughly 5-6 mm
in diameter in the plane of the holder. The sample holder is
equipped with a mount for 1 inch wafers, which allows placing
various samples of surfaces. For instance, one can place a Mo/Si
multilayer mirror to mimic the optical system of an actual EUV
lithography machine. Throughout this chapter, however, only the
measurements on a bare copper disc are discussed. Between the
SPF and the sample holder, a grounded copper hollow cylindrical
anode is placed. The anode has a diameter of 32 mm and a height of
40 mm. On the filter side, the opening of the cylinder is covered with
a nickel grid with a period of 1.5 mm, which prevents the secondary
plasma, created by secondary electron emission from the SPF, from
entering the anode space. This was done so that the SPF and the
20 mm gap between the SPF and the grid could be omitted from the
computational area in the numerical simulations. The axial symmetry
and cylindrical shape are essential for modeling purposes since the
model assumes cylindrical symmetry.

3.2 Results and discussion
Throughout our experiments we used hydrogen as a background
gas. During each measurement, the gas pressure PH2 and the sample
bias voltage,V0, were maintained at fixed values.
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3.2.1 Photocurrent
An important first stage of the experiment is measuring the current
of photoelectrons from the sample due to the EUV irradiation. This is
done in order to determine the starting value of the secondary
electron yield, Yse, that is used as an input parameter in the model.
The photocurrent was measured at a 220 Ohm resistor, connected
between the sample holder and the anode through the DC blocking
capacitor (see the Figure 2).

Figure 2: Schematic view of the clean chamber EUV-induced plasma
diagnostic setup.

Because of space charge effects, a fraction of the secondary
electrons are repelled back towards the sample, which leads to the
underestimation of the photocurrent magnitude. To lessen the space
charge effect, a negative voltage, V0, is applied to the sample. The
resulting pulse for V0= -190 V is shown in the figure 3a. The
secondary electron current has a peaked shape with the maximum
value at t= 80 ns and the width τEUV= 100 ns at half-maximum.
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By integrating the pulse, we obtain the charge, Qse, emitted from the
sample. The dependence of Qse, recorded as a function of V0, is
shown in the figure 3b. It can be seen that the charge gradually
increases with bias voltage, with the maximum, Qsemax= 0.6 nC,
obtained for the most negative voltage we could apply, which was 190 V.

a)

b)

Figure 3: a) The shape of the EUV pulse in vacuum at the sample with
V0=-100 V ; b) The pulse integral against V0.

We use this value to determine the secondary electron yield:

Qsemax h EUV
Y se

e
E EUV

(1)

with EEUV the EUV dose per pulse (which we measured to be about
5µJ) and hνEUV= 92 eV, the EUV photon energy. This gives Yse= 0.008,
which is a typical value for copper under EUV light [14]. Since the
secondary electron yield varies significantly (orders of magnitude)
with surface material and anything adsorbed or deposited on it,
knowing Yse is important for computational purposes.
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3.2.2 Probe measurements
For the probe measurements, we insert the auxiliary electrode
perpendicular to the assembly axis at a 28 mm distance from the
sample holder. The probe tip was made of steel and had a diameter
of 0.5 mm and a length of 5 mm. The probe tip was centered so that
its middle is centered on the assembly axis (see Figure 2). The probe
was connected to a signal processing unit capable of measuring
currents with RC≈100 ns and a current noise level in≈10 nA (RMS). In
order to obtain the current-voltage characteristics, a series of probe
current pulses was recorded at different probe potentials. This series
was then sliced at different time moments in order to obtain the IV
curves. Examples of curve dynamics for PH2= 20 Pa and V0= -50 V are
shown in Figure 4.

a)

b)

Figure 4: a) The probe current-voltage curves for 20 Pa H2 and -50 V
bias voltage, b) The comparison between the experimental results
and the numerical calculations.

As can be seen, these curves resemble classical probe characteristics
with the ion part at V <0 and the electron part between V = 0 and V =
Vp, the plasma potential. Having obtained the dynamics of the probe
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curves, we can use them for validating our model. The process of
model validation is described in the following subsections.

3.3 Numerical modeling
3.3.1 Validating the model input
The idea of validating the numerical model against the probe curve
dynamics arises from the following circumstances. If the size of the
sheath is the same order as the plasma bulk dimensions, the
perturbation becomes a significant factor in the plasma behavior.
This might hinder the direct extraction of the plasma parameters
from the probe curves. However, such a perturbation might come as
an advantage when it comes to numerical modeling. As the probe
perturbation creates an intricate distribution in particle density and
electrostatic potential, handling such a configuration would be a
challenge to the numerical simulations. Because of that, making sure
that the numerical experiment handles the perturbation correctly
and gives accurate values of probe current for a wide range of probe
potentials is a good task for model validation.
Every value of the probe potential in this case serves as a separate
case for determining the plasma dynamics. The model used for
simulation is a two-dimensional Particle-in-Cell electrostatic plasma
model with a Monte-Carlo collisions scheme, described in detail in
[15]. The model includes the differential cross-sections for both
elastic and inelastic scattering of electrons off H2 molecules. The
model also includes the kinetic description, not only for electrons,
but for all relevant ions species, which is essential for the description
of the plasma sheath dynamics. This model was used for simulations
in [16] and proved to yield good agreement with the experimental
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results. Hence, we use the model for the self-consistent simulation of
the plasma with the probe included as an electrode in the simulation
domain.
Since the model code is two-dimensional (R, z), we couldn't simulate
a horizontal probe, so, instead, we simulated it as a vertical probe
with the same dimensions (2Rp= 0,5 mm, Lp= 5 mm), with the middle
of the probe tip at the same position (z = 28 mm) as in the
experiment (see section 2).
This can be done if the sheath geometry is close to spherical and its
dimensions are larger than or of the order of the probe size. This can
take place in the case of a negatively biased probe in a low-density
plasma and holds for our case, as we will show later in the chapter.
However, if the probe potential is positive, one can still expect a thin
cylindrically-shaped sheath, in which case a horizontal probe would
differ significantly from a vertical one. Therefore, we limited our
simulations to the range of probe potentials lower than zero.
In order to obtain the current-voltage characteristics, a separate
calculation was run for each of the values of the probe potential
between -70 and -10 V with a 10 V step. The obtained I-V curves are
shown in Figure 4b. As can be seen, the simulated dynamics of the
probe curves are similar to those of the experiments. There is also
good qualitative agreement between the simulation results and the
experimental curves at short times, t<4 µs.
However, at longer timescales, a difference of about 1- 2 µA between
the simulation and the experiment results in a significant error in the
current. The reason for this discrepancy is the difference between
the radial probe geometry used in the experiment and the axial
probe used in the simulation. Beside the orientation of the probe
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itself, the potential distributions in the sheaths are also differ in their
orientation. The potential gradients around the probe, thus, add to
the deviation from the axial symmetry. As the sheath around the
probe expands, along with the decay of the plasma, the gradients
decrease.
This makes the difference between the probe orientations more
significant and, therefore, contributes to the error in the current.
Therefore, in this case, we paid more attention to the agreement at
early times, t ≤ 4 µs, which is less affected by the non-axially
symmetric experimental geometry.
An electrode in the middle of the chamber, such as our probe, makes
the system rather complicated, with intricate potential distributions,
and density gradients, as well as the transient processes at
microsecond

timescales.

Having

successfully

simulated

such

complicated system with our model, we can rely on it as an
independent accurate instrument that provides us with the actual
parameters of our plasma. For that we turn back to the simulations
in the clean chamber without the probe.

3.3.2 EUV-induced plasma formation under different conditions
In this section we present a series of simulations of EUV-induced
plasma formation during the EUV pulse for different pressures and
bias voltages. In Figure 5a, the electron density fields and potential
distributions for the PH2= 20 Pa and PH2= 100 Pa at V0= -190 V are
shown.

Both

cases
9

exhibit

a

region

of

high

electron

-3

density (ne>3 ∙10 cm ) propagating from the cathode at the bottom
of the chamber. However, the propagation characters differ for the
two pressures. It should be noted that, in both cases, a plasma
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sheath near the cathode is formed at the times as early as 40 ns, so
the potential drop of 190 V occurs over a small distance (a few mm)
from the biased surface.
Therefore, the secondary electrons are accelerated to high energy
over a short path without any collisions. The main loss mechanism
for electrons at this energy is electron impact ionization. The
ionization cross-section for this energy is σiz(190 eV ) = 0.7∙10-16 cm2
[17]. The corresponding mean free paths are shown in Table 1.
Table 1. Pressure, gas concentration and corresponding mean free paths into
the chamber.

Pressure, Pa

15

na, 10

-3

cm

λiz, cm

20

4.9

2.5

100

24

0.5

As can be seen from Table 1, the mean free path for impact
ionization at 20 Pa is the order of the chamber size, which is 32 mm
in diameter. Therefore, the accelerated electrons move through the
chamber in a collisionless-like way. Because of that, the region of
high electron density grows mostly in the upward direction.
Conversely, the mean free path for 100 Pa is less than the chamber
size, so the secondary electrons experience multiple collisions with
neutral atoms and molecules, which results in the "blurring" of the
upward-directed electron momentum, and the plasma column
expands noticeably in the radial direction in the bottom part of the
chamber.
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a)

b)
Figure 5: Simulated electron densities at -190 V bias voltage in 20 Pa (a)and 100
2

Pa (b) The field dimensions in all simulation results are 2R∙h =32∙40 mm .

The situation differs for the case of weak fields. Figure 6 depicts the
plasma formation for V0 = -50 V . In these cases, before the sheath is
formed, a comparatively small potential drop occurs at long paths.
This makes electrons lose their energy over this path in elastic
collisions. In the case of PH2 = 20 Pa, however, a sheath is formed
during the EUV pulse, which allows a small number of electrons to
gain the energy sufficient for ionization over the thin sheath.
Because of this, a small region of impact ionization is formed at the
bottom of the chamber at t > 80 ns.
Contrary to the low pressure case, at PH2 = 100 Pa, the sheath is only
formed at t > 160 ns, when secondary electron emission is low, and
the accelerated secondary electron contribution is insignificant
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compared to photoionization. On the other hand, at such pressure,
photoionization plays a considerable role in the plasma formation, as
can be seen from the uniform plasma column forming along the
chamber axis during the whole EUV pulse.

a)

b)
Figure 6: Simulated electron densities at -50 Volt bias voltage in 20 Pa
(a) and100 Pa (b)

The probe influence on the plasma can be easily seen in comparison
with the plasma behavior without a probe, as in Figure 7. As can be
seen, a probe creates a large sheath, which expands with time as the
plasma decays. Here we should make two remarks about the sheath
configuration:
1. The sheath has a spherical shape, which justifies our using
the vertical probe geometry instead of horizontal in the
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simulations. However, the radial effects in the potential
distribution might become an issue at long timescales. This
has been discussed in Subsection 3.3.1.
2. The sheath dimensions are of the order of the plasma bulk.
These are also comparable with the scales of the density
gradients.

Figure 7: Simulated electron density fields for the EUV-induced plasma
in the empty chamber (left halves) and in the presence of a probe
(right halves) biased to -30V .

Because the probe current-voltage curve is actually the currentvoltage characteristic of the sheath, all quantities extracted from the
current-voltage curves are, in fact, the spatial average values,
averaged over the sheath volume. When the sheath dimensions are
the order of the density gradients in the unperturbed plasma or
worse, the whole plasma bulk dimensions, the probe readings
turnout to be uninformative and of questionable relation to the
actual plasma parameters.
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Using the probe curves for validating the strict numerical model, as
we did in this chapter, does not have this disadvantage and yields an
adequate spatio-temporal picture of the plasma evolution.

