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Abstract

The characteristics of a hydrogen plasma in an inductively coupled RF plasma setup were
studied using a double Langmuir probe and an optical emission spectrometer. At various
settings for the gas pressure, gas flow, RF power and probe position, values were obtained for
the electron temperature and plasma density. Additionally, the hydrogen dissociation degree
was measured inside the discharge. In the discharge, the maximum electron temperature is
(3.9±0.5) eV at 300 W, 5.0 Pa. This value decreases by 0.5 - 1 eV when the power is decreased
or when the pressure is increased. At distances up to 90 mm from the discharge, the electron
temperature also decreases by 0.5 - 1 eV. The plasma density inside the discharge depends
linearly on power, but is independent of pressure (between 5.0 and 35.0 Pa) at (1.0+0.2

−0.4)·1017

m−3 for P = 300 W. Away from the discharge there is still a plasma, but the density decreases
exponentially, depending on the pressure by 2 (at 5.0 Pa) to 3 (at 35.0 Pa) orders of magnitude at
90 mm from the discharge. The degree of dissociation in the discharge lies between (1.5±0.4)%
at 5.0 Pa and (0.8 ± 0.4)% at 35.0 Pa for 300 W RF power. The atomic hydrogen density
increases with background pressure and is maximum at (7± 3)·1019 m−3 at 35 Pa, 300 W. No
changes in the plasma were observed upon changes of the hydrogen flow between 20 and 60
sccm.





Contents

1 Introduction 4

2 Plasma & Diagnostics Theory 5
2.1 Plasma Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Plasma General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Plasma Sheaths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.3 Plasma Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Langmuir Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Optical Emission Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Catalytic Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Plasma Setup & Diagnostics Methods 11
3.1 RF Plasma Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Double Langmuir Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.4 Error Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.4.1 Langmuir Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.4.2 Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 Plasma Measurements - Results and Discussion 18
4.1 Plasma Dependence on RF Power . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.2 Plasma Dependence on H2 Pressure . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.3 Plasma Dependence on H2 Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.4 Plasma Dependence on Position . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5 Conclusions 26
5.1 Comparison with Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Bibliography 28

A Double Langmuir Probe Error I

B Spectrometer Calibration II

C Assignment III

3



Chapter 1

Introduction

ASML is one of the world’s leading providers of lithography systems for the semiconductor
industry, manufacturing complex machines that are critical to the production of integrated cir-
cuits or chips. ASML customers continuously seek ways of improving chip performance, for
instance by decreasing transistor sizes, allowing more transistors to be packed onto a substrate.
While current optical lithography systems use a 193 nm light source for the projection of pat-
terns, next-generation machines will be using light in the Extreme Ultraviolet (EUV) regime.
EUV lithography systems use light sources of 13.5 nm wavelength.

The use of this type of light source creates many different challenges. For example, EUV
is absorbed by many substances, including air and glass. This means the complete system is
operated at vacuum and glass lenses can no longer be used and need to be replaced by multilayer
mirrors.

Various gases may be purged into the system. Under influence of the EUV photons (which
carry approximately 92 eV of energy at 13.5 nm), a plasma could be formed. Energetic ions or
neutrals of a plasma may cause damage to the cap layers of the multilayer mirrors, degrading
them up to the point that the mirrors lose too much reflection. This is mainly relevant in the
EUV source, where EUV intensities and gas pressure are relatively high.

In order to develop cap layer materials that are not affected by the presence of a plasma, a
plasma setup was built. In this setup, an Inductively Coupled Plasma (ICP) is created. Plasma
settings can easily be adjusted, allowing for the creation of a plasma environment that is best
suited to test various materials. The goal is to create a recipe for a plasma exposure of test
samples which is comparable to exposure to source conditions for an extended amount of time.
This study will focus on the diagnostics of a hydrogen plasma in this setup.

4



Chapter 2

Plasma & Diagnostics Theory

2.1 Plasma Theory

2.1.1 Plasma General

Next to the three ‘classical’ states of matter (solid, liquid and gas), a fourth state of matter is
known as plasma. A plasma is basically a gas in which a fraction of the molecules or atoms is
ionized. Ionization may be caused by high temperatures or the presence of a large electric field.
Although a plasma is much like a gas, plasma behaviour is very different to gas behaviour due
te presence of charged particles.

The two most characteristic properties of a plasma are the electron density ne (m−3) and
electron temperature Te (K). For convenience, the electron temperature is usually expressed as
T̄e (eV), with:

1 eV = 1 · kB
−qe

= 11.6 · 103 K (2.1)

where kB = 1.38 · 10−23 (J·K−1) and qe = −1.60 · 10−19 (C) being the Boltzmann constant and
electron charge, respectively.

While particles in a plasma interact kinetically like in a gas, there is also interaction due to the
electrical charge of electrons and ions. In most laboratory plasma circumstances, the kinetic
interaction is much stronger than the electrical interaction. Such ‘weakly coupled’ plasmas are
quasi-neutral: the ion density is equal to the electron density and can simply be denoted plasma
density, or ni = ne = n. [1]

When the plasma is powered by a DC power source, ions and electrons acquire levels of kinetic
energy of the same order of magnitude. However, when an AC power source with a frequency
above 100 kHz is used, the alternating fields cannot speed up the relatively heavy ions anymore.
Only electrons are sufficiently light to respond to these fields. All power is therefore coupled into
the plasma by the electrons, which in turn transfer this energy to other species by interacting
kinetically and electrically, resulting in dissociation and ionization. Inside the plasma, ion
temperatures are typically 100 times lower than electron temperatures. [1] Ions however gain a
lot more energy when they are accelerated towards a surface by a sheath. For the purpose of
materials processing, ion energy can also be increased by applying a bias voltage to a probe or
sample.

