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Abstract
In this work, a study on the in
uence of molecular hydrogen gas on a Sn-covered Cu surface
is discussed. The goal of the work is to set a benchmark for future research on the interaction
between hydrogen gas and Sn deposited onto Ru. The study is relevant in the context of
extreme ultraviolet (EUV) lithography, which requires the use of a hot Sn plasma to create
EUV light for the fabrication of computer chips.

A Cu sample was prepared by cleaning it using various methods. Sn was then deposited
onto the Cu sample, and X-ray Photoelectron Spectroscopy (XPS) was used to analyze the
surface of the sample and determine the ratio of Sn to Cu for each deposition thickness.

The Sn-covered Cu substrate was then exposed to molecular hydrogen. The results showed
that the hydrogen gas exposure did not have a signi�cant e�ect on the percentage of el-
ements present in the sample. From this, it could be concluded that the hydrogen gas
was not e�ective in removing Sn from the Cu surface. The study also found traces of Zn
contamination in the Sn �lament used for deposition.

Further research is required to investigate the in
uence of molecular hydrogen on a Sn-
covered Ru surface. It is expected that Ru will catalyze the formation of SnH4.
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1. Introduction
Following Moore’s Law when making computer chips is crucial in today’s quick-paced tech-
nological society, as it enables the fabrication of more powerful and e�cient computing
devices. According to Moore’s law, the number of transistors in computer chips doubles
every two years. Currently, computer chips are fabricated using extreme ultraviolet (EUV)
lithography, for which light with a wavelength of 13.5 nm is required. With this wavelength,
the needed integrated circuit of the computer chip can be etched into a silicon wafer [1].
The EUV light is created by an Sn plasma, resulting from irradiating Sn droplets with CO2

laser pulses.

A consequence of creating EUV light from Sn plasma is that Sn debris can proceed to the
light-collecting multilayer optics, which can compromise its re
ectivity [2]. The re
ectivity
of the collector optics is crucial for chip fabrication. It is therefore important to limit the Sn
debris that reaches the collector optics. Di�erent methods have been proposed to prevent
Sn debris damage. One of these methods is to use a hydrogen bu�er gas. It is known that
a hydrogen bu�er gas can stop most of the Sn ions while maintaining a good transmission
of EUV light. It is also clear that fast Sn ions are converted through recombination and/or
charge transfer, while slow Sn ions are shown to form SnHx molecules [3]. It is also known
that a hydrogen bu�er gas is more e�ective at stopping fast ions when the pressure is higher
[4].

A bu�er gas does not stop all Sn debris from reaching the collector optics. Atomic hydrogen
can be used to etch the Sn from the collector optics surface while using the hydrogen bu�er
gas to create a local hydrogen plasma on the collector’s surface. With this method, the
collector optics can be cleaned without damaging it. In the process, the volatile gas SnH4

is created which can be pumped out of the system [5].

It is currently not clear how a hydrogen gas interacts with Sn in the presence of Ru. Since
Ru is known to dissociatively absorb hydrogen [6], it is suspected that the Ru surface will
catalyze the formation of SnH4. In this work, the interaction between hydrogen gas and
Sn deposited onto a Cu surface will be examined using X-ray Photoelectron Spectroscopy
(XPS). This will serve as a benchmark for future research into the interaction between
hydrogen gas and Sn with Ru present.
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2. Theory

2.1 Principle of XPS

X-ray Photoelectron Spectroscopy (XPS) can be used to perform surface analysis of a sam-
ple. Monoenergetic soft X-rays are incident onto the sample. The emitted electrons from
the sample can then be detected. In this experiment, an Al K� X-ray source will be used,
for which the photons have an energy of 1486.6 eV. The photoelectric e�ect causes photo-
electrons to be emitted. The emitted electrons can get detected with an energy close to
their original kinetic energy until a depth of about 10 nm. Photoelectrons from a greater
depth in the sample lose part of their energy through inelastic scattering processes and form
a background in the XPS spectrum. The measured kinetic energy of the emitted electrons
can be obtained by:

KE = h� �BE � �s (2.1)

where KE is the kinetic energy, h� is the energy of the incident photon, BE is the binding
energy of the atomic orbital from which the electron originates, and �s is the work function
of the spectrometer.