3.4 Conclusion
Throughout this chapter we described the combined experimental
and computational method of studying EUV-induced plasmas: a
transient low density plasma, which is a challenge for plasma
diagnostics. The main diagnostic tool we used here was a 2D ParticleIn-Cell model with Monte Carlo collisions. However, we needed to
verify the accuracy of that model as a diagnostic tool. For that, we
conducted a series of experimental measurements to validate the
model against the obtained data. Hence, our research consisted of
two parts. In the experimental part we performed the time-resolved
electrostatic probe measurements, thus obtaining a dynamic of
current-voltage curves. The computational part was based on using
these curves as the base for model validation. The goal there was to
make sure that the model handled the computation of a complicated
system, such as a plasma perturbed by a probe, with satisfactory
agreement with experimental results. Having confidence in the
model, we then ran a number of simulations of EUV-induced plasma
in the chamber without the probe. This we did for a set of pressures
and bias voltages so as to obtain the spatio-temporal picture of
plasma formation during the EUV pulse.
The results of the simulations revealed a variety of regimes for the
plasma formation in the vicinity of an electrically biased surface. It
was demonstrated, that, beside photoionization by EUV photons, the
secondary electrons can also contribute to the plasma formation
when the electric field is present in the chamber. However, the role
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of the impact ionization depends strongly on the plasma conditions,
i.e. gas pressure and the bias voltage at the irradiated surface. The
variation of the plasma behavior in relation to the parameters that
can be controlled manually gives a possibility to control the plasma
in a predictable way, which can be useful in managing the EUVinduced plasma interaction with optical surfaces.
Another thing that should also be pointed out is the universal
character of the approach that we employed in this work. The
availability of large amounts of computing power, in conjunction with
a large accumulated set of cross-sections and level structures for a
variety of atoms and molecules, gives the possibility to build strict
models and then validate these based on the data obtained from
simple experiments. This approach is beneficial in two ways. First, it
allows the range of the experimental techniques to be extended
beyond the direct interpretation of the experimental results. Second,
it can provide the researcher with valuable knowledge of plasma
parameters for which no reliable diagnostic method is developed.
Our compound experimental and computational method, thus,
allows one to view both the experimental and computational works
in a different and novel way.
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4. Comparison of H2 and He carbon cleaning mechanisms
in extreme ultraviolet induced and surface wave discharge
plasmas

Abstract.
Cleaning of contamination of optical surfaces by amorphous carbon
(a-C) is highly relevant for extreme ultraviolet (EUV) lithography. We
have studied the mechanisms for a-C removal from a Si surface. By
comparing a-C removal in a surface wave discharge (SWD) plasma
and an EUV-induced plasma, the cleaning mechanisms for hydrogen
and helium gas environments were determined. The C-atom removal
per incident ion was estimated for different sample bias voltages and
ion fluxes.

It was found that H2 plasmas generally had higher

cleaning rates than He plasmas: up to seven times higher for more
negatively biased samples in EUV induced plasma. Moreover, for H2,
EUV induced plasma was found to be 2-3 times more efficient at
removing carbon than the SWD plasma. It was observed carbon
removal during exposure to He is due to physical sputtering by He +
ions. In H2, on the other hand, the increase in carbon removal rates
is due to chemical sputtering. This is a new C cleaning mechanism for
EUV-induced plasma, which we call “EUV-reactive ion sputtering”.

Introduction
According

to

the

International

Technology

Roadmap

for

Semiconductors (ITRS), extreme ultraviolet lithography (EUVL) is
currently the most advanced technology for the fabrication of
integrated circuits with characteristic half-pitch, hp  22 nm [1].
Multilayer mirrors (MLM) are the basic optical element in EUV
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lithography. At an operating wavelength of 13.5 nm, MLMs consist of
approximately 50-60 bi-layers of Mo:Si that are 6.7 nm thick. The
mirrors are often covered with a protective layer that is 1.5-2 nm
thick. To obtain the desired optical resolution, the mirrors must have
a surface roughness much less than the wavelength, with reported
values being approximately 0.2-0.3 nm. Thus, multilayer mirrors in
EUV lithography are expensive, high-technology items, making it
desirable to extend their useful lifetime as much as possible.
Previous research has demonstrated that MLMs lose their reflectivity
due to the pollution of their surfaces with amorphous carbon, and/or
surface oxidation, induced by intense EUV radiation [2-5]. In order to
ensure optimal image resolution and uniform exposure, the EUVL
optical system consists of 6-10 multilayer mirrors. In these
circumstances, even a small loss of reflectivity for each mirror
simultaneously (~1-2%) leads to a significant deterioration in optical
throughput. For example [6,7], a carbon film just a few nm thick
would already cause such loss of MLM reflectivity. In UHV conditions,
where the rate of accumulation of amorphous carbon is limited by
the partial pressure of hydrocarbons, the growth rate of the carbon
layer can be quite high, ranging from 0.001 nm/hr to 0.01 nm/hr,
depending on the precise EUV illumination and partial pressures
[8,9].
Given that EUVL requires a long MLM lifetime (i.e. ~30000 hr) [10,11],
it is obvious that cleaning mechanisms for MLMs are required.
Moreover, such cleaning systems should be realized in such a way
that interruptions to operation are minimized, i.e. in situ, without
affecting the rest of the equipment or the lithographic process. In
terms of quantities, such in situ cleaning should remove carbon with
sufficient efficiency (at least faster than it deposits) and, at the same
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time, the capping layer of the mirror should not suffer damage over
the entire period of the MLM’s life.
At present, atomic hydrogen is used to clean MLMs [12-18], because
the majority of basic hydrogen compounds are volatile. However, the
efficiency of atomic hydrogen cleaning of amorphous carbon is
extremely low [19] particularly in comparison with the surface
recombination

probabilities

[20].

Moreover,

atomic

hydrogen

generates heat (e.g., radiative heating from a hot filament), creating a
high radiation and thermal load on the MLM surface that affects the
speed and selectivity of cleaning. The efficiency of removing
amorphous carbon from the MLM surface using plasmas is much
higher than atomic hydrogen cleaning [19]. A low-temperature lowpressure plasma, even at low densities, provides fast, efficient and
accurate carbon cleaning. This is why the generation and
management of such plasmas, near the MLM surface during EUVL
operation, is of special importance for the development of
continuous in situ mirror cleaning technology. The EUV-photon
energy of 91.8 eV is sufficient to generate a cascade of photons and
secondary electrons. The EUV-induced secondary electrons collide
with the background gas (mostly molecular hydrogen) to form a
plasma above the surface of the EUV optical element. Furthermore,
intensive EUV radiation, along with the flux of charged particles from
the plasma, can induce processes on the surface with the
participation of gas molecules.
This chapter investigates the mechanism of amorphous carbon
cleaning in EUV-induced plasma. To exclude surface sputtering and
separate the influence of physical and chemical processes, the
background gases were limited to molecular hydrogen and helium.
Moreover, to determine the role of photons, analogous experiments
were conducted in a low-temperature discharge plasma with similar
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ion energies and plasma densities. By comparing cleaning rates
between these different regimes, the roles of ion energy, EUV
radiation, and chemical activity were clarified.
4.1 Samples and diagnostics of amorphous carbon
Previous research has shown that magnetron sputtered carbon films
are structurally and chemically similar to carbon films that grow
during EUV illumination [21]. Hence, in this work, magnetron
deposited

amorphous

carbon

films

are

used

as

model

contamination layers. Films of carbon were deposited on silicon
wafers and model MLMs (40 bi-layers of Mo/Si, each ~6.9 nm thick).
The as-deposited carbon layers had thicknesses of ~20 and ~10 nm
for the silicon wafer and MLM samples, respectively. Amorphous
carbon layer thicknesses were measured using Raman spectroscopy
(RS) and the Energy Dispersive Spectroscopy (EDS), i.e. X-ray
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Figure 1. The magnetron-deposited carbon peak intensities for XRF
(EDS) and RS versus the carbon thickness, measured by ellipsometry
and quartz mass balance the deposition).
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Figure 1 shows a typical calibration curve for RS and XRF. The
symbols show intensity of the EDS and RS signals (carbon peak
intensity for the EDS method and integral of the D- and G-peak
region in RS) versus carbon film thickness. The deposited carbon
mass was measured during deposition by a quartz mass balance.
The layer thickness was measured using spectroscopic ellipsometry
after deposition. A linear regression of the data results in a
measurement accuracy of ±0.5 nm (whatever a monolayer is) for XRF
and ±2 nm for RS. Since XRF provides higher precision, it was used
for the data presented.

Figure 2. Set up of the experiment for carbon cleaning in
EUV-induced plasma.

4.2 EUV-induced plasma
A schematic of the EUV-induced plasma interaction chamber and
sample surface is presented in figure 2. The interaction chamber is
capable of operating at background pressures of ~(3-5)10-8 Torr,
which is maintained by separating the interaction chamber from the
EUV source with a Zr/Si spectral purity filter (~40% transmission at
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13.5 nm). The interaction chamber can be supplied with either H2 or
He, which are passed though a cold-trap to remove contaminants
before the gas is introduced to the chamber.
The plasma is initiated by a short impulse of EUV 13.5 nm radiation,
incident on the sample surface. The EUV source is a Sn-based,
discharge Z-pinch, which operation principle has been described in
detail elsewhere [22]. The source emits 100 ns pulses of broadband
EUV radiation at a repetition rate of 1.5 kHz. After focusing and
filtering, the spectrum is centered on 13.5 nm.

Position of diaphragm
boundary

Removed C layer, nm

6
5
4
3
2
1
0
0

(a)

1

2
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Distance from the center X, mm

(b)

Figure 3. (a) EUV exposure pattern measured by sensitive foil and (b) C
cleaning profile. To show (b) cleaning rate profile for obtaining the
cleaning rate averaged on the profile to recalculate it then into the C
yield atoms/ion since the total number of ions (charge of ions) came to
2

the sample surface (on 1 cm per a EUV pulse) is measured as averaged
on the sample area (inside the mica diaphragm, the position and size
of which is indicated in yellow).

64

An image of the intensity profile of the EUV radiation at the focus is
presented in figure 3а. The collector mirror’s focal spot and a halo of
scattered EUV radiation of 1-2 mm, due mainly to the roughness of
the mirror surface are clearly visible. To eliminate most of the
scattered EUV radiation, a diaphragm of synthetic mica (Ø = 8 mm)
was placed on top of the samples (see figure 3a). Figure 3b presents
a radial profile of the EUV radiation intensity inside the diagraph. It
can be seen that the intensity of the EUV radiation reduces
significantly towards the edge of the exposure zone, while the
central area of 3 mm diameter has a relatively uniform distribution.
The intensity profile of the EUV radiation incident on the sample was
taken into account in the analysis presented below. The pulse energy
was limited by the diaphragm to 0.042 mJ, whereas the average
power was estimated to be 0.13 W/cm2.
As a consequence of the fixed EUV source geometry, a cylindrical
biasing electrode system was used. The sample plays the role of the
cathode, being held at negative biases, down to -200 V. A metal
cylinder, 30 mm in diameter and ~60 mm long, served as a grounded
anode, with the sample centered on the axis of the cylinder, as
shown in figure 2. In background-only tests, the photoelectron
current has a duration that is nearly identical to that of the EUV pulse
duration, while the peak current depends on the applied bias voltage
(see figure 4а). In the presence of higher pressures (5-45 Pa), a
similar photoelectron current pulse was observed. However, the tail
of the pulse was found to extend to 4-10 µs (see figure 4а).
Moreover, the current in the tail was found to increase for more
negative bias voltages. The tail is a product of ionization by
accelerated

‘hot’

secondary

photoelectrons,

as

well

as

photoionization of gas molecules and atoms. However, it should be
noted that the first process is, apparently, the main one, based on
the known Н2 and Не photoionization cross-sections, and the low
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pressures used in our experiments. The total charge developed by
the EUV pulse (i.e. the number of electrons freed by ionization as
well as photoelectrons) is estimated by integrating the current.
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Figure 4. (a) Time evolution of sample current in vacuum and gas (used
to characterize the plasma formation). The appearance a slow tail in
the sample current is clearly visible for an EUV pulse in the presence
of a gas. The slow tail corresponds to the plasma decay current. The
decay time is determined by slow ion motion in the plasma over the
sample surface, where ions are accelerated by the plasma sheath in
front of the sample surface, before they are incident on the sample
surface. (b) Integrated CV characteristics for EUV diode. The total
charge (the integral of the current curve, see figure 6) incident on a
sample covered by carbon film vs the applied bias voltage at the
different H2 pressures.

Figure 4b shows the total charge collected following the EUV pulse
versus the applied bias voltage (volt-coulomb characteristics) in
vacuum and at different values of H2 pressure. The difference
between sample currents in a gas and vacuum corresponds to the
charge generated in the gas, i.e. plasma charge, and is related to the
total ion charge collected by the sample surface. Assuming that the
plasma is quasi-neutral, the total ion charge was used to estimate
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the number of ions formed in the volume of the EUV-induced plasma
above the sample. It was also used to estimate the per-pulse ion flux,
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Figure 5. The averaged thickness of removed carbon in EUVinduced H2 and He plasma vs the applied negative bias. The
chamber pressure was 3 Pa, the EUV pulse energy was 85 J
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(~510

2

ph/cm pulse), and EUV dose was 10

Negative
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in
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removed

carbon

7

pulses.

thickness

correspond to the growth of the carbon layer under the EUV
exposure.