2.1.2 Plasma Sheaths

The presence of a conducting object in a plasma environment (e.g., the vessel wall or an electric
probe) will induce the creation of a plasma sheath: a region of low electron density between
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the plasma and the electrode. Since electrons usually contain more kinetic energy while having
less mass, they are much more mobile than ions. Electron are therefore more readily lost to
surfaces by diffusion. This leaves a net positive charge in the plasma region, until the plasma
restores the charge balance by the creation of a sheath. Due to this sheath, a potential drop
exists between the plasma and the electrode of the order of T̄e. Then, all electrons are confined
in the plasma region.

The plasma region and the sheath region are joined together by a pre-sheath, across which a
small potential difference exists. The pre-sheath accellerates the ions to a certain velocity, called
the Bohm velocity, or uB (m·s−1). This accelleration is the result of ambipolar diffusion, where
fast electrons ‘drag’ ions outwards due to Coulomb forces. While the ion flux remains constant,
the ion velocity increases towards the electrode and as a result, the sheath ion density ns (m−3)
is smaller compared to the ion density in the plasma (also called bulk ion density or nb (m−3))
by a factor e−1/2 = 0.61. [1]

2.1.3 Plasma Expansion

When a plasma is confined in a certain region surrounded by neutral gas, electrons, ions and
energetic neutrals will diffuse into the region where no plasma is being created. In this diffusion
process, net charges are lost due to recombination (e.g., e−+H++e− → H+e− [2]), and kinetic
energy is lost in collisions. Also, charge transfer without recombination plays a large role (for
instance H+ + H → H + H+ [2]). For the collision rate of a certain flux, the following can be
written:

dΓ = −σΓngdx (2.2)

where Γ is the ion flux (m−2·s−1), σ is the collision or recombination cross section (m2), ng is
the neutral gas density (m−3) and x (m) is the distance from the plasma. When the equation
above is integrated, the collided flux is calculated to be

Γ(x) = Γ(0) ·
(

1− e−x/λ
)

(2.3)

with the remaining, uncollided flux:

Γ(x) = Γ(0) · e−x/λ (2.4)

In Equation 2.3 and 2.4, Γ(0) is the flux at distance 0 (the edge of the actively created plasma),
and

λ =
1

ngσ
(2.5)

is the mean free path for the collision or recombination in question. [1]

Since the region between the discharge and the vessel wall is effectively a pre-sheath, the velocity
of the ions and electrons in this region is the Bohm velocity uB.

2.2 Langmuir Probe

Since a plasma contains electrically charged species, it acts as an efficient electric conductor.
This property can be used to determine plasma properties, for instance using a Langmuir
probe. Most electric probes involving measuring current/voltage characteristics are referred to
as Langmuir probes.
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A relatively simple probe is a double Langmuir probe. This type of probe consists of two
identical metals tips protruding in the plasma. When a voltage is applied across these tips,
electrons are attracted to the positive probe and ions are attracted to the negative probe where
they recombine with an electron, thereby effectively closing an electrical circuit so a net current
can flow. Since electrons are much more mobile than ions, the current is limited by the local
ion density.

The current through these tips is measured as a function of the voltage that is applied across
the two tips. With this type of probe, the bulk plasma density can be estimated from the
saturation current for negative voltages. Electrons are then repelled from the electrode and the
current through the probe is a pure ion current:

Ii = −qensuBA = −qenbe1/2uBA (2.6)

Here, Ii (A) is the ion current, qe = 1.6 · 10−19 (C) is the electron charge, ns (m−3) is the
sheath plasma density which differs from the bulk plasma density nb = n (m−3) by a factor
e1/2, A (m3) is the probe area and uB (m·s−1) is the Bohm velicity, reading:

uB =

√
kBTe
mi

=

√
qeT̄e
mi

(2.7)

where mi (kg) is the ion mass. Simulations show that H+
3 is the most abundant ion in low-

pressure, low-density plasmas like the one used in this study, so the ion mass is the H+
3 mass =

3 u = 4.98 · 10−27 kg. [3] In order to determine n, the electron temperature T̄e is needed, which
is determined by a double Langmuir probe. One measurement is sufficient to obtain both the
electron temperature T̄e and the plasma density n.

For the symmetrical case with identical electrodes, the current-voltage characteristic of I(V )-
curve is given by:

I(V ) = Ii tanh

(
qeV

2kBTe

)
(2.8)

The derivative of this function reads:

d

dV
Ii tanh

(
qeV

2kBTe

)
= Ii

(
1− tanh2

(
qeV

2kBTe

))
qe

2kBTe
(2.9)

which can be rewritten as:

d

dV
Ii tanh

(
qeV

2kBTe

)
= Ii sech

(
qeV

2kBTe

)
qe

2kBTe
(2.10)

Since

sech
qeV

2kBTe

∣∣∣
V=0

= 1 (2.11)

the sech part in Equation 2.10 disappears in V = 0. Therefore, at the origin I = 0 and V = 0,
the slope reads:

dI

dV

∣∣∣
V=0

=
Iiqe

2kBTe
=

Ii
2T̄e

(2.12)

The quantities dI/dV |V=0 and Ii can be estimated from a I(V )-curve measured using a double
Langmuir probe. Then, T̄e can be obtained using Equation 2.12, and nb can subsequently be
estimated from Equations 2.6 and 2.7. [1]

It should be noted that, like every other conducting surface, the tips of the probe induce the
creation of a sheath. The probe tips are negative with respect to the plasma when V = 0.
Therefore, only the high-energy tail of the electron distribution is collected by a double probe.
[1] [4] It is however not known by how much the electron temperature is overestimated.
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2.3 Optical Emission Spectroscopy