With the measured kinetic energy, the known photon energy, and the work function of the
spectrometer, the binding energy of the emitted electron can be found. Every element has a
unique set of binding energies. XPS can thus be used to identify and quantify the elements
present on and near the surface of the sample [7].

2.1.1 XPS spectra

The resulting spectrum from an XPS scan displays the count rate of the detected electrons
versus their kinetic energy. With the known spectrometer work function and incident photon
energy, the count rate can then be displayed versus the binding energy instead. Electrons
can lose some of their kinetic energy before they are detected by inelastic scattering in the
solid; this results in an increased background for binding energies higher than the actual
binding energy of the electron [7].

There are di�erent origins for the peaks that exist in the XPS spectra. The photoelectron
lines are typically narrow and symmetric. The width of the photoelectron peak is dependent
on the natural line width and the width of the X-ray line which creates the photoelectron.
The instrumentation also has a contribution to the observed width of the peak [7].

Another type of peak that can be found in an XPS spectrum is that from the Auger lines.
When a photoelectron is emitted, a hole is created, an electron with higher energy will
occupy this vacancy, and its excess energy will be transferred to another electron which
will then be emitted from the solid and can be detected. The Auger series is indicated
by the initial and �nal vacancies in the transition. The kinetic energies of the Auger lines
are independent of the incident photon energy. Because of this, they appear at di�erent
locations on the binding energy spectrum when switching to a di�erent X-ray source [7].

When a nonmonochromatic X-ray source is used, some minor X-ray components with higher
photon energies are also incident on the sample. Therefore, for every photoelectron peak,
some peaks with lower binding energies can be found. These are so-called X-ray satellites
[7].
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When an atom has unpaired valence electrons, multiplet splitting can arise. After photoion-
ization and after a hole is created in one of the core states, coupling can take place between
the unpaired electron in the core state with an unpaired electron in the outer shell. This
leads to a variety of �nal states, which can be detected in the XPS spectrum as multiple
peaks, or as an asymmetric combined peak. This is not always as clearly visible because of
the instrumental limitations [7].

When ions are created which are not in the ground state, they will have an energy above the
ground state. This will give a reduced kinetic energy, and thus a higher binding energy. The
di�erence between the binding energy of the peak resulting from the ground state and the
peak resulting from the exited state will give the energy of the excited state. The resulting
lines are called shake-up lines.

In Figure 2.1 a typical XPS spectrum of copper can be seen. The photoelectron lines are
marked by their orbitals. The splitting of the 2p line is clearly visible at a binding energy of
933 eV and 953 eV, with a spin-orbit splitting of 20 eV. The peak next to the right of these
two peaks is the satellite peak, which is there because a nonmonochromatic X-ray source is
used.

Figure 2.1: XPS spectrum of copper using an Mg K� X-ray source [7].

2.1.2 Chemical shift

The chemical environment of a given element determines the exact binding energy. Any
modi�cation of an element’s chemical environment will cause the valence electron charges
to be spatially redistributed and thus alter the potential as experienced by the core electron.
The potential of the core electrons is altered by this redistribution, which also alters the
binding energies of the core electrons. This change in binding energy can be registered with
the use of XPS [8].
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2.1.3 Atomic sensitivity factor

In order to perform a quantitative analysis of XPS spectra, the atomic sensitivity factor is
needed. Assuming a solid is homogeneous to a depth of several electron mean free paths,
the count rate of detected electrons from an orbital of constituent atoms is given by:

I = nf��yAT�; (2.2)

where n is the number of atoms per cm3 of the element, f is the 
ux of X-ray photons
incident on the sample in photons cm�2 s�1, � is the photoelectric cross-section for a
particular transition in cm2 per atom, � is the angular e�ciency factor for the instrument
arrangement, y is the rate at which photoelectrons of normal energy are produced in the
photoelectric process, A is the area of the sample from which photoelectrons can be detected,
T is the detection e�ciency of the photoelectrons emerging from the sample, and � is the
mean free path of the photoelectrons in the sample.