The radial profile of removed carbon approximately matches the
profile of EUV radiation (see figure 3b). Figure 5 presents the rate of
carbon removal at the center of the EUV spot in 3 Ра Н2 and Не
plasmas for various bias voltages. It can be seen that the rate of
carbon removal increases with increasing bias voltage. Moreover,
this rate is significantly higher for Н2 plasmas, compared to that for
Не plasmas. The increase in bias voltage leads to an increase in
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current and the energy of ions incident on the sample surface, which,
should, naturally, lead to an increase in the rate of carbon removal.
Note that the differences between the volt-coulomb characteristics
for Н2 and Не EUV-induced plasma are insignificant, i.e. the
difference between ionic flux for Н2 and Не is insignificant. This
means that the number and kinetic energy of the particles incident
on the sample surface for the two different plasmas are the same.
Similarly, He+ and H3+ particles have nearly identical momentum, so
they should be equally effective at physical sputtering. Given these
considerations, it is only possible to explain the great difference in
the rate of carbon removal between hydrogen and helium by
chemical processes, induced by hydrogen ions on the carbon
surface. Such processes, as well as the role of EUV photons, are
examined in detail in Section 5.

4.3 Low-pressure SWD discharge plasma
Even the simplest assessments, based on comparison of the basic
discharge characteristics, demonstrate that the parameters of the
plasma induced by EUV radiation are close to the parameters of a
standard low-pressure discharge plasma, e.g. those used in
microelectronics for the purpose of surface etching and cleaning.
Thus, the removal of carbon due to EUV-induced plasma was
compared to that of a low temperature discharge plasma to clarify
the mechanisms of amorphous carbon removal.
The experimental setup is shown in figure 6. The plasma is formed in
a long quartz tube (~100 cm long, 5.6 cm inner diameter) by means
of a surface-wave discharge (SWD) at 81 MHz. RF excitation was
achieved by two circular electrodes, placed close to one end of the
tube. Не or Н2 was supplied to the tube end at a pressure 2.7 Pa. The
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power supplied to the discharge was between 20 to 50 W, chosen to
ensure that the plasma column extended from the electrode to the
gas inlet, which served as a counter electrode for diagnostic
measurements. The samples, which also served as an electrode to
probe the plasma, were < 10x10 mm2 in size, less than 10-3 of the
counter electrode area.

rf compensated
Langmuir probe
diagnostics unit

81 MHz
generator

H2
He
z

SWD
plasma

OES
actinometry
system

movable
cylindrical
probe
sample
(movable)

pump

Figure 6. Set up for the experiments on C cleaning in SWD plasma,
which has conditions similar to the conditions of EUV-induced plasma.

As is well known [23], the characteristic feature of the plasma column
in surface-wave discharge is that the electron temperature and,
accordingly, plasma potential and ion energy are nearly constant
along the column. On the other hand, the plasma density and,
accordingly, the ion flux incident on a surface, placed in the plasma,
reduces with distance from the RF antenna. Therefore, the sample
was placed on a travelling flat probe, able to move along the plasma
column, thus, allowing the incident ion flux to be varied
independently of the ion energy. To control the energy of the
incident ions, the sample was biased with respect to the plasma
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Current density, mA/cm

2

potential. The sample was connected to a low-pass filter to remove
the current induced by the plasma power supply. The parameters of
the plasma above the sample surface were determined, based on
measured sample voltage-current characteristics. Figure 7 shows
typical VI characteristics of the sample in Не and Н2 at different
distances from the RF antenna.
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Figure 7. VI characteristics for the flat sample in
SWD plasma column in H2 (solid lines) and He
(dashed lines) at the different distances, z, from the
RF antenna.

To verify the consistency of the measurements of the plasma
parameters using the sample as a flat probe (and, as a result, the
energy of ions on the sample surface), the experiment also used an
rf-compensated standard cylindrical probe (~10 mm long, ~0.1 mm
in diameter). It should be noted that, compared with the “small”
cylindrical probe, some distortion is observed in the electron part of
the VI characteristics of the sample – the well-known electron
depletion effect – that is quite expected for large-area probes.
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Therefore,

the

sample

measurements

are

expected

to

underestimate the plasma density, which is extracted from the
electron part of VI characteristics, while accurately estimating the
electron temperature, Te. At the same time, the plasma densities
extracted from the ion part of VI characteristics of the cylindrical and
the sample appear to be in a good agreement, although the
definition of a “flat probe” for the sample cannot be applied exactly
in this case because of the low plasma density. As was observed, the
plasma sheath over the sample (probe) is rather big and not purely
flat. Taking into account that this fact can lead only to small
discrepancies, a “flat-probe” approach was used for calculating the
energy and ion flux at the sample surface.
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Figure 8. Carbon cleaning rate vs the ion flux (i.e. H 3 and He for
hydrogen and helium plasmas, respectively) at two (-90 V and 0 V)
biases (Ubias), applied to the sample. Data for hydrogen and helium are
shown by black and grey colors, respectively. The lines are linear fits to
the data. Open and filled symbols correspond, respectively, to XRF
(EDS) and RS measurements of the carbon film thickness.
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As an example, figure 8 demonstrates the rate of carbon removal in
hydrogen plasma (black symbols and lines) and helium plasma (grey
symbols and lines) versus ion flux for different bias voltages (Ubias=0
V and Ubias=-90 V). With an estimated density of amorphous carbon
film of ~1.9 g/cm3 [24], the rate of carbon removal was calculated in
atom/(cm2s) on the right scale. Open and filled symbols in figure 8
correspond to XRF (EDS) and RS data, respectively. The trend lines
are the linear fits to the data. The slope of each line is interpreted as
carbon removal probability or C yield per ion for the respective

C yield, atom/ion

conditions (bias voltage and gas species).
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Figure 9. The C yield (atom/ion) versus the negative bias applied to the
sample in H2 (open circles) and He (filled circles) SWD plasmas.

The C yield for both H2 and He plasma is shown in figure 9 as
function of the negative bias applied to the sample. The error bars
on vertical axis correspond, mainly, to the uncertainties in the
measurements and calculations of the C cleaning rate. As can be
seen in figure 9, the C yield is higher for H2 plasma than for He
plasma, and this difference increases with increasing bias. It should
be noted that this plot also differs from the similar plot for EUV72

induced plasma (compare with figure 5). It shows that, while the
average plasma conditions are similar, the characteristics of EUVinduced plasma are dominated by the time-varying flux and intensity
of ionizing radiation, incident on the carbon surface. A comparative
analysis of the carbon removal mechanism in discharge plasma and
EUV-induced plasma allows the role of the EUV radiation to be
understood.

4.4 Discussion
To understand the detailed mechanism of C cleaning in an EUVinduced plasma and to characterize the role of EUV photons in this
process, the EUV-induced and discharge plasmas should be
compared in a physically clear manner. The role of EUV radiation in
C-cleaning

can

be

understood

by

comparing

C-cleaning

measurements with and without EUV radiation, but with similar
fluxes and energy of the incident ions. For this purpose, we will try to
find a relation between the ion energy, the applied bias, and plasma
parameters in both types of plasmas.
The energy spectrum of the ions incident on the sample surface from
the almost collision-less plasma sheath should have a notable peak.
The peak of the ion energy spectrum and the peak width can be
estimated as ~Ubias+ Up and ~2Uf, respectively, where Up and Uf are
plasma and float potentials. In reality, the peak of the ion energy
spectrum is somewhat lower, and the ion energy distribution is wider
than given by this simple estimation. However, the validity of such a
treatment has been confirmed by Monte Carlo calculations of the ion
energy spectrum above sample surface [25]. Model calculations and
estimates show that, because of the fast reaction: H+2 + H2 H + H3+
(k> 10-9cm3/ s for Ti<1 eV in the plasma volume), and the given
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experimental conditions, (H2 pressure 2.7 Pa, plasma density~ 109
cm-3) H3+ is the dominant ionized species. [26].
In contrast to the discharge plasma, the type of ion and ion energy
spectrum

cannot be easily predicted using only qualitative

considerations for the EUV-induced plasma. According to model
calculations [25,26], H3+is still the dominant ion, but the energy
distribution of both ions (H3+andH2+) is noticeably wider than the
energy distribution of the ions in the continuous SWD plasma. In
addition, the peak of ion energy distribution is a factor of two lower
compared to that of the SWD. case energy equal to 0,5 U bias.
In experiments with the discharge plasma, the carbon removal yield
per ion is assessed directly from the data (see above). For the pulsed
EUV-induced plasma, the yield is calculatedas the average number of
removed carbon atoms per EUV pulse divided by number of ions
incident on the sample surface per pulse:

RC 

NC   S  h  e

Ni
mC  Qi

Where ρ ≈ 1.9 g/cm3,is the carbon density,S is the area of the focus,
h is a spatial average of the thickness of the removed carbon layer,
estimated from the measured C layer thickness profile inside
diaphragm. The charge is of the ion is e, mc is the mass of the carbon
atom, and Qi is the total number of ions incident on the sample
surface. Qi was determined by integrating the ion current.
C cleaning yields, calculated for both discharge and EUV-induced for
hydrogen (a) and helium (b) plasmas, versus the peak ion energy,
calculated as described above, are shown in figures 10a and 10b,
respectively. As was mentioned above, the error bars shown on the
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horizontal axis represent the approximate width of the ion energy
distributions for both plasmas, while the error bars on vertical scale
correspond to the uncertainties associated with measurements of
the C yield. For helium, the carbon yields for EUV-induced and SWD
plasmas are rather similar, while for hydrogen, the two are quite
significantly different. This shows that the mechanism of carbon
removal in helium plasmas is the samefor both SWD and EUVinduced plasmas, and the role of EUV radiation is insignificant. For
the hydrogen plasma, the differences show that the EUV radiation is
inducing additional processes that increase the cleaning rate beyond
a simple combination of physical and chemical sputtering.
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Figure 10. C atom yield (atom/ion) vs the mean energy of ions incident
on the amorphous carbon surface in H 2 (a) and He (b) plasmas. Big
dark circles with thick lines between them are experimental data for
SWD plasma while big dark squares with thick lines between them are
experimental data for EUV-induced plasma. Dotted black lines are fits
according to expression (1) with parameters from table 1 and 2. Solid
+

+

thin lines are estimates made for H3 and He ions by using TRIM
calculations with parameters presented in table 3.
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Given the inert nature of helium ions, the removal of carbon from
the surface is most likely due to physical sputtering only. Physical
sputtering has been studied in the literature for virtually all elements
of the periodic table, in both neutral and ionized states. Sputtering
(sputtering yield) depends on the mass, charge, and energy, Ei, of the
incident ions, as well as the surface binding energy, Es, of the target
atoms, etc. An accurate model of physical sputtering and resulting
sputtering yield calculations can be found in [27]. In this review, a
semi-empirical expression for the sputtering yield for almost all
combinations of incident ion and target material was obtained,
which gives a limited set of free parameters to fit in order to achieve
reasonable agreement between observed and calculated sputtering
yields Bohdansky et al. [28] Yanamura et al. [29]. The sputtering yield
for light ions is given by:
1
A S n ( )   Eth  2 

Y ( Ei ) 

 1 
Es 1  B 0.3   Ei  



2.5

(1)

where A, B are empirical coefficients, for which we used values
obtained by Yamamura and Tawara [29]. Eth is the threshold energy,
which is taken as a free parameter. Sn() is the nuclear stopping
cross-section, which can be expressed in terms of the elastic crosssection, sn(), and can be found by substituting a reduced ion energy,

, into the analytical expression:

sn (  ) 

3.441  ln(   2.718 )
1  6.355    ( 1.708  6.882  )
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(2)

The values of the parameters in equation (1), obtained from ref [29]
for carbon surface bombarded by He+ and H3+ ions, are presented in
table 1.
Table 1. The parameter values for equation 1 for
+

He - C andH3 + - C sputtering according to[29].
Physical ion

Physical ion
+

+

sputtering (He )

sputtering (H3 )

A

0.0342

0.0407

B

0.335

0.357

Sn()

115.03sn()

49.05sn()