Assuming hydrogen excitation only occurs upon electron impact, rate coëfficients for the excita-
tion of molecular or atomic hydrogen can be calculated. [5] Such an excited particle is marked
by an asterisk*. Two different types of excitation will take place: direct excitation of a hydrogen
atom by a fast electron (H + ~e → H∗ + e) and dissociative excitation of a hydrogen molecule,
leaving two hydrogen molecules, one of which is excited (H2 + ~e → H + H∗ + e). The excited
atom will eventually fall back to a lower energy level, emitting a photon with the same energy
as the difference between the energy levels before and after the transition.[5]

When the temperature distribution of the electrons is assumed Maxwellian, the rate coëfficients
for the dissociation of hydrogen to the n = 3 and n = 4 levels (where n is the principal quantum
number) can be calculated for both excitation processes. The transition n = 3→ n = 2 results
in the emission of a photon with a wavelength of 656.3 nm, while the n = 4→ n = 2 transition
emits a 486.1 nm photon. These are, respectively, the Hα and Hβ Balmer lines.

The rate coëfficients Q [cm3·s−1] for the excitation processes that lead to the emission of these
Hα and Hβ lines are shown in Figure 2.1, for a range of electron temperatures. [5]
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Figure 2.1: Rate coëfficients Q of direct and dissociative excitation of hydrogen to the
n = 3 and n = 4 levels by electron impact as a function of the electron temperature.

For a given electron temperature (which may either be obtained by simulation or by measure-
ment), the density ratio of atomic and molecular hydrogen is calculated from the following
relation: [6]

IHα
IHβ

=
λβ
λα

(kQdirect,n=3 +Qdissociative,n=3)

(kQdirect,n=4 +Qdissociative,n=4)
(2.13)

Here, IHα and IHβ are the intensities of the Hα and Hβ spectral lines, λα and λβ are the
wavelengths of these lines, Q is the rate coëfficient for each of the four excitations, and k is the
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density ratio of atomic and molecular and molecular hydrogen:

k =
nH
nH2

(2.14)

When the Hα and Hβ intensities are measured and the electron temperature is known, the
density ratio of atomic and molecular hydrogen is calculated from Equation 2.13. Alternatively,
the dissociation degree, the fraction atomic particles of the total amount of neutral particles,
can be calculated:

a =
k

k + 1
(2.15)

where a is the dissociation degree and k is the density ratio. Combining Equations 2.13 and 2.15
and the data presented in Figure 2.1 results in a relation between the line intensity ratio and
the dissociation degree. This relation is shown in Figure 2.2 for three electron temperatures.
For a measured electron temperature and line ratio, the dissociation degree is determined in
this way. Around the measured degree of dissociation, these values are calculated in a 0.1%
interval.
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Figure 2.2: Dissociation degree as a function of hydrogen line intensity ratio for three
electron temperatures.

2.4 Catalytic Probe

Two-body diatomic hydrogen recombination (H + H → H2) cannot occur in a plasma because
of conservation of energy and impulse. Diatomic hydrogen recombination in a plasma therefore
relies on three-body interactions, e.g. H + H + H → H2 + H, where the hydrogen atom carries
away the recombination energy. However, when a hydrogen atom arrives at a surface and sticks
to it, it may recombine with another hydrogen atom, releasing the recombination energy to the
surface in the form of heat. This process can be utilized to measure the arriving flux of atomic
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hydrogen on a probe surface:

φH =
2NAQ̇rec

Aγ∆Hrec
(2.16)

Where φH (m−2·s−1) is the atomic hydrogen flux, NA = 6.02 · 10−23 (mol−1) is Avogadro’s
constant, Q̇rec (W) is the measured heat load on the sensor, A (m2) is the probe area, γ (-) is
the recombination coëfficient (i.e., the chance a hydrogen atom will recombine before leaving
the surface) and ∆Hrec = 435.94 (kJ·mol−1) is the recombination heat. The factor of 2 is there
because two hydrogen atoms are needed to form one hydrogen molecule.

For some metals, for instance Platinum, γ ≈ 1 under most circumstances. [6] A probe may
be created from a thermocouple made of such a material or by attaching a thermocouple to a
metal sheet. The recombination heat load can be calculated using a heat balance model of the
probe. The various heat flows are shown in Figure 2.3.

Probe 

Thermocouple 
wires 

𝑄 1 𝑄 2 

𝑄 3 

𝑄 4 

𝑄 5 
𝑄 1 = radiative cooling 
𝑄 2 = radiative heating 
𝑄 3 = convective cooling 
𝑄 4 = TC wire conduction 
𝑄 5 = H2 recombination heat 

Figure 2.3: Schematic representation of heat flows at probe surface.

When the probe temperature is stable, the hydrogen recombination heat load can be written
as:

Q̇rec = Q̇5 = Q̇1 + Q̇3 + Q̇4 − Q̇2 (2.17)

When the temperature dependence of Q̇1, Q̇2, Q̇3 and Q̇4 are known (either by measurement
or by calculation using a model), the recombination heat load is calculated from the probe
temperature. Then, the hydrogen radical flux at the probe surface can be calculated from Q̇rec

using Equation 2.16. [6]

Alternatively, a second probe of the same dimensions may be built with γ ≈ 0 (for instance, a
thermocouple covered in quartz) and a heater such as a resistor embedded in the probe. Now,
the electrical energy needed to keep this second probe at the same temperature as the first
probe equals the recombination heat load on the first probe. [7]

While this is a suitable method for the determination of hydrogen radical densities, the appli-
cation of this method is beyond the scope of this study.
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Chapter 3

Plasma Setup & Diagnostics Methods

3.1 RF Plasma Setup

The setup used for the experimental part of this study is concentrated around a sapphire
(crystalline Al2O3) tube with an inner radius of 2 cm. A gas is let into the system while it
is evacuated. Electrical power with an RF frequency of 13.56 MHz is inductively coupled into
the gas using a 5-turn copper coil. An electrical matching network continuously compensates
for the change of coil inductance in order to minimize the power reflected by the plasma, so
maximum RF power is absorbed by the plasma. From the gas inlet side of the tube, probes
or sample holders may be inserted into the tube for measurements or exposures. Figure 3.1(a)
shows a schematic drawing of the setup.