For any photoelectron transition in an atom we can de�ne the atomic sensitivity factor,

S = ��yAT�: (2.3)

Then for any homogeneous solid the ratio of the number of atoms per element can be found
using the count rate and atomic sensitivity factor (ASF):

n1

n2
=
I1=S1

I2=S2
: (2.4)

When comparing the atomic sensitivity factor for a certain atomic orbital for di�erent
instrument arrangements, the only parameter that is di�erent for di�erent arrangements in
equation (2.3) is the angular e�ciency factor �. This factor is de�ned as follows:

� =
dI

d

=

It

4�
[1 � 1

4
�(3 cos2 � � 1)]: (2.5)

Where It=4� is the intensity expected per steradian if the emission is isotropic, � is the angle
between the photon and detected electron, and � is a characteristic parameter for each of
the photoelectron interactions [9].

The measurements in this experiment are performed under an angle of 30° between the
X-ray source and the electron analyzer. The available ASFs in literature are determined for
an angle of 54.7° and 90°. In Table 2.1 the angular e�ciency factor � is given for each angle.

Table 2.1: Angular e�ciency factor � for relevant angles.

Angle �
90° It=4(1 + 1

4�)
54.7° It=4
30° It=4(1 � 0:3125�)

Since � is independent of the angle, it is constant for one atomic orbital. The ASF for 30°
can thus be found by determining � from the two angles available in literature together with
the ASF for 54.7°.
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2.2 Principles of tapping mode AFM

Atomic force microscopy uses an extremely sharp tip on a probe. There are di�erent modes
that can be used, one of which is the tapping mode. The tip scans across the surface of the
sample line by line, tapping the surface with the tip. The tip is attached to a cantilever
beam which bends as the tip scans the surface. The amount of bending from the cantilever
beam is registered with a laser diode and a detector. Oscillations close to the cantilever’s
resonance frequency are produced. The tip then exhibits what is referred to be a sinusoidal
motion. When the sample is scanned, its Van der Waals forces will act upon the tip and
alter the amplitude of the cantilever. The amplitude of the cantilever is kept constant using
a feedback loop by changing the total height of the cantilever. With this height the heights
on the sample can be determined, enabling line-by-line tracing of the sample’s topography
[10].

7



3. Experimental methods

3.1 Experimental setup

The complete experimental setup consists of a preparation chamber where the sample can
be annealed, sputtered and di�erent materials can be deposited onto the sample. There
is also a hydrogen gas supply in the preparation chamber. The preparation chamber is
separated from the measurement chamber, where the X-ray source and electron analyzer
enable XPS measurements. The sample that will be used in the experiment is mounted onto
a Mo sample holder, which can be entered into the preparation chamber with a separate
loading dock. In Figure 3.1 an image of the setup can be seen.

Figure 3.1: Image of the experimental setup for sample preparation and XPS measurements with
the following components indicated by their color: The preparation chamber in white on the left
side, the measurement chamber in white on the right side, the Knudsen Cell in orange, the quartz
crystal microbalance in blue, the Ar-sputtering gun in pink, the annealing stage in green, the
loading dock in yellow, the electron energy analyzer in purple and the X-ray source in red. The
hydrogen gas supply is located at the back of the preparation chamber underneath the quartz
crystal microbalance.

3.1.1 Measurement chamber

The measurement chamber of the XPS setup is kept at vacuum using an ion pump and
a Ti sublimation pump. The chamber is equipped with a sample holder connected to a
manipulator so that it can be moved to the optimal position to take measurements. The
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