9.2∙10 Ei

2.09∙10 Ei

Eth

3.87Es

3.79Es

-5

-4

As follows from expression (1), the most important parameter for the
mechanism of physical sputtering is the binding energy of the target
atoms: amorphous carbon in our case. The binding energy also
determines the threshold energy, Eth. As an estimate, Es, is usually
assumed to be equal to the sublimation energy (enthalpy of
vaporization ∆HC) of the target material, which, for graphite-like
surfaces, is ∆HC  7.43 eV. However, as shown [30,31] in the analysis
of amorphous carbon sputtering by light ions, experimental data are
well described using a smaller value of Es  4.5eV.
Therefore the expression (1) was fitted (dashed lines in figures 10a
and 10b) to the experimental data for both SWD and EUV-induced
plasmas, using the parameters from table 1, and taking Es and Eth as
77

free parameters. The values of Es and Eth for He+ (see table 2) were
found to be even lower than those found in ref [30,31], which can be
clearly seen in figure 10a and 10bwhen considering the C sputtering
yield at low ion energies.
Rigorous methods, that directly model the interaction of ion beams
with a surface, such as TRIM (TRansport of Ions in Matter) were also
used to understand the carbon cleaning mechanism. TRIM is a
Monte Carlo computer program that calculates the interactions of
energetic ions with amorphous targets. The threshold energy, Eth, for
sputtering amorphous materials is usually found to be close to the
energy required to displace a target atom Edispl = 25 eV (see table 3).
Although TRIM is not optimum for non-monochromatic ion-energy
spectra, by approximating the ion-energy spectrum by its average
value, the rate of ion sputtering of carbon films by He + and Н3+ ions
was estimated, and used to gain insight into the mechanism of the
carbon removal. Н3+ ions were approximated by two different
methods: Н3+ ions were assumed to be a hydrogen ion with a mass
of 3 amu, and, in the second case, as a helium ion with a mass of
3 amu. The results for these two cases were found to differ by less
than 1%. As above, the density of the carbon target is taken to be
1.9 g/cm3. Three parameters: Edispl, Ebin.lat. and Ebin.surt were varied to
obtain a best fit (solid lines) to the data in figures 10a and 10b. Ebin.lat.
is the binding energy of non-surface carbon atoms in the layer, while
Ebin.surt is the surface binding energy of carbon atoms. The values of
the TRIM calculation parameters are presented in table 3. As can be
seen from the disagreement between the best-fit values obtained
from TRIM and those reported in the literature (see table 3), the
removal of the amorphous carbon in an EUV-induced plasma cannot
be described by kinetic sputtering. For the case of He, this is not
surprising, since physical sputtering is the only available mechanism
and the EUV pulse simply generates the plasma to initiate sputtering.
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Table 2. Parameters in fitting (1) used for the three data sets in figures
10a and 10b.
Physical ion

Chemical ion

sputtering

sputtering

RIE (EUV) + chemical ion
+

sputtering (H3 )

(He )

+

(H3 )

+

Eth (eV)

7.35

2.27

1.52

Es(eV)

1.9

0.6

0.4

Table 3. TRIMmodel parameters used for the three data sets in figures
10a and 10b.
Physical ion

Chemical ion Recommended by
+

+

sputtering (He ) sputtering (H3 )

TRIM (graphite)

RIE (EUV) +
chemical ion
+

sputtering (H3 )

Edispl.

15

4.5

25

4.5

Ebin.lat. (eV)

2

2

3

2

Ebin.surf. (eV)

4.5

3

7.37

1.4

As follows from (1) and TRIM calculations, the removal of carbon in
the dischargeН2plasmahas a similar character to the removal of C by
He+ ions, but the C yield is higher. However, compared to He+ ions,
agreement with experiment data can only be achieved with a
substantial reduction of the threshold energy (see tables 2and 3).For
example, the TRIM calculation shows that the displacement energy is
almost equal the surface binding energy. This is usually interpreted
as the possibility of a director ion-stimulated reaction between
implanted ions (atoms) with the displaced ("free") target atoms
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[32].This mechanism of removal of target atoms by low-energy ions,
commonly called chemical sputtering, is well known for H sputtering
of carbon [30-32].
The penetration depth of low-energy hydrogen ions (with energies of
tens of eV) in carbon is small enough ( 3 nm) to allow the resulting
volatile species to diffuse to the surface and escape (mainly Н2 and
СН4) [33].
Atomic hydrogen, formed in plasma due to gas dissociation, may
promote carbon removal. However, the flux of atomic hydrogen,
incident on the sample surface, should be small in both the EUVinduced and SWD plasmas. For example, the estimates of the density
of H atoms in the discharge tube, from actinometry on argon atoms
[20], showed that the relative concentration of atomic hydrogen was
~0.5-1%. According to the results of [30], and the measured ratio of
hydrogen ionic and atomic fluxes, incident on the sample is such that
the rate of the reactive ion etching (RIE) involving hydrogen atoms
should not exceed the rate of chemical sputtering for SWD hydrogen
plasmas.
Indeed, in the EUV-induced hydrogen plasma, the C atoms yield per
ion is higher than in the SWD plasma. To obtain agreement between
experimental results and calculations using only physical sputtering,
the energy threshold has to be made very small (much smaller than
any physical arguments would allow). Additionally, it should be
expected that the energy threshold is independent of the plasma
generation mechanism. The difference between the EUV-induced
and the discharge plasmas in H2 is relatively constant for all ion
energies, which offers indirect evidence that this difference is due to
the EUV pulse, since the EUV photon fluence is the same for all data
plotted in figures 10a and 10b. This increase in the yield of carbon
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for EUV-induced plasma can be explained only by an additional
chemical mechanism, i.e. removal by the additionally formed
atomic hydrogen.
This is also indirectly confirmed by TRIM calculations, in which, to
describe the carbon yield in the EUV-induced hydrogen plasma,
Ebin.surf has to be reduced practically to an unrealistically low value
(see table 2). According to [30,31] this can only be due to ionstimulated reactions between hydrogen and carbon on the surface.
This process is analogous to the process of RIE [30] with the
difference that the atomic hydrogen is formed directly on the surface
layer of carbon, due to the dissociation and ionization of adsorbed
molecular hydrogen, followed by the dissociated species being
"dissolved in the surface layer." Furthermore, the EUV photons that
are absorbed in the carbon generate excited species (carbon radicals
and ions). At the carbon layer surface, we estimate from reflection
loss data and secondary electron yield data [34] that up to 4% of the
surface carbon atoms will be either ionized or form a radical. We will
refer to this combination of processes as reactive ion sputtering
(RIS).
In a sense, the process of the formation of atomic hydrogen on the
surface is similar to the process of surface contamination and
oxidation of surfaces. As is known, these processes are caused by
dissociation of hydrocarbons and water during exposure to EUV
radiation [2-7]. Moreover, the oxidation of carbon contamination
under EUV radiation is even observed in ultra-high vacuum.
To estimate if surface dissociation is significant, the surface coverage
of molecular hydrogen must be estimated. The energy of desorption
and residence timefor hydrocarbon molecules and hydrogen
molecules are very different. For polyatomic hydrocarbon molecules,
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the desorption energy is much higher than that of hydrogen.
Therefore, even with large concentration differences in the volume
above the sample,the surface concentrations of hydrogen and
hydrocarbons may be comparable. These considerations allow the
desorption energy of H2 from an amorphous carbon surface during
EUV illumination to be estimated.
Assuming that the increase in the carbon yield in the EUV-induced
plasma is due only to the EUV-dissociated hydrogen (i.e. almost half
of the carbon is removed by RIS), the removal of one C atom is
estimated to require approximately 103 EUV photons. If it is also
assumed that RIS results in CH4, the minimum fraction of the surface
occupied by dissociated H2 molecules can be estimated to be  
210-3. Sorption equilibrium coverage is given by:



k

H 2  surface  H 2surface
d

k[ H 2 ]
E

v0 e

 kTd

(3)

(where [H2] ~ 7 1014 cm-3 (3 Pa), k ~ 10-10 cm3/s is the rate constant
corresponding to the sticking coefficient ~1 and, in fact, is the rate
constant of collisions in gas phase, 0~ 1013 s-1 is the so-called
"attempt frequency", that can be interpreted as the vibrational
frequency of the adsorbed species in a potential well with a depth
corresponding to that of the desorption energy, Ed, so that only the
fraction of the particles having an energy higher than Ed. From eq. (3),
Ed ~380 K for surface adsorbed atomic hydrogen (ignoring atomic
hydrogen "dissolved" in the surface layer). Nevertheless this estimate
corresponds to the desorption energy of molecular hydrogen
measured on different materials, both metals [20] and dielectrics
[35]. It should be noted that the density of adsorption sites is
correlated with surface defects, rather than simply the density of
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surface atoms. In this sense, the estimated value of Ed characterizes
not only the surface but also the depth of H2 diffusion [33].
Therefore, it reflects a certain characteristic binding energy of H2
molecules with the surface layer of carbon, part of which is activated
by EUV radiation and the plasma. This “activated”(chemically active)
carbon in principle is able to react with H2, while atomic hydrogen is
able to react with carbon whether it is activated or not.
Thus, under EUV radiation, carbon removal is not only due to
physical and chemical sputtering by ionized species, but is also due
to the creation of volatile species from reactions between radicals
and between radicals and molecular species. Since radicals are not
influenced by bias voltages, there is very little atomic hydrogen
incident on the surface. Instead, the radicals are created by the
dissociation of both the carbon surface, and adsorbed molecular
hydrogen.

4.5 Conclusion
In the given work, the removal of thin amorphous carbon films from
Si substrates in plasmas in presence of two types of gas: helium and
hydrogen, was studied. The experimental data clearly show that the
measured carbon removal rates for SWD and EUV-induced He
plasmas are similar. He removes carbon through physical sputtering.
Hydrogen was found to work differently. It was shown that the
hydrogen cleaning mechanism in the case of an EUV-induced plasma
is about 5 times more efficient then in a SWD plasma. The qualitative
analysis showed that the rate of cleaning in EUV-induced Н2 plasma
is greater than expected owing to reactive ion etching by atomic
hydrogen, adsorbed on the surface of carbon film. Analytical and
computational models were used to show that the data do not
support physical sputtering in the case of hydrogen plasmas. Yet, a
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consistent carbon binding energy and threshold energy for both
SWD and EUV induced plasmas could be found once chemical
sputtering is taken into account. However, an EUV plasma was found
to create a larger ratio of atomic versus ionic hydrogen on the
sample surface than in the case of SWD plasma.
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5. Characterization of carbon contamination under ion and
hot

atom

bombardment

in

a

tin-plasma

extreme

ultraviolet light source

Abstract
Molecular contamination of a grazing incidence collector for extreme
ultraviolet (EUV) lithography was experimentally studied. A carbon
film was found to have grown under irradiation from a pulsed tin
plasma discharge. Our studies show that the film is chemically inert
and has characteristics that are typical for a hydrogenated
amorphous carbon film. It was experimentally observed that the film
consists of carbon (~70 at. %), oxygen (~20 at. %) and hydrogen
(bound to oxygen and carbon), along with a few at. % of tin. Most of
the oxygen and hydrogen are most likely present as OH groups,
chemically bound to carbon, indicating an important role for
adsorbed water during the film formation process. It was observed
that the film is predominantly sp3 hybridized carbon, as is typical for
diamond-like carbon. The Raman spectra of the film, under 514 and
264 nm excitation, are typical for hydrogenated diamond-like carbon.
Additionally, the lower etch rate and higher energy threshold in
chemical ion sputtering in H2 plasma, compared to magnetronsputtered carbon films, suggests that the film exhibits diamond-like
carbon properties.
Introduction
The phenomenon of the contamination of optics under the action of
EUV radiation is a known problem that is actively studied. Even in
vacuum conditions, carbon atoms are deposited onto a surface
when residual hydrocarbons dissociate during interaction with
energetic photons [1]. The carbon atoms can then accumulate on
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surfaces, which is undesirable for reflective optics because the
carbon layer absorbs radiation. For instance, EUV-induced carbon
contamination of grazing incidence optics in synchrotron beam lines
is one of the major reasons for the optics’ reduced reflectivity. The
study of this problem began a few decades ago [2], and several
cleaning mechanisms have since been investigated [3-5].
Extreme ultraviolet lithography (EUVL) is currently the most
advanced technology for the fabrication of integrated circuits with
characteristic half-pitch  22 nm. In modern 13.5 nm EUV
lithography, the main contaminant on optics is carbon. Even at
pressures as low as 10-5-10-6 Pa, the C film deposition rate can be as
high as 0.01–1 nm/h for an average EUV-radiation intensity of about
0.1-1 W/cm2. A carbon film will cause a reflectivity loss of about 1%
/nm per mirror, which is especially critical for optical systems that
have multiple reflecting surfaces.
Off-line removal of EUV-induced carbon contamination also reduces
the duty cycle of EUVL, which is undesirable [1,6,7], and ultimately,
increases the operating cost of the EUVL process. However, with the
use of fluxes of ions or neutral reactive species to restore reflectivity,
the lifetime of a standard Mo/Si MLM system can be extended to
several thousand hours [8]. A new cleaning strategy that uses the
plasma, induced by EUV ionization of the low-pressure gas (usually
H2) over the mirror surface, was recently proposed [9]. This inline
cleaning process has the potential to increase the duty cycle of EUVL.
Until recently, magnetron deposited carbon was frequently used as a
model for EUV-induced carbon growth. However, the characteristics
of a carbon film depend on the deposition conditions. In practice,
this means that the optics located close to the EUV light source (i.e.,
collector mirrors) could be coated with a significantly denser carbon
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film, due to the presence of a broad spectrum of high energy
photons and ions. The structure of EUV-induced carbon films
determines the reflectivity losses of the mirror. For instance, the
denser structure of diamond-like carbon (DLC) film leads to more
EUV absorption compared to a polymeric layer or “soft” amorphous
carbon layer of the same thickness. Furthermore, because the
carbon in DLC films is more tightly bound, the films are likely to be
more difficult to clean. Hence, it is necessary to know how the phase
of carbon may vary depending on the growth conditions.
In the presence of water and heavy hydrocarbons, a carbon film is
likely to be hydrogenated. Typically, hydrogenated amorphous
carbons are classified into four classes, illustrated by the phase
diagram shown in figure 1 [10].