As is visible in Figure 3.1(b), a grounded shielding array of copper strips is wrapped around
the tube. These strips shield the plasma from the capacitive part of the RF signal, i.e., the
voltage across the length of the coil. This capacitive potential difference accellerates ions to high
velocities (resulting in etching of the tube and the sample) and therefore has to be suppressed.

The RF source power level is set to any value up to 325 W. Under normal circumstances, the
reflected power is zero so the actual plasma power is equal to the selected power. However, when
the maximum of 325 W is selected, the forward power of the RF source is not entirely stable
and never exceeds 319 W. Therefore, for this study a maximum RF power of 300 W is chosen.
Depending on gas pressure, the minimum power that can maintain a plasma lies between 150
W and 300 W.

The pump speed can manually be adjusted using an adjustable gate valve. The hydrogen flow
is controlled either manually by a needle valve, or computer controlled to keep the system at
constant pressure. The hydrogen flow rate is measured by a mass flow controller.

With inductively coupled plasma setups, it is usually hard to ignite the plasma because the
electric fields in the gas are not sufficiently large to initially ionize molecules. On this particular
setup, a tesla gun is used to introduce free electrons to the gas. Accellerated by the RF, these
electrons ignite the plasma, which can then be maintained by the RF system.

3.2 Double Langmuir Probe

The Langmuir probe used for this study is shown schematically in Figure 3.2. The tips have a
2.5 mm-diameter and are 14 mm apart (center to center). Two probe tip thicknesses were used:
0.10 mm and 1.0 mm, resulting in total probe areas of 5.7 and 13 mm2, respectively. Using the
linear manipulator, the probe can be positioned at any distance from the coil between 0 mm
and 90 mm. This is the distance of the probe tips to the last turn of the coil. All of the
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Turbo pump 

Roots-type pump 

H2 inlet 

Langmuir Probe 

RF matching network 

RF source 

Sapphire tube 

Coil 

a b 

Figure 3.1: (a) Schematic drawing of the RF plasma setup, and (b) photo of the tube
with coil, shielding and plasma glow visible.

probe measurements presented are performed at one or more of the following distances: 10 mm,
30 mm, 50 mm, 70 mm, 90 mm. In any case, the probe is located at the center of the tube,
radially. No attempt are made to measure any radial gradients in the plasma.

The probe is attached to a Keithely 6517B electrometer, which is used to sweep the probe bias
from -30 V to +30 V and measure the probe current at the same time. The electrometer is
connected to a computer, both to control the bias voltage and to log the measured current.
Between the probe and the electrometer, an electronic notch filter prevents the 13.56 MHz
RF-signal to be transmitted to the electrometer.

An example of the I(V )-curve from a double Langmuir probe measurement is shown in Fig-
ure 3.3, marked by the blue circles. Note that, as opposed to the theoretical prediction, the
ion current is not limited but slowly keeps rising with the voltage. This is a linear effect due
to the sheath at the probe surface. The thickness of this sheath increases with the voltage
applied to it, thereby increasing the effective probe area. One can easily correct for this by
substracting a line with the same slope as the ion currents from the entire measurement, also
shown in Figure 3.3 by the red triangles. The slope at V = 0, I = 0 is marked by the dashed
red line, while the tangents to the curve to obtain the ion currents I1i and I2i in V = 0 are
marked by the dotted green lines. The ion currents I1i and I2i for probe voltages V < 0 and
V > 0, respectively, are averaged to obtain the net ion current Ii.

An alternative method for the analysis of the obtained I(V )-curve is by fitting a tanh-curve of
the form of Eq. 2.8 to a corrected measurement. For the analysis of one measured I(V )-curve
both methods were used, yielding the same results.

12



14 

Manipulator 

A Vbias 

C 

L 

C 

L 

Sapphire tube 

Steel disk probe 
0.10/1.0 mm 

14 mm 

2
.5

 m
m

 

Figure 3.2: Schematic drawing of the double Langmuir probe, including the electronic
filter network.
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Figure 3.3: Example of a I(V )-characteristic as measured by a double Langmuir probe
and I(V )-curve corrected for sheath expansion. The dotted green lines represent the
way in which the ion currents I1i and I2i are determined; these are then averaged to
obtain Ii. The dashed red line represents the slope of the I(V )-curve at V = 0, I = 0.
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3.3 Spectrometer

For the spectrometric measurements, an Ocean Optics USB2000+ spectrometer is used. The
end of the fiber connected to the spectrometer was positioned just outside the sapphire tube,
at the center of the discharge (between two turns of the coil). Accurate local measurements
outside the coil region are not possible, due to reflections on the inside of the tube; in the coil
region, this is not a problem. A sample spectrum of the plasma is shown in Figure 3.4, already
corrected for background (ambient light) and the CCD’s dark current. The Hα and Hβ lines
are clearly visible at 656 nm and 486 nm, respectively. The broad peak around 600 nm is the
Fulcher-α band, originating from molecular hydrogen transitions. Also, there seems to be a
continuous spectrum from low wavelength up to around 650 nm. The origin of this part of the
spectrum is unknown, but is thought to come from luminescence of the sapphire tube.

The spectrometer was connected to a halogen calibration lamp in order to measure the spectral
response of the spectrometer. This is the combined response of the individual optical fiber,
grating and CCD responses. This method is shown in Appendix A, resulting in an additional
factor of 1.23, with which the measured Hα

Hβ
ratio should be multiplied.

For each measurement, the peak intensity is calculated as the total photon count along the line
width, while the background level of the continuous spectrum (the average signal between 500
and 550 nm) is substracted. The ratio of the line intensities is subsequently used to determine
the dissociation degree using the data presented in Figure 2.2, with the appropriate electron
temperature selected as measured using the Langmuir probe. This method is shown in Figure
3.5, with an electron temperature of (3.5±0.5) eV and Hα

Hβ
line intensity ratio of 7.0 ± 2%. In

this example, the dissociation degree is (0.014+0.009
−0.006) or (1.4+0.9

−0.6)%.
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Figure 3.4: Example of spectrum of the hydrogen plasma, measured by the spectro-
meter, corrected for the black spectrum.
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3.4 Error Analysis

3.4.1 Langmuir Probe

Several possible causes for uncertainty in these measurements can be noted:

• Plasma disturbance by the bias voltage. Since the plasma shields itself from electric fields
at length scales larger than the Debye length (typically 0.01 - 0.1 nm for this type of
plasma), there are no effects other than the sheath expansion, which is already corrected
for. [1]

• Geometry of the probe tips. An ideal probe tip is a flat surface facing towards the plasma.
[1] The probe used for this study has cylindrical tips. However, when tips with different
thickness are used (0.1 and 1.0 mm, respectively) and the entire surface is used in the
calculations, the measurements yield the same results.

• Small position difference between probes. When one probe sticks out a bit further into
the plasma, the plasma parameters will differ between the two tip positions. A position
difference of more than 0.5 mm would easily be noticed by eye. A measurement with a
position difference of 2 mm was taken to determine the effect on the measured I(V )-curve
and the calculations. A difference in electron temperature (4%) and plasma density (8%)
was measured compared to a probe with two well-aligned tips.

• Due to gravity acting downwards on the probe, the two probe tips are not always at the
same distance from the center of the tube, radially. When the probe holder is rotated
while V = 0, the current fluctuates. The probe is assumed to be centered when I(0) =
0. Measurements were taken for I(0) = 0, I(0) = maximum (negatively) and I(0) =
maximum (positively). The I(V )-curve for I(0) = 0 is symmetric, the other two curves
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asymmetric. This results in maximum differences in electron temperature and plasma
density of 12% and 28%, respectively.

• Contamination (e.g., a thin oxide layer) on the probe surface. To verify the effect, one
of the tips of a used probe was cleaned abrasively. The measured I(V )-curve is some-
what higher at the side of the cleaned tip (indicating contamination on the uncleaned tip
surface), but both the ion current extrapolation and the slope at V = 0 are similar to
a measurement with two uncleaned probe tips. Moreover, the slope of the curve at the
origin does not change. Since a contamination layer effectively acts as a resistance, it will
have a effect on the current that is linear with the bias voltage. Since the compensation
for sheath expansion removes any linear components from the I(V )-curve, the presence
of a small contamination layer will have no influence on the measurement results.

To determine the total error caused by these uncertainties, six probe measurements were taken
at 10 mm, 60 sccm H2 flow and 8 Pa background pressure:

• 1mm thick probe, normal settings

• 1mm thick probe, probe tip position difference of 2 mm

• 1mm thick probe, one tip cleaned

• 0.1mm thick probe, I(0) = 0

• 0.1mm thick probe, I(0) = max (negatively)

• 0.1mm thick probe, I(0) = max (positively)

From these measurements, the average electron temperature and plasma density was calculated,
as well as the standard deviation σ. This is shown in Appendix A. An error of 2σ will be used:
for T̄e, the error is 13%, while for n, the error is 29%.

3.4.2 Spectrometer

The spectrometer used for this study is an Ocean Optics USB2000+. Sources of error in the
Hα
Hβ

ratio may be:

• The optical resolution of the spectrometer. The USB2000+ has a 25 mm-slit installed,
and Grating 31 with a wavelangth range of 200 to 1050 nm. The optical resolution
(nm) is defined as: [8] Optical Resolution = Dispersion · Pixel Resolution. The disper-
sion (nm·pixel−1) is given by: Dispersion = Spectral Range of the Grating / Number of
Detector Elements =1050−200

2048 = 0.42 nm·pixel−1. The pixel resolution for this device/slit-
combination is 4.2 pixels. The optical resolution is therefore 0.42 · 4.2 = 1.8 nm, which is
adequate for this purpose because the hydrogen spectrum is well known, and the spectral
lines of interest are not close to any other spectral lines since hydrogen is the only gas in
the system. The narrow hydrogen lines will be broadened (this is indeed observed), so the
sum of the counts in the peak will be used as measure for the peak intensity.

• Dark current of the CCD sensor. During each measurement session, a black spectrum was
taken, and substracted from each measurement. The dark current of the spectrometer
is constant over time and does not vary with integration time. Therefore, dark current
is assumed not to be a source for any error. The dark noise of the CCD is specified by
the manufacturer as 50 counts RMS. [9] When added to the emission line integrals of the

16



measurements, this noise generates an error of 0.2% for the Hα line and 0.5-0.8% for the
Hβ line.

• The spectral response of the spectrometer; the spectral response was calibrated using a
halogen calibration lamp, as described in Appendix B. Any remaining error due to the
spectral response differences are neglected.

• Linearity of the sensor; this is specified by the manufacturer as 99%, leaving an uncertainty
of 1%. [9]

• The ‘continuous spectrum’ around the Hβ line. The average signal between 500 and
550 nm is substracted from the peak area to compensate for the increased signal level.
The standard deviation of the signal between 500 and 550 nm is used to calculate the
uncertainty in the Hβ line. This leads to an uncertainty between 4% and 10%.