Figure 1. Phase diagram of hydrogenated
amorphous carbon films.

All a-C:H films have a specific hydrogen content and properties that
are revealed by applying a combination of different diagnostic
techniques, such as X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy (RS), energy-dispersive X-ray (EDX) spectroscopic
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analysis, electron energy loss spectroscopy (EELS), transmission
electron microscopy (TEM), and others.
In this paper, we report the experimental study of carbon-based
films, deposited on the collector mirror of an EUV source. The
condition under which the film was grown will be described, as well
as analysis showing that the film has DLC characteristics.

5.1 Experiment
5.1.1 Film deposition
The experimental set up is schematically shown in figure 2. A Z-pinch
discharge in Sn vapour is used as a source of pulsed EUV emission.
The discharge is initiated using an Nd:YAG laser pulse to evaporate
tin from the surface of a liquid tin cathode. The Sn vapour short
circuits the 3 mm gap to the anode, which is biased at high voltage
(3–4 kV). A few nH inductance of the discharge circuit allows a highly
ionized (Sn8+–11+) plasma to be produced, which with further pinching
leads to a powerful shot of EUV emission being generated. The
energy input into the discharge is 1–2 J, while CE (conversion
efficiency) to 13.5 nm emission in a 2% spectral band is about 1%.
The shot repetition rate of the EUV source is 1.5 kHz, which allows a
high photon fluence for a period of ~3 hours with 3–5% stability.
The Z-pinch emission is collected by a set of grazing incidence
cylindrical Mo mirrors, called the EUV collector. Our test bench
collector consists of six mirrors, located at a distance of 48 cm from
the source of radiation. Each mirror consists of a curved glassceramic substrate with an ultra low coefficient of thermal expansion
(sital) that is 45 mm x 60 mm square, and has a thickness of 6 mm.
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High reflectivity EUV range is achieved by coating the substrate with
50 nm of Mo.
To protect the collector from the products of the Z-pinch discharge, a
series of traps are located between the discharge and the mirrors.
The debris mitigation system consists of a magnetic field to defect
most ions with an energy less than 100 keV and rotating foil trap,
which effectively collects all micron-sized tin droplets moving at
speeds of less than 500 m/s. Thus, the collector is exposed to
radiation (both in-band EUV, and deep ultraviolet), high energy ions,
and high velocity Sn debris during source operation.

Figure 2. EUV tin plasma source for direct reproducing EUV-lithography
tool conditions.

Before the experiments, the source chamber was evacuated to 3–
5∙10-6 Torr. The partial pressures of the background gases were:
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water ~10-7 Torr, nitrogen ~10-7 Torr oxygen ~10-9 Torr, and residual
hydrocarbons 10-9 Torr. The experimental set up is schematically
shown in figure 2. During operation, H2 is fed into the vacuum
channel, where the collector mirrors are located. The hydrogen flows
in the direction of the EUV source chamber, slowing down and
scattering energetic ions and small Sn droplets in collisions with
neutral and charged particles of H2 plasma formed in the collector
optics channel. The presence of H2 over the collector mirrors notably
decreases the contamination rate of the mirrors by carbon. The H2
pressure in the channel is ~10-3 Torr and does not influence on EUV
source operation [11].

5.1.2 Analysis
Our contamination film was gray-brown in color, and transparent in
the visible region. The films, which were still attached to the collector
mirror, were placed in 65% HNO3 acid. It was noticed that, even after
the underlying molybdenum was etched away (~20 seconds) with
nitric acid, the carbon film remained on the sital substrate. The
undamaged carbon film flakes were then removed from the
substrate and transferred to a copper support grid with a 1 X 1 mm
mesh, and then sandwiched in a slotted copper envelop grid to
provide mechanical stability.
The total thickness of the film was found to be of the order of
150 nm after few hundreds millions EUV shots. The thickness was
measured by EELS, in the energy-filtered transmission electron
microscopy (EFTEM) mode. At this thickness, a film of magnetron
sputtered carbon would be expected to be completely etched away
within 10 seconds in 65% HNO3 acid.
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Table 1. Atomic compounds of collector grown carbon film according to
energy-dispersive X-ray spectroscopic analysis (EDX)
Area 1

Element

Atom %

Line

Area 2
Atom
%
Error

CK

72.91

OK

19.00

Sn L

2.62

+/1.57
+/0.41
+/0.07

Element

Atom %

Line

Area 3
Atom
%
Error

CK

72.08

OK

18.35

Sn L

3.18

+/1.16
+/0.37
+/0.05

Element

Average

Atom

Atom

%

%

Line

Error

CK

70.36

OK

17.88

Sn L

3.39

+/1.39
+/0.36
+/0.07

Element

Atom

Atom

%

%

Line

Error

CK

71.78

OK

18.41

Sn L

3.06

+/1.37
+/0.38
+/0.06

To understand the atomic composition of the film, EDX was used.
According to EDX results (see table 1) the film is, on average,
composed of the order of approx. 72 at. % C, and approx. 18 at. % O.
In addition, trace elements from the EUV source fuel (Sn), electrodes
(Fe, Ni, and Mg), and the collector mirror (Mo, and Si) were also
found. The sample was also slightly contaminated by the attempts to
chemically etch it (Cr, P, and others). Despite these low levels of
various elements, the film is predominantly carbon, oxygen and tin,
which is expected. We assume that the carbon and oxygen content
of the film comes from background gases and adsorbed water.
Within the film, there are larger particles that are denser than the
surrounding film. EELS spectra (data not shown) for the film are
typical for amorphous carbon. Secondary electron microscopy (SEM),
TEM, and high resolution TEM (HRTEM) images show the presence of
submicron tin droplets. The large droplets are not randomly
distributed. The droplet tracks are parallel to each other, indicating
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that they are ballistic tin droplets that have travelled directly through
the rotating foil trap (part of mitigation protection system) and have
a velocity more than 500 m/s (the minimum speed to allow the
particles to pass through the foil trap).
Interpretation of the HRTEM carbon lattice images gives fringes with
d-spacings of 0.15 and 0.25 nm in the areas from 2 to 10 nm. Such
lattice structure are similar to ion-beam deposited carbon and
carbon produced by shock synthesis designated as "0.25-i-carbon"
and presented in [12]. Only in one case the lattice fringes yielding a
d-spacing of 0.205 +/- 0.001 nm, associated with (111) cubic or ndiamond lattice plane, were found. However, no evidence for the
0.178 nm and 0.126 nm d-spacings, associated with the (002) and
(022) diamond lattice planes, were found.
Atomic force microscopy (AFM) measurements indicate that the
surface is relatively rough, with an RMS roughness of a few tens of
nm.
More accurate information on the structural properties of carbon
films was obtained with an XPS study (Thermo Theta Probe
monochromated Al Kα). Figure 3 shows the characteristic C 1s peak
from the carbon film. The atomic percent of carbon was determined
to be 70±2%, in agreement with the EDX data (tab 1). Since XPS is a
surface sensitive technique, whereas EDX probes the complete
150 nm

thick

carbon

film,

similar

composition

indicates

a

homogeneous in-depth composition.
Deconvolution was carried out after subtracting the background by
Shirley’s method [13]. The peaks were deconvolved into GaussianLorenzian mix functions. The deconvolved high resolution C 1s
spectrum of film yielded three peaks at 285.4 eV , 286.9 eV and 289,4
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eV, which are attributed to the sp3 bulk bonded carbon C-C, C-O
chemical bonds and C=O bonds (figure 3). The first peak at around
285.4 eV is associated with C-C sp3 hybridization [14, 15, 16]. This can
be attributed to sp3 C-H bonding, or a diamond like structure. Peak
that observed at 286.9 eV could be C-O-C or C-O-H. Another subpeak was observed at around 289.4 eV, and is assigned to the
C(O)OH or HO-C-OH bonds [17, 18]. It should be noted that we
cannot fit the data with an sp2 peak, but the presence of sp3 by itself
does not confirm the DLC nature of the film, since it is possible that
most sp3 bonds are terminated by hydrogen, which cannot be
directly detected with the techniques used here.

6000

285.4

XPS signal, a.u.

5000

Experiment
sp3 C
C-O
C=O
Background
Fit

4000

3000

2000

286.9
289.4

1000

0
282

284

286

288

290

292

294

Binding energy, eV

Figure 3. XPS results for carbon C1s peak. Three peaks at 285.4 eV ,
3

286.9 eV and 289,4 eV are attributed to the sp bulk bonded carbon C-C,
C-O chemical bonds and C=O bonds.
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Raman spectroscopy was used to characterize the molecular content
of the film. Wavelengths of 264 and 514 nm were used to excite the
Raman spectra. Additionally, Raman maps of the film were collected
with a Jobin Yvon T64000 spectrometer at 514 nm and home-built UV
Raman imaging system, based on a Ti-sapphire laser (the signal was
measured on 4th harmonic) system at 264 nm with a resolution of 1
cm-1.
Measured Raman spectra of collector-grown carbon for ultraviolet
(264 nm) and visible (514 nm) excitation wavelengths are presented
in figure 4. All carbon films show similar features in their Raman
spectra in the 700–2000 cm-1 region. The spectrum for 514 nm
excitation was deconvolved into two Gaussians with maxima in the
regions of the so-called D- (Disordered), and G- (Graphite) peaks,
around 1360 cm-1, and 1580 cm-1, respectively. For UV excitation, a
peak at ~1060 cm-1 due to C-C sp3 vibrations, called the T peak, is
usually observed [19-21]. The location, width, and intensity of G-, Dand T-peaks in multi-wavelength Raman spectrum provide a unique
signature, which we use to characterize the carbon structure.
For UV excitation, the G peak position was found to be centered at
1615 cm-1, which is blue shifted compared to typical a-C (1580 cm-1),
or nanocrystalline graphite (1600 cm-1). The G peak position and its
dispersion (see figure 4 b) is very close to that found for
hydrogenated tetrahedral amorphous carbon (ta-C:H) [22], or an
annealed ta-C:H film. The latter exhibits a strong D peak under 514
nm excitation, but shoulder-like D peak under 264 nm excitation
[23]. The carbon film grown on the collector mirror most likely
consists of tetrahedral amorphous carbon (ta-C).
The UV Raman spectrum exhibited no explicit T peak. The reason
could be a presence of sufficient sp2 content of ta-C (oxygen bonds),
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which normally reduces the T peak intensity. Instead, a D-like peak,
centered at 1410 cm-1, is observed. The D-like peak is associated with
the breathing mode of ring structures, however, the ring’s symmetry
requires a nearby defect to excite the breathing mode. Thus, the
presence of the D-like peak indicates that the film has a substantial
fraction of carbon atom rings, but with a significant amount of
disorder [19-23]. This feature in the UV Raman spectrum, in the
absence of a T peak, is attributed to the C–C stretch of both
hydrogenated and hydrogen free sp3 sites. From this combination of
factors, we conclude that the film consists of ta-C:H film

a)

b)

Figure 4. Raman spectra of the carbon film at 514 nm and 264 nm in a
range 800-2200 cm
cm

-1

-1

(a) and in UV-Raman spectra in range 2000-4000

(b). Peak caused by sp3 CHx stretching in UV-Raman (b) clearly

visible.