• The position of the fiber relative to the plasma. Only the bulk of the plasma is studied,
and the plasma is assumed to be uniform in the region inside the coil. [1] Therefore, no
variations are expected as long as the fiber is pointed directly at the plasma bulk region.

From these uncertainties, the total Hα
Hβ

ratio uncertainty is calculated for each spectrum. This

value varies between 5% and 11%.
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Chapter 4

Plasma Measurements - Results and
Discussion

In this chapter, results of the double Langmuir probe measurements and optical emission spec-
troscopy will be presented and discussed.

4.1 Plasma Dependence on RF Power

The most direct way to alter plasma properties is to change the output of the plasma power
source. Changing the power will result in a change in the plasma properties that are relevant
to the environment at the test sample location.

When T̄e is calculated assuming particle conservation in a uniform density discharge, it follows
that T̄e is independent of the plasma density and therefore input power. In a steady state
however, this power has to be dissipated to the vessel walls, therefore the plasma density must
be dependent on power.[1]

Double Langmuir probe measurements were taken with the RF source operating at different
power levels: 150 W, 200 W, 250 W and 300 W (at higher pressures, the minimum power
required to maintain the plasma increases). These measurements were taken at five different
positions relative to the last coil, i.e. 10 mm, 30 mm, 50 mm, 70 mm and 90 mm. The results
are presented in Figures 4.1 and 4.2, showing electron temperatures and plasma densities,
respectively.

Electron temperatures rise by less than 0.5 eV when the power is increased from 150 W to 300 W.
This result is roughly in accordance to the theory which predicts that the electron temperature
is not a function of the input power. The density, on the other hand, depends linearly on
plasma power. At different positions, the relative changes in density are comparable. This
shows that already at low power, there is a balance between the heating of electrons by the
power source and the transfer of energy from electrons to other species, again resulting in the
creation of ion-electron pairs. When this balance point is reached, additional power will mainly
result in creating more ions and electrons, while the energy of these species is not allowed to
rise significantly.

The degree of dissociation was measured for three different power settings at 20 Pa, 20 sccm.
The results, shown in Figure 4.3, are inconclusive as to the power dependency of the hydrogen
atom density.
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Figure 4.1: Electron Temperature as a function of RF power at five different positions,
H2 pressure p = 5 Pa. Electron temperatures increase by less than 0.5 eV when RF
power is increased from 150 W to 300 W.
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Figure 4.2: Relative plasma density (the fraction of the density at 300 W) as a function
of RF power at five different positions, H2 pressure p = 5 Pa. Density at 300 W is
also listed. Throughout the distance range, plasma density is linear with RF Power.
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Figure 4.3: Degree of dissociation of the hydrogen gas as a function of RF power at
20 Pa and 20 sccm.

4.2 Plasma Dependence on H2 Pressure

The gas pressure or neutral gas density is an important parameter in plasma formation and
propagation. Since all RF power is absorbed by only the electrons, the presence of all particles
beside neutral gas molecules and electrons is the result of interactions between all species.
Since the neutral gas density is several orders of magnitude larger than the plasma density
(n ≈ 1014 − 1018 m−3, ng ≈ 1021 − 1022 m−3 between 5 Pa and 35 Pa), most collisions of
charged particles are with neutral atoms or molecules. A change in neutral gas density will
change the distance between most collisions, which results in a shift in particle balance.

The electron temperature and plasma density was measured at two distances to the coil for a
range of pressure settings. The results are shown in Figure 4.4. At both distances, the electron
temperature is maximum at low pressure, and decreases by 1 eV when the pressure is increased
to 35 Pa. The difference in T̄e between 10 mm and 90 mm varies between 0.5 and 1 eV. At
10 mm, the density is independent of hydrogen pressure. As this position is still in the plasma
creation region, the plasma composition is unaffected by diffusion processes. At 90 mm, it is
clear that diffusion losses play a large role, decreasing the density by one order of magnitude
when pressure is increased from 5 Pa to 35 Pa.

The dissociation degree was measured at a hydrogen flow rate of 20 sccm and RF power of
300 W. The dissociation degree between 5 Pa and 35 Pa is shown in Figure 4.5. Multiplied
by the pressure-dependent neutral gas density, the degree of dissociation results in a value
for the density of atomic hydrogen nH (m−3) as shown in Figure 4.6. When the pressure is
increased, the atomic hydrogen density also increases, but not linearly since the dissociation
degree decreases with increasing pressure.
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Figure 4.4: Electron temperature and plasma density between 5 Pa and 35 Pa at
10 mm and 90 mm away from the coil. RF Power is fixed at 300 W.
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Figure 4.5: Degree of dissociation of the hydrogen gas as a function of background
pressure.
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Figure 4.6: Atomic hydrogen density inside the discharge, for 20 sccm and 300 W.

4.3 Plasma Dependence on H2 Flow

The gas pressure is an important parameter in the plasma creation and expansion processes. In
laboratory conditions, this gas pressure is the result of gas inflow at one point, and a pumping
system at another point in the system. In this section, experiments will be shown to determine
plasma formation and plasma expansion dependencies on hydrogen flow rate.

A series of measurements was performed during which the H2 flow and pressure were controlled
independently. At three hydrogen flow rates, three pressures were chosen. Langmuir probe mea-
surements at two positions, 10 mm and 90 mm, were taken. The resulting electron temperatures
and plasma densities, respectively, are shown in Figures 4.7 and 4.8. The electron temperature
as well as the plasma density is, at both distances and all pressure settings, independent of the
hydrogen flow rate.