The presence of hydrogen in the film is confirmed by Raman
spectroscopy. A broad pair of peaks, shown in figure 4 b, in the range
2500-3200 cm-1 cannot be attributed to the second order of the D
peak, known as the 2D’ peak. Instead, we attribute this intensive

98

peak to two sources: sp3 CHx stretching vibrations at 2960 cm-1 and,
the second, at ~3210 cm-1, is due to the second order G- peak [24].
Since terminated C-H bonds have a large dipole moment they can be
observed directly using IR spectroscopic techniques. We used
reflection absorption infrared spectroscopy (RAIRS) to observe sp3
CHx bonds. The RAIRS spectrum of the collector film in the range
2800-3100 cm-1 is shown in figure 5. Although the absorbance of sp3
CH2 and sp3 CH3 bonds in RAIRS is small, they are, nevertheless,
clearly visible in figure 5.

0,002
a-sp

Absorbance

a-sp
s-sp
s-sp

3

CH3

3

CH2

3

CH3

3

CH2

0,001

0,000
2800

2850

2900

2950

3000

3050

Wavenumber, cm-1

Figure 5. RAIRS absorption spectrum of the collector film in 2800-1

-1

3000 cm range. Spectral resolution is ~4 cm .

The amount of hydrogen (bound to carbon) in the film can be
estimated from the ratio of the slope, m, of the fitted linear
(fluorescent) background, and the intensity of the G peak, m/I(G) [24].
As shown in figure 4, the ratio m/I(G) was found to be 0.5 µm , which
corresponds to ~20 at. % of hydrogen. Taking into account that the
XPS data does not distinguish between C-C and C-H bonds, we can
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conclude that the film has ~20% alcohol and aldehyde groups, ~20%
CHx groups, while the rest of it is sp3 C-C bonds.
Thus, summarizing, carbon film deposited on mirrors that are
plasma-facing (e.g., the collector mirror) will not be polymer-like
amorphous carbon. Instead, our results show that the film is more
likely to have the properties of hydrogenated diamond-like (DLCH)
carbon coatings. These coatings are known to be quite resistant to
chemical and physical etching processes, especially compared to
standard amorphous carbon. This result resonates well with studies
of thin films (less than 20 nm) reported by Nishiyama's group [25]. It
was observed that the films were hydrogenated and deeper layers of
EUV-induced carbon contamination demonstrate a diamond-like
structure.
The plasma etching was performed to confirm that the carbon film
deposited on the collector is hard and inert, like DLCH films. The
collector mirrors were cleaned with H2 plasma in an inductively
coupled plasma (ICP) reactor. The etch-rate of the collector-grown
carbon was compared to the etch rate of magnetron sputtered
carbon. The control samples consisted of a Si/Mo multilayer
substrate with a ~10 nm thick of amorphous carbon, and a silicon
wafer with a ~20 nm thick layer of amorphous carbon. Three
samples were simultaneously etched in a plasma reactor, shown in
figure 6.
Ion energy spectra and flux were measured using a DC&RF floating
retarded field energy analyzer (RFEA) [26-28]. The plasma density
and temperature were measured using an RF compensated
Langmuir probe. Through this combination of techniques, the
composition, energy spectrum, and flux of ions, incident on the
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sample surface are accurately known and can be used to
characterize of ion cleaning rates and mechanisms in detail.

Figure 6. ICP downstream reactor. The plasma excited at 13.56 MHz
by 3-turn coil around the quartz tube with an inner diameter of 80
mm. The gas pressure was maintained at 100 mTorr. Samples are
placed in ICP discharge downstream at capacitively coupled plasma
(CCP) rf-biased electrode. Due to a blocking capacitance and an
asymmetric CCP configuration, the electrode can be DC biased and
RF (12 MHz) biased.

Our plasma characterization (see Appendix 1 [29]) shows that the
sample is exposed to an ion flux that is dominated by H3+. The
composition of ions incident on the samples is presented in figure 7.
The ions have a well peaked energy spectrum, which is established
by an external bias field. The full width half maximum of the ion
energy spectrum ranges from 4 to 45 eV, depending on the peak ion
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energy. The ion integral flux was in the range of 10 13-3∙1014
ions/(cm2∙s), depending on the applied bias.
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Figure 7. Measured mass-spectrum of ions incident on the
sample surface from H2 plasma at an H2 pressure of 100 mTorr
and 200 W ICP 13.56 MHz discharge.

The ion energy distribution functions (IEDFs) at the electrode under
conditions identical to the conditions that the samples were exposed
to are shown in figure 8. In addition to ions, the surface is also
exposed to atomic hydrogen. The flux of atomic hydrogen was found
to be fH=8∙1018 at/(cm2∙s).
The sample surface in the plasma is exposed to hydrogen atoms and
ions. By measuring the ion dose and etch rate, we estimated the
carbon atom removal probability or C yield per incident ion as a
function of ion energy (see figure 9). In order to simplify the
estimation, the density of all studied carbon films was assumed to be
the same at 2 g/cm3. The estimated C etch probability per H atom
was about ~10-6 for magnetron-deposited carbon, which is in good
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agreement with previous studies of hot filament H radical cleaning
and plasma cleaning [9,30]. Therefore, it can be expected that
chemical sputtering and reactive ion etching are predominant
mechanisms, especially with increasing ion energy [9]. At the lowest
energies, the etch rate is constant. This is most likely dominated by
atomic hydrogen etching. H2 dissociation mostly occurs in the ICP
13.56 MHz plasma, which was kept constant during the experiment.

Figure 8. Ion energy distribution function at surface of 12 MHz
biased electrode (where samples were placed) at H 2 100 mTorr,
200 W ICP 13.56 MHz discharge and different RF bias voltages.

As can be seen in figure 9, the etch probability of EUV collector
grown carbon (EUC-C) is notably lower than the magnetrondeposited a-C etch probability. Furthermore, the slopes of the curves
in figure 9 (etch probability vs ion energy) are different, indirectly
indicating that the carbon in the two films have different binding
energies. So the higher energy threshold of chemical sputtering for
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EUV-C can be explained by a harder carbon structure and,
correspondingly, a higher binding energy compared to magnetron
sputtered a-C films. For instance, TRIM (TRansport of Ions in Matter)
software [31], used for calculating ion interaction with materials
(mainly amorphous), assumes 25 eV displacement energy for atoms
in stable (hard) carbon material. As displacement energy we take the
minimum kinetic energy that an atom needs to be permanently
displaced from its place to a different position within a film. For
amorphous or polymer-like carbons, this energy appears to be
notably lower [9]. These experimental results show that the collector
film is hard, and together with other data, it is most likely to be a
hydrogenated DLC film.

Figure 9. Carbon removal rate (atom/ion) for the different samples
as function of ion energy. Dashed lines indicate approximate
thresholds of chemical sputtering of amorphous magnetrondeposited and collector films.
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To a first approximation the process of collector film formation in an
H2 environment can be considered to be similar to the well-known
plasma enhanced chemical vapor deposition (PECVD) of hard carbon
and DLC coatings. In this deposition process, plasma is used as a
source of reactive species, and the substrate and film is subjected to
a flux of energetic ions. The similarity between PECVD and EUVinduced deposition can be seen by considering the environmental
conditions. The carbon layer is produced due to dissociation of
absorbed hydrocarbons by EUV photons and secondary electrons.
Dissociation occurs even in high-vacuum conditions (<10-8 Torr)
because the residence time of multi-atom hydrocarbon molecules on
a surface is long. In our experiments with EUV exposure, H2 (~10-3
Torr) flows over the collector mirror, so the deposition proceeds in
the presence of H2 and in the presence of a low density hydrogen
plasma that is generated by the EUV pulse [9,32]. The plasma
potential, on the other hand, is high: from a few tens of eV up to the
photon energy (91.8 eV). Therefore, the energy of incident ions will
be close to the plasma potential.
Low-energy hydrogen ions preferentially etch sp2 bound species.
This process has been observed in PECVD processing [10], where
increasing the ion energy to a few tens of eV often leads to the
formation of a hard carbon, enriched in sp3 phase compared to sp2.
This occurs because sp and sp2 carbon reacts with hydrogen radicals
and ions more readily than does sp3 bound carbon [33]. In addition
to PECVD photo-dissociation of hydrogen molecules under pinch
radiation should be taken into account. Simultaneous surface
interaction of H atoms with CH3 sp3 bonded radicals leads to
increase of sticking coefficient for methyl radicals [34,35]. These
processes lead to enrichment of the film structure by sp3 carbon.
Moreover the space in between Z-pinch and the collector, because of
the presence of EUV and high energetic Sn ions, acts as the source of
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hydrogen and hydrocarbon ions and radicals. The 92 eV photon
energy is much more than C-C or C-H bond energy. Radiation,
hydrogen ions and heavy tin ions interaction can easily cause
formation of carbon C+ ions with energy more than 20 eV. This alone
is already enough to produce hard sp3 rich carbon coatings. Taking
into account water, absorbed on the mirror surface, the film is
expected to contain also some C-OH and C(O)OH structures because
of photo dissociation and ion induced subplantation [10].
5.2 Conclusion
We have studied the carbon film grown from hydrocarbons in an
atmosphere of 10-3 Torr hydrogen during exposure to EUV radiation
from a Z-pinch tin discharge. The film contains carbon, oxygen, and
hydrogen as the main elements and involves submicron tin droplets.
The ~150 nm film is transparent in the visible spectral range and
chemically relatively inert in comparison with amorphous magnetron
deposited carbon, as shown by its insolubility in nitric acid. Through
elemental analysis, Raman spectroscopy, and plasma etching
experiments, it has been shown that elements of the film are
chemically bound in a mechanically and chemically tough structure,
formed by C-C, C-H, C-OH and C(O)OH chemical groups with the
significant part of the carbon being in sp3 hybridization. Compared to
magnetron deposited carbon, the film also has a higher resistance to
chemical and physical sputtering during plasma treatment. The
reduced hydrogen plasma removal rate for collector grown films can
be up to an order of magnitude lower than for a-C especially for
hydrogen ions energies below 100eV. Thus the characteristics of the
film obtained by both non-destructive and destructive diagnostics
allow us to classify the film as diamond-like coating. One can
conclude that carbon contamination of EUV optics that are close to
the EUV source and in presence of EUV-induced plasma can be
rather hard and are similar to hydrogenated DLC coatings. Such
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diamond-like amorphous carbon could require ten times more H3+
ions to remove one C atom during hydrogen plasma treatment. To
solve the optics cleaning issue for such type of contamination it is
necessary to optimize in-situ cleaning methods, such as those based
on using EUV-induced plasma, as considered in [9,32].
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6. Plasma-assisted oxide removal from ruthenium coated EUV
optics

Abstract
An experimental study of oxide reduction at the surface of
ruthenium layers on top of multilayer mirrors 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
ultraviolet radiation. The experiments show that hydrogen ions are
the main reducing agent. Furthermore, the addition of hydrogen
radicals increases 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-ofconcept experiments show that an in situ, EUV generated plasma
cleaning technology is feasible.
Introduction
Photolithographic technology, employing extreme ultraviolet (13.5
nm wavelength) radiation, has seen significant progress 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 intensive EUV radiation [2] 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 partially or fully
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dissociate the water, leading to the formation of atomic oxygen.
Atomic oxygen generation allows oxidation to proceed during EUV
radiation. It is note worthy that electron irradiation at similar
energies (~100 eV) does not result in such intense Ru oxidation [3].
To control oxidation, a technology that efficiently and precisely
cleans MLM surfaces must be available. The contamination and
cleaning of EUV optics has been subject to 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 towards 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 [14,15].
An alternative is to use the plasma generated by ionization due to
EUV radiation. The photon energy of EUV radiation 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, creates a short-lived plasma above the mirror
surface, which may clean these surfaces in-line [15].
Earlier works [16] have proven that carbon can be efficiently etched
from multilayer mirrors in an EUV-induced hydrogen plasma. This
suggests that in-line cleaning could also work for surface oxides as
well.
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In the absence of EUV the rates of Ru oxidation and reduction are governed
by the equations:

d[NRuOx]/dt = k1[NH2O][NRu] – k2[NH2][NRuOx]
d[NRu]/dt = k2[NH2][N RuOx] - k1[NH2O][NRu]
where NRu, NRuOx, NH2, NH2O numbers are surface densities for Ru,
RuOx, H2 and H2O (the latter two being the main reducing and
oxidising agents). k1 and k2 are effective rate coefficients of Ru
oxidation and restoration from RuOx by hydrogen. Furthermore, the
ratios of the number densities depends 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 400 K and for oxidized surface
RuO2(110) at 300 K, while water desorption starts from ruthenium
Ru(0001) at 150 K and for oxidized surface RuO2(110) at 200 K [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 background 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 dissociates. 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 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.
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The rates k1 and k2 must be known, and the major contributors to the
composite 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

studied

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 chapter 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
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 lithography relevant conditions, efficient
oxide removalis possible using in-line plasma cleaning.

6.1 Oxidized ruthenium samples
EUV-induced ruthenium oxidation/reduction processes were studied
under a variety of exposure conditions and partial pressures of
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hydrogen and water. We chose experimental conditions that are as
close as possible to those relevant to EUV lithography. Hence, for
these experiments, MLM samples, consisting of Mo/Si multilayers
(25x25 mm), terminated with <3 nm of ruthenium, were used.
To study the influence of ion energy and flux, compared to radical
flux, oxidized ruthenium layers were reduced in a plasma reactor
that produces plasmas that are very similar to those produced by
EUV radiation. The samples consisted of plasma oxidized ruthenium
films, which are structurally and chemically similar to ruthenium
oxide films that grow under EUV illumination [5]. This model system
is more straightforward to analyze than a regular MLM. Furthermore,
by using a relatively thick Ru layer, the samples could also be used as
electrodes to measure the ion flux.

a)

b)

Figure 1. X-ray fluorescence analysis of the oxidized 20 nm thick Ru
film on Si. The presence of an oxygen peak (525 eV) shows that the
ruthenium surface is always oxidized

in

the case of

ex-situ

measurements. For our experiments, the initial oxide thickness is less
than one monolayer (a) and calibration curve for ellipsometry and XRF
is linear (b).
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The ruthenium oxide layer thicknesses were measured using
ellipsometry, Energy Dispersive Spectroscopy (EDS), and X-ray
fluorescence analysis (XRF) (see Figure 1a,b). Figure 1b shows a
typical calibration curve for ellipsometry and XRF. The symbols show
intensity of the EDS and the model-predicted ruthenium oxide
thickness, based on measured ellipsometry data. The model uses a
modified set of optical constants obtained from Palik [19]. The oxide
layers were found to have thicknesses of 0.26 nm, 0.48 nm and 0.66
nm. These thicknesses correspond to less than 1 monolayer (ml) of
oxide, more than 1 ml and less than 2 ml of oxide and more than 2
ml of oxide respectively, assuming RuO2(110) oxide structure. Three
thicknesses of oxide film were chosen so that the influence of oxide
depth on oxide reduction could be studied.
A linear regression of the data results in a measurement accuracy of
±0.05 nm for ellipsometry. For the plasma-assisted reduction
experiments, only ex-situ EDS measurements were performed.

6.2 Evolution of oxidation and reduction of ruthenium in
water/hydrogen medium.
EUV-induced oxidation and reduction was studied in an EUV
exposure tool. A schematic representation of this setup is given in
figure 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 78% in-band transmission. The
EUV beam (FWHM ~ 4 mm) was focused to a 0.5 cm diameter spot
with an average power density of 5.7 mW/mm2 at 600 Hz during 35
million pulses.
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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
410-8 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 ellipsometer 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 reduction of the surface can be spatially
and temporally resolved.

Figure 2- EUV exposure tool.
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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 2/3”
CCD camera with a 75 mm focal length lens. The timing of the
camera trigger is synchronized to the rotation of the compensator,
allowing one to determine Ψ (the amplitude ratio upon reflection)
and Δ (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
(2x2 mm) PT1000 resistive temperature sensor (3.8 /oC) that is
clamped on the metallic frame that holds the mirror.

Figure 3. Ruthenium oxide thickness map. The sample was oxidized at
-5

2∙10

-8

mBar of partial water pressure and 410

mBar of partial

o

hydrogen pressure. Surface temperature was 8 C. The EUV power was
2

6

5.7 mW/mm at 600 Hz and the total number of EUV pulses was 35∙10 .
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An example of the oxide thickness determination, as extracted from
the optical constants is presented in figure 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. Figure4 shows the evolution of Ru oxidation and
reduction as the partial pressures of water and hydrogen are varied.
The RuOx thickness and phase shift (Δ-signal) are plotted as a
function of exposure time. The experiment began with a sample that
was oxidized to a depth of 0.15 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 (partial
pressures of PH20= 2∙10-5 mBar and PH2=5∙10-2 mBar at a temperature
of 4oC). Here, to within our measurement accuracy, an equilibrium is
observed: oxidation is balanced by oxide reduction.
Once the partial pressure of water is reduced to background levels
(~10-8 mBar) (30 min- 64 min, figure 4), reduction dominates. In this
case, Δ increases, indicating the reduction of the oxide thickness
from 0.15 to 0.08 nm. We also demonstrate that this can be reversed
(64 min -140 min, figure 4) by reducing the hydrogen partial pressure
to background levels and returning the water partial pressure to
PH20= 2∙10-5 mBar. Under these conditions, as expected, Δ reduces,
indicating oxidation of the Ru.
The details of the mechanisms underlying the balance between
oxidation and reduction requires a separate study and is not the
subject of the current chapter. Here we focus on an empirical model
that describes the balance.
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The rate of oxide reduction and growth, obtained for H2 only and H2O
only are very close in absolute value, suggesting a first-order
approximation:
dz/dt = αr(PH2O,PH2) +αox(PH2O,PH2)

(1)

Where z is oxide thickness and α is the slope of Δ (corresponds to
oxide thickness) vs time plot. Reduction, αr, is considered to be
positive (0,018±0,01 from figurev4) and αox, oxidation, is negative (0,022±0,01 from figure 4).

Figure 4. In-situ oxide thickness as a function of time when varying the
partial pressures of water and hydrogen. The change in Δ, which is
approximately linear with oxide thickness in this range, is used as an
approximation for oxide thickness. The sample, oxidized to a thickness
-5

of 0.12 nm, is first exposed to a balanced water (PH20= 2∙10 mBar) and
hydrogen (PH2=5∙10

-2

mBar) environment. Then a hydrogen dominant
-2

-8

environment (PH2=5∙10 mBar, PH20< 2∙10 mBar)and finally to a water
-5

dominant environment (PH20= 2∙10

-8

mBar, PH2<5∙10

mBar). For all
o

measurements, the sample temperature was maintained at 4 C.
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The validity of equation (1) was checked directly by comparing
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/hydrogen presence
only and experimental data for the case of presence 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 (αr) and pure water (αox)
environments. The experimental value for the total rate is in good
agreement with that calculated from the first order approximation.

Figure 5. Observed oxidation/reduction rate (purple), predicted
oxidation/reduction rate (blue) for different partial pressures of
hydrogen and a fixed partial pressure of water. Absolute oxidation
(black) for constant H2O pressure only and reduction (red) rates for
different partial pressures of H2 only.
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It can also be seen (see figure 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 feedgases rates. It is worth noting that the experiments were carried out
at relatively low temperatures (4

0

C) in order to enhance the

oxidation process. At higher temperature, oxidation at PH2O= 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 molecules
adsorbed on the surface. Secondary electrons significantly 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.

6.3 Plasma-assisted ruthenium reduction
To study plasma assisted Ru oxide reduction mechanisms, we
performed experiments with a hydrogen discharge plasma in
conditions that closely reproduce those of an EUV-induced plasma.
Samples with varying thicknesses of ruthenium oxide were placed in
a surface wave discharge plasma reactor, shown schematically in
Figure 6. The samples were placed along a long quartz tube with an
inner diameter of 55 mm, where a low-pressure low-density H2
plasma is generated [14,15,16]. The plasma is generated in pure
hydrogen, at a pressure of 100 mTorr (13.3 Pa), using an electrodeless surface wave discharge (SWD) with a power of ~10-12 W, and
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oscillating

at

a

frequency

of 40

MHz. 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
corresponding ion flux vary by up to two orders of magnitude,
depending on the sample position, while the ion energy spectrum
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 reaction: H2+ + H2  H3+ + H
(k=1.5∙10-9 cm3/s), the dominate ion is H3+ [14-16,21].
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 radical component
of the former is negligible. To generate radicals, a flow of molecular
hydrogen passes through the smaller-diameter quartz tube, where it
is dissociated by an ICP (13.56 MHz, 200W) discharge. 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 hydrogen reaches the sample holders.
Despite rapid recombination, the atomic hydrogen contribution from
the 13.56 MHz discharge is an order of magnitude more than that
from the SWD 40 MHz discharge. The density of hydrogen radicals
over the sample positions was measured using actinometry. To
calibrate the actinometry signal, 10% of argon was added to the
hydrogen flow and the difference in the ratio of the emission
spectrum lines was used to estimate the density of dissociated
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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 controlled manner.
The rate of O removal from the oxidized Ru surface was obtained for
three cases: samples were treated by H atoms only; H3+ ions only;
and H3+ ions and H atoms at the same time.

Figure 6. The SWD plasma source (right hand side) generates ions with
a constant 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.
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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 figures 6 and 7). In order to describe the ruthenium reduction
phenomenologically, a linear approximation has been used, as it was
for C-cleaning in [16].
We present the following rate equation for ruthenium reduction:

R   ( Eact , TS ..)  FH   ( Ei , TS ,..)  Fi

(2)

Where Fi and FH are the hydrogen ion and atom fluxes, respectively;

(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 reaction (typically ~ 0,5 eV) and Ts is
the surface temperature. The parameter (Ei,Ts) is a dimensionless
coefficient for ions, defined as the efficiency with which H3+ ions
removes O atoms from the surface. (Ei,Ts) and (Eact,Ts) depend on
many parameters, including surface temperature and, in the case of

, 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 dominated 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.
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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   (1.4±0.3)10-6 from
the slope of a linear fit to the experimental data from figure 6.

Figure 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.

Figure 8 shows the oxygen removal rate for the case of ions, and for
the case of a typical 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 efficiency, , 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
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can also be seen by comparing the absolute fluxes of ions and
radicals. The ion flux is four orders of magnitude less than for
radicals (see figure 6), while the reduction rate for ions is still an
order of magnitude more than for radicals alone.

Figure 8. Effectiveness of oxygen removal from grounded samples. The
ruthenium reduction rate was measured for the following cases:
surface wave discharge 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.

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, . The
dependence of  on ion energy, shown in figure 9, was estimated by
measuring reduction rates on biased samples. It can be seen that 
rises slowly with increasing ion energy at energies below ~40 eV. But
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for energies greater than 40 eV,  begins to increase sharply and
reaches a value of more than 2 for ion energies > 100 eV.

Figure 9. O atom removal efficiency  per ion, as a function of the
average ion energy with (red curve) and without (blue curve)
additional hydrogen radical flux.

We propose the following mechanism for the observed energydependence for ion-assisted removal of oxygen. For low-energy ions
(Ei< ~40 eV) where  < 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 eventually dominates.
Arrhenius plots for these two mechanisms are shown in figure 10.
We assume that the surface energy depends on the energy of the
incident ions. Or kTs ≈ γEi where γ 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
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efficiency and 1/Ei in order to find the activation energies for
different ruthenium reduction processes.

Figure 10. ln 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: the fist one for low-energy ions labeled as
process-1 and the second for ions of high energy > 40 eV labeled as
process-2.

As can be seen in figure 10, two processes play a role in ruthenium
reduction under plasma treatment.
process-1 is described by the equation:

ln   ln A1  1.5  (1 Ei )

(3)

and dominates at low ion energies, while process-2, which occurs at
high ion energies, is given by
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ln   ln A2  137  (1 Ei )

(4)

Given that kTs ≈ γEi, an estimate for γ can be found. The Arrhenius
equation becomes:

ln   ln A1  ( E a kTS )  ln A1  ( Ea Ei )
We propose that process-1 is the removal of oxygen atoms by
hydrogen atoms. The excess energy from the ion dissociates 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 γ=0.32.
Substituting γ into the equation (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 process responsible
for ruthenium reduction is not a direct process. Ions with an energy
of 44 eV will, as they stop, drive many energetic processes, such as
secondary electron emission, which can dissociate more than a
single ruthenium oxide bond. At the same time, these processes
result in the formation 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.
Thus H3+ 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 lithography relevant conditions
were performed.
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6.4 EUV-induced plasma experiments.
EUV exposures were performed in an UHV chamber, attached to a
discharge produced plasma EUV source, which is described in detail
in [23]. Briefly, EUV radiation from a tin plasma is refocused 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 opaque 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 vacuum in the UHV chamber is as low as 10 -6 Pa. 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 12 mm (FWHM 6.3 mm)
and has a spatially and temporally averaged intensity of 0.13 W/cm2
in the focus spot. To eliminate most of the scattered EUV radiation, a
diaphragm of synthetic mica (Ø = 8 mm) 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 1x1 cm 2 size were
oxidized in a plasma reactor to a depth of up to 0.69 nm, according
to calibrated XRF measurements. Afterwards they were exposed to
EUV in the presence of hydrogen at a pressure of 3 Pa. All exposures
were carried out at room temperature with a sample bias voltage of 100 V.
Three sets of experiments was carried out for 2, 5 and 10 million EUV
pulses. The total ion charge, measured by the sample current, was
used to estimate both the ion-flux incident on the sample surface,
and the number of ions formed in the EUV-induced plasma above
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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.