Using the spectrometric method, the dissociation degree was determined at constant pressure,
constant RF power. In Figure 4.9 the results are shown, indicating that the hydrogen atom
density does not depend on the hydrogen flow.
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Figure 4.7: Electron temperature as a function of H2 pressure, for three H2 flow rates,
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Figure 4.8: Plasma density as a function of H2 pressure, for three H2 flow rates, at
two distances. RF Power = 300 W. At 10 mm distance as well as at 90 mm, plasma
density does not depend on H2 flow.
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Figure 4.9: Degree of dissociation of the hydrogen gas as a function of hydrogen flow,
at 20 Pa and 300 W.

4.4 Plasma Dependence on Position

Since only a part of the tube is enclosed by the RF coil, only that part of the tube is the
region of active plasma creation. Any plasma outside this region will be the result of the
ambipolar diffusion of electrons and ions towards both ends of the tube. In Figure 4.10, electron
temperature and density are shown between 10 mm and 90 mm, while RF Power and H2 pressure
are fixed at respectively 300 W and 5.0 Pa.

Moving away from the coil, the electron temperature drops by about 1 eV, corresponding to
the results shown in Figure 4.4. The measured plasma density decreases exponentionally with
increasing distance to the coil. This effect shows that no significant amount of plasma is being
created outside the coil; since recombination of charged plasma particles is proportional to the
presence of these particles, an exponential decrease would be expected, as has been shown in
section 2.1.3.

Using Equations 2.4 and 2.5, the mean free path and cross section for the recombination between
an electron and an ion in neutral H2-gas can be calculated. The neutral gas density is calculated
using the ideal gas law:

n

v
=

p

RT
(4.1)

with n/v (mol·m−3) is the molar gas density, p (Pa) is the background pressure, R = 8.31
(Pa·m3·K−1·mol−1) is the gas constant and T =300 (K) is the gas temperature. Now, the
number density of the gas ng (m−3) equals:

ng =
n

v
·NA (4.2)

where NA = 6.02 · 1023 (mol−1) is Avogadro’s constant.
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Figure 4.10: Electron temperature (left axis) and plasma density (right axis) as a
function of distance from the last coil. RF Power = 300 W, H2 pressure = 5.0 Pa.

The resulting figures for the recombination mean free path λrec (mm) and cross section σrec
(mm2) at various pressures are listed in Table 4.1. The mean free path is the distance across
which the plasma density decreases to a fraction of the original density of (1− e−1) ≈ 0.63 in a
neutral H2-gas, and the cross section is the average of the effective cross sections for the various
recombination processes, for instance H+ + e− → H, H+

2 + e− → H2, H+
3 + e− → H2 + H. [2]

Since this recombination is an effect outside the RF coil, the RF power is expected to have no
influence on the recombination process. Indeed, the mean free path and recombination cross
section are only dependent on pressure and not on RF power.

Table 4.1: Mean free path and recombination cross section at various pressures.

p (Pa) λrec (mm) σrec (mm2)·10−14

5.0 19+3
−5 4.5+0.7

−1

15.0 14+2
−3 2.0+0.3

−0.4

20.0 13+2
−3 1.6+0.2

−0.3

35.0 12± 2 1.0+0.1
−0.2
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Chapter 5

Conclusions

5.1 Comparison with Model

At 10 mm distance, the bulk discharge charactericstics were measured. The most direct ways
to influence the plasma is by changing the background pressure and the RF source power
output. Additionally, the hydrogen flow rate has been varied. In this section, the results will
be compared to the simulations of a 0-dimensional model of this plasma setup. [3]

When the RF power is changed, the electron temperature rises slightly but not significantly
(from (3.6±0.5) eV between 150 W and 250 W to (3.9±0.5) eV at 300 W, 5.0 Pa). The plasma
density depends linearly on RF power, with a maximum of (1.2± 0.4)·1017 m−3 at 300 W. This
shows that additional power into the plasma results in a larger number of ionizations, rather
than an increase in particle energy. This is partly in accordance with the simulations. The
absolute values of the electron temperature and plasma density do not correspond (simulated
T̄e = 1.93 eV, n = 1.8 ·1016 m−3 with p = 5 Pa, P = 300 W), but the trend of constant electron
temperature and linearly dependent plasma density are similar. These trends are also expected
from literature. [1] No conclusive trends regarding the degree of hydrogen dissociation could
be determined, however, a linear correlation between power and dissociation degree would be
expected based on the simulations.

The plasma density showed to be independent of background pressure, being constant around
(1.0+0.2

−0.4)·1017 m−3 at 300 W. The electron temperature decreases linearly with increasing pres-
sure, from (3.8±0.5) eV at 5.0 Pa to (2.6±0.4) eV at 35.0 Pa, with P=300 W. The constant
plasma density is not reflected in the simulations, which show a decrease in plasma density from
1.8 ·1016 m−3 at 5 Pa to 3.9 ·1015 m−3 at 35 Pa. The simulated trend in electron temperature is
again in accordance to the measurements, from 1.93 eV at 5 Pa to 1.34 eV at 35 Pa. Hydrogen
dissociation degrees were determined between (1.5±0.4)% at 5.0 Pa and (0.8±0.4)% at 35.0 Pa.
The measurement at 5.0 Pa corresponds to the simulated value of 1.5%, while the simulations
at 20 and 35 Pa (0.05% and 0.01%, respectively) are significantly lower than the measurements.

The hydrogen flow rate does not have an influence on any of the measured plasma parameters.
This is confirmed by the simulations. Since the velocity of the ions and electrons is much higher
than the gas flow speed (2 to 3 orders of magnitude), changes in the flow rate (and thus speed)
have no significant influence on the plasma processes.