Figure 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.

Ruthenium reduction half-profiles for different ion doses (exposure
times) are shown in Figure 11. Hydrogen ion flux profile depends on
the EUV intensity profile (it is also shown by line in Figure 11). It is
clearly seen that the RuOx reduction profiles correlate well with the
profile of the EUV beam that implies the reduction activated by EUVinduced plasma.
Under conditions that are similar to those expected during EUVL,
only the surface of the ruthenium is reduced, while the underlying
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oxide is not reduced. Moreover, the dependence on total ion dose is
very weak, so the reduction efficiency falls off after the top surface is
reduced, as expected. On the other hand, the correlation between
the spatial profile of the EUV spot and the spatial profile of the oxide
reduction show that there is a clear dependence between RuO 2
reduction and ion flux.
Removing underlying layers of oxide requires that hydrogen
penetrates, and that the oxygen can defuse 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 oxygen to the surface.
6.5 Discussion
Results of plasma experiments show that one of the reduction
processes can be similar to that for hydrogen atoms, which is
described in [10] where the oxide removal from ruthenium is
described by a stepwise process. In our experiments, it is likely that
RuO2 is the predominant oxide [13]. In a RuO2 matrix, hydrogen may
be present within the lattice, weakly bound to the Оlattice and on the
surface, adsorbed to the bridge, Оbridge, between two ruthenium
atoms. According to ref [10], the surface of the ruthenium oxide
hydrogenates through adsorption. In addition, hydrogen atoms,
adsorbed at surface Оbridge sites, forms hydroxyl groups that are
chemically bound to the surface (Оbridge - H). The formation of the OH
bond results in a nearby vacancy:
2(Оbridge-Н)  (Оabsorb-2Н) + Оbridge + surface vacancy.
This is followed by water desorption. As a result, oxygen and vacancy
concentration gradients form in the oxide film. These gradients are
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perpendicular to the surface and lead to oxygen diffusion from the
oxide bulk under the following scheme [10].
Olattice + surface vacancy  Оbridge+ vacancy in the lattice.
As a result, oxygen escapes to the surface, where it can be removed
as described earlier.
According to earlier research, vacancies have an important (if not a
crucial) role in metal recovery from oxides under the action of
hydrogen. In the case of ion bombardment, vacancies are formed
directly by ion bombardment, rather than by hydrogen exchange
and water desorption (with surface diffusion accounted for). In
particular, oxygen bonds are broken on the surface with the
resulting formation of the hydroxyl group under the action of a highenergy ion. This, in turn, leads to formation of oxygen vacancies in
the surface layer. Nonetheless, at low ion fluxes, the flux may not
provide 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. A combined flux of ions and radicals provides 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 7 and 8
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.
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6.6 Conclusions
Our experiments show that the top atomic layer of ruthenium 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.
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7. Summary
The goal of this work was to characterize the plasma chemistry
induced by EUV radiation in a physisorbed layer of molecular
species. Model systems were developed, both experimentally and
theoretically, allowing contamination scaling laws to be studied.
Applied to the case of photolithography, this work focuses on
revealing the relevant physics and photochemical processes for
cleaning. To highlight important physical processes, contamination
and cleaning mechanisms were studied as a function of the surface
and plasma environment. The plasma impact on chemistry and on
the cap-layer surfaces are discussed in this thesis.
Using an experimental setup that directly reproduces Extreme UVlithography relevant conditions, a numerical model for obtaining the
spatio-temporal behavior of EUV-induced plasma evolution was
validated. To achieve this, a setup, equipped with Langmuir probes
was used to obtain time resolved experimental data. The
experimentally obtained current-voltage curves were used to
validate the model. The applicability and accuracy of in situ plasma
diagnostics is still a subject of discussion. When using Langmuir
probes, it must be taken into account that all the quantities extracted
from the current-voltage curves are spatially averaged values. The
probes average over the sheath that the probe itself creates during
the plasma decay. Thus, the probe current-voltage curves may be
dominated by changes to the plasma that the presence of the probe
induces. As a result, the plasma may be characterized inaccurately.
The actual plasma parameters corresponding to the experimental
results are replicated using Particle In Cell-Monte Carlo numerical
modeling. For the case of cylindrical symmetry, the model is an
accurate instrument for studying plasma formation during the EUV
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pulse and to discover the most important processes during plasma
formation and decay. The model was then used in conjunction with
experiments to characterize the plasma in the volume above a
multilayer mirror.
The knowledge of EUV-induced plasma formation and evolution
allows plasma-induced effects and photo-induced effects to be
distinguished. The best illustration of the influence of high-energy
photons on cleaning mechanisms has been obtained experimentally
for amorphous carbon (a-C). By comparing a-C removal in a surface
wave discharge (SWD) plasma and an EUV-induced plasma, the
physics of cleaning for photoactive hydrogen and noble helium
environments were determined. For helium gas, the results for both
plasmas were similar, while for hydrogen, an EUV plasma was found
to create a larger ratio of atoms to ions at the sample surface. In the
EUV-induced hydrogen plasma, the C-atom yield per ion is higher
than in the SWD plasma. The presence of high-energy photons leads
to more efficient plasma cleaning due to surface activation
processes. We refer to this combination of processes as reactive ion
sputtering (RIS).
However, in the presence of high-energy photons and ions,
contamination is a function of the surface environment. It has been
shown that, in the case of a grazing incidence collector for extreme
ultraviolet (EUV) lithography, the molecular contamination layer may
have physical properties similar those of a diamond-like carbon
(DLC) film. Such a DLC contamination layer may require ten times
more H3+ ions to remove one C atom during hydrogen plasma
treatment. This highlights the importance of understanding the
growth of contamination in order to optimize cleaning processes.
Low-temperature hydrogen plasmas can also be effective for
reducing oxidized ruthenium top surfaces of a MLM. And that, for
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water-induced oxidation, reduction and oxidation can be balanced
by controlling the ratio of the water and hydrogen partial pressures.
Our experiment shows that this balance follows a linear relationship,
indicating that the chemistry is relatively simple. Follow up
experiments on more deeply oxidized Ru samples showed that
reduction of sub-surface oxide is very slow, and may not be
reversible using EUV-induced plasma reduction.
Our proof-of-concept experiments demonstrate that an in situ, EUV
generated plasma cleaning technology is feasible. The EUV pulse
generates a low-temperature plasma, along with photo-induced
surface activation. Together these combine to yield a highly reactive
environment that quickly and efficiently removes amorphous carbon
and reduces ruthenium oxide. We show that by controlling the
background gas partial pressure, and by biasing the mirror, the
plasma environment and cleaning rates can be controlled with a
relatively high level of precision.
Our studies have largely fulfilled the industrially relevant goal of
assessing EUV-induced cleaning methods, as listed in Chapter 1:


EUV-induced plasma cleaning can be performed without
interrupting wafer exposure.



EUV-induced plasma cleaning can be performed at high
speed: 3nm/h for carbon and 0.1 nm/h for oxygen at ion
energies of ~100 eV.



EUV-induced plasma cleaning is highly selective.
C
 Ru


RC
 4 103
RRu

where RC = 0.45 is the carbon removal rate, and RRu is the Ru
removal rate, which is less than 10-4 at energies over 100 eV.
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In conclusion, the studies in this thesis provide better understanding
of the mechanism of cleaning (reduction) methods that use EUV
radiation generated plasma. The measurement results showed that
carbon can be etched, and ruthenium reduced, with high efficiency
and high selectivity using hydrogen ions. In performing these
experiments, we also showed that numerical modeling, combined
with Langmuir probe measurements, can provide accurate spatiotemporal dependent estimates of the plasma characteristics. These
can then be used to further refine cleaning methods and to guide the
choice of plasma-facing mirror surfaces.
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8. Valorisation
The results presented in this thesis provide basic know-how required
to adopt radiation-induced plasma surface etching for industrial
multilayer mirror cleaning. It has been shown that plasma, generated
by pulsed extreme ultraviolet radiation, is a very effective tool for
surface carbon cleaning and oxide reduction. Using EUV plasma does
not require the installation of additional devices for plasma (or
radical) generation, and EUV-induced cleaning could be realized
without interrupting production operations, i.e. in situ and in line.
This will help to extend the lifetime of EUV optics.
The modified PROTO experimental setup allowed the use of classical
plasma probe diagnostics and PIC MC modeling as mutually
interdependent

techniques

to

characterize

a

plasma.

This

combination of diagnostics and modeling was used to predict the
plasma properties of EUV generated plasma under EUVL relevant
conditions. Experimental datasets have been used to validate the
model. The, thus validated model, in turn, can be used as an
independent instrument, capable of obtaining the spatio-temporal
evolution of EUV-induced plasma. This approach, depending on the
available computational resources, can be more widely applied.
However, we note that, currently, the code requires cylindrical
symmetry and is restricted to rather dilute plasmas.
This work has practically given a proof of concept for industrial
cleaning of multilayer EUV optics. These results in this thesis are
intended to make a significant contribution into the further
development of EUV optics.
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9. Appendix 1
ICP reactor description for chapter 5
Plasma is generated by ICP (inductively coupled plasma) discharge
with a frequency 13.56 MHz, excited by 3-turn coil around the quarts
tube (see set up) quartz tube (56 mm inner diameter) at pressure of
100 mTorr.
Samples are placed in ICP downstream and located at RF (12 MHz)
biased (capacitively coupled) electrode. Energy of ions incident on
the sample surface was controlled by RF (12MHz) voltage and
negative DC self-bias because of the discharge asymmetry.

Figure 1. ICP downstream reactor.
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To characterize plasma and thereby conditions on a sample surface
we

used

RF

compensated

Langmuir

probe

and

emission

spectroscopy (actinometry). Actinometry involves using of the optical
emission intensity ratios to provide an estimation of atom
concentrations in a discharge afterglow and has showed a good
reliability [1,2]. The intensity emitted from the plasma species is
divided by the emission intensity from actinometer - the gas with a
known spectrum and excitation and de-excitation rate constants. As
rule this technique is used in low-pressure conditions when
collisional deactivation of the emitting atoms is negligible. In this
case, we can reasonably assume that the emitting excited state
atoms are produced by the electron impact upon the ground-state
atoms, taking into account a short lifetime of the excited state. In our
case, argon was used as an actinometer. To calculate the excitation
rate constants the measured EDDF and the so-called optical
excitation cross-sections including the cascading transitions from the
upper states to the chosen levels of both H and Ar atoms were used.
Since the measured EEDF was close to maxwellian one, only plasma
density, plasma potential, electron temperature as well as ion flux
were determined from the probe characteristics measured along the
chamber diameter by using the moveable Langmuir probe. These
measurements showed uniform plasma in the chamber center
where the samples were placed.
10% Ar was added to hydrogen, and transitions H(32P - 22S) and
Ar(2p1 - 1s2) at the wavelength 656.3 and 750.4 nm, respectively,
were observed. The CCP 12MHz RF biasing (see figure 1) was used to
generate optical emission in the afterglow of the main ICP discharge,
allowing

for

actinometric

measurements

of

the

H

atom

concentration. The difference in measured H atom concentration
with the main 13.56 MHz discharge turned on and off was taken as
the H atom concentration induced by the main discharge. The
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developed discharge system allows producing hydrogen atoms
concentrations ~1014 - 1015 cm-3. The flux of hydrogen atoms to the
sample surface was calculated as [H]VT/4, where [H] is the
concentration of hydrogen atoms above the sample surface, and VT
is the thermal velocity of H atoms. For 100 mTorr of H2, 400 W power
of ICP discharge measured ratio atomic to molecule concentrations
is [H]/[H2]=0.115 and Н atom flux is fH = 2.2∙1019 at/(cm2∙s).
The sample surface in plasma is exposed both to hydrogen atoms
and ions. Except collector grown carbon two kind of samples were
used: Si/Mo multilayer sample with ~70 nm of amorphous
magnetron deposited carbon and silicon wafer with ~20 nm of
amorphous magnetron deposited carbon on top.
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