At larger distances, the expansion of the plasma in a neutral gas was studied. The electron
temperature decreases when moving away from the coil, by about 0.5 - 1 eV when going from
10 mm to 90 mm. The plasma density decreases exponentionally with distance, and loses 2 to
3 orders of magnitude, depending on the background pressure. From the distance-dependent
density, the hydrogen recombination mean free path and cross section were calculated to be
between (19+3

−5) mm, (4.5+0.7
−1 )·10−14 mm2 at 5.0 Pa and (12 ± 2) mm, (1.0+0.1

−0.2)·10−14 mm2 at
35.0 Pa.
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There are several reasons for the discrepancy between the measurements and the simulations.
The model is 0-dimensional and does not compensate for the copper shielding. The influence of
this shielding on the electron temperature and plasma density is not known. The model partly
relies on the recombination of atomic hydrogen at the wall surface. However, no value for the
recombination coefficient of atomic hydrogen on sapphire could be found in the literature. In-
stead, a recombination coefficient for quartz (one of three different values found) was used. Also,
he electron temperature is probably an overestimation, since the double probe only measures
the high-energy tail of the electron distribution. [1] [4] This brings the measured values of the
electron temperature closer to the simulation values. It is however not known by how much the
electron temperature is overestimated.

5.2 Outlook

While the electron temperature and plasma density have been measured thoroughly for all
input parameters, the atomic hydrogen density was not determined under all circumstances.
The use of an optical method on this particular setup is limited to the discharge region, because
reflections on the inside of the tube are dominant outside the coil.

To find out the origin of the continuum in the hydrogen emission spectrum, more tests could
be done. A first test would involve replacing the sapphire tube with a quartz (crystalline SiO2)
tube. If this significantly changes the continuum, luminescence of the sapphire tube is the most
probable source.

Catalytic probes are a good method to determine atomic densities quite directly. Unfortunately,
there was not enough time to apply this method during this study. Once a catalytic probe has
been constructed and calibrated, it can be used under a wide variety of circumstances.

The plasma parameter that ideally also could be measured is the ion temperature Ti, or even
better, the ion energy distribution function (IEDF). A mass spectrometer or retarding field
analyzer could be used to measure IEDF curves.
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Appendix A

Double Langmuir Probe Error

As described in the error analysis, there are several causes for uncertainty in the double Lang-
muir probe measurements. A series of measurements was taken in which the most important
variations are covered: two probe thicknesses, distance difference between the two probe tips, a
cleaned probe tip and the probe rotated to achieve the most extreme current offsets in V = 0.
The average (arithmatic mean) of the electron temperature and plasma density from these
measurements was calculated, as well as the standard deviation σ:

σ =

√√√√ 1

N

N∑
i=1

(xi − µ)2 (A.1)

where N is the number of measurements, xi is the electron temperature or plasma density of the
i-th measurement and µ is the average value of the measurements. For the electron temperature,
σ = 6.4%, while for the plasma density σ = 14.5%. An error of 2σ (95% confidence) will be
used for the results: 13% and 29% for T̄e and n, respectively. The measurements, including µ
and 2σ, are shown in Figure A.1.
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Figure A.1: Six double Langmuir probe measurements compared. Plasma parameters
were equal (300 W, 8 Pa, 60 sccm H2 flow, 10 mm distance). Average values for
electron temperature and plasma density are included, as well as error bars the size
of twice the standard deviation.

I



Appendix B

Spectrometer Calibration

The Ocean Optics USB2000+ spectrometer was calibrated using a halogen calibration lamp.
The spectrum of this lamp, measured by the spectrometer, was compared to a calibration
report of this lamp. By dividing the measured spectrum by the calibration spectrum, a relative
efficiency curve was obtained. These three curves are shown in Figure B.1. This way, the
efficiency of the complete system (from fiber aperture to spectrum data file) is known.

The relative efficiency is maximum (i.e. 1) at 586 nm. At the Hα wavelength of 656.3 nm, the
relative efficiency of the system is 0.56, while at 486.1 nm (Hβ) the relative efficiency is 0.69.
The measured Hα

Hβ
ratio therefore has to be multiplied by a factor 0.69

0.56 = 1.23 to compensate for

the spectrometer spectral efficiency.
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Figure B.1: Comparison of measured halogen spectrum and calibrated spectrum, in-
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Appendix C

Assignment

The assignment, as proposed by the company mentor, is as follows:

Plasma diagnostics in an inductively coupled H plasma
ASML is the world’s leading provider of lithography systems for the semiconductor
industry, manufacturing complex machines that are critical to the production of in-
tegrated circuits (IC) or microchips. Headquartered in Veldhoven, the Netherlands,
ASML designs, develops, integrates, markets and services these advanced systems,
which continue to help our customers - the major chipmakers - reduce the size and
increase the functionality of microchips, and consumer electronic equipment. ASML
has some 10000 employees of which close to 2500 work in R&D. ASML is the only
company worldwide that has developed and is selling state-of-the art EUV litho-
graphy machines that are the driver for further innovation in IC technology. Some
of the capped multilayer mirrors that are used in EUV tools are exposed to intense
plasmas. To investigate the effect of these plasmas on the mirrors, a H2 plasma setup
was built at ASML Research. To relate the results obtained with this setup to EUV
tool conditions, a thorough study of the plasma conditions in the H2 plasma setup is
essential. Within the proposed internship the student (HBO-level) will participate
in the characterization of the inductively coupled H2 plasma and in upgrades of the
system towards conditions that most closely represent the conditions in the EUV
tool. In more detail, the student will perform measurements of the residual and
undesired capacitively coupled part of the hydrogen plasma in the setup through
direct electrical measurements (Langmuir probe related) and indirect measurement
of the plasma effects on witness samples. The goal of the project is to reduce the
power of the capacitively coupled part of the plasma to a minimum by effectively
grounding and shielding the plasma tube. Depending on the progress of the project,
the student will be further involved in the plasma characterization by measuring H
radical formation in the inductively coupled plasma using spectroscopic techniques.
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