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ABSTRACT 
In this research, the effect of (in-scanner) Hydrogen plasma on Zinc, Lead, Lead(II)Oxide, Lead(IV)Oxide 
and Tin is investigated, as these materials are disproportionally present on the reticle. To do so, an off-line 
setup that mimics the EUV plasma environment in the scanner is used. Here, a continuous or pulsed 
Hydrogen plasma with an electron temperature between 1	and 10eV at a gas pressure between 1 − 10Pa is 
generated. To simulate the path traveled by the contaminating particles to the reticle, a wafer design is made 
that mimics the geometry of the reticle mini environment, where ReMa blades move parallel from the 
reticle. This design consists of an artificially contaminated wafer facing a clean uncontaminated wafer with 
a distance of 1cm	between the wafers. Zinc particles morphology remained unaffected by the Hydrogen 
plasma, and no particles were transferred between the wafers. Lead and Lead Oxides are found to be very 
sensitive to the Hydrogen plasma, as extensive morphological changes and spitting of fragments are found 
after plasma exposure. Morphological changes imply that Hydrogen plasma is affecting Tin, but no particle 
displacement is found in any of the experiments done in this research. It can be concluded that the sudden 
release and deposition of Zinc on the reticle in the scanner is not a result of the background Hydrogen 
plasma with electron temperature between 1 and 10eV as investigated in this research. Furthermore, it is 
concluded that Lead and Lead Oxides actively launch particle fragments as a result of explosive 
fragmentation due to Hydrogen exposure. 
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1 INTRODUCTION 
ASML is currently the largest supplier of photolithography systems for the semiconductor industry in the 
world. These systems are used for the production of computer chips, and with the introduction of EUV 
Lithography, ASML has established itself as the leading choice for commercial High-Volume 
manufacturing of 5nm node and beyond. EUV Lithography is more cost-effective than aggressive multi-
patterning immersion lithography, resulting in a significant advantage [1] [2]. Last year ASML introduced 
a new machine called the NXE:3400C to fully support these nodes, and further improve throughput and 
availability with respect to the previous NXE machine [3] [4]. Despite these outstanding improvements, the 
yield of such a device can be adversely affected by other factors, such as particle contamination.  

Today, advanced particle contamination control, or particle defectivity, is one of the major challenges 
ASML faces in order to improve their extreme ultraviolet lithography technique. This particle 
contamination control aims to break the “chain of defectivity”, in which particles can be released and make 
their way to delicate EUV optical surfaces [5]. The chain of defectivity is given in Figure 1 below. 

 
Figure 1: Chain of defectivity [6]. 

The first block, Particles, focuses on minimizing the number of particles present in the scanner. This can 
be achieved through a number of preventive methods, including but not limited to the use of clean handling 
tools or scanner flushing. The focus of the second block is preventing the release of particles. The challenge 
of the third block is to prevent the transport of these particles to the reticle. When uninterrupted, these three 
blocks combined form the “chain of defectivity” and result in particle contamination on the reticle, as seen 
in the fourth red block. The reticle is a delicate EUV optical surface in the scanner, on which ASML is 
currently focusing its research. 

This thesis will focus on the second block of the chain, the release, and more specifically, on the lift-off of 
particles by plasma. In the scanner a Hydrogen background gas is present and in combination with the high-
energy photons from the EUV source, this results in a Hydrogen plasma. This plasma is responsible for two 
effects, the creation of electric fields and the charging of particles present in the plasma. The combination 
of these two effects results in significant plasma forces inside the scanner [5]. This has been found to be a 
major driving factor concerning the particle defectivity, and thus will be the focus of this research. 

 It has been shown that the particle defectivity in the EUV scanner is more than one hundred times higher 
when the EUV is on, compared to when it is not. This is shown in Figure 2 below. 
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Figure 2: Evolution of defectivity [6]. 

To be able to further improve particle contamination control, and reduce particle defectivity near the 
delicate EUV optical surfaces, it is of the outmost importance that extra knowledge is obtained regarding 
the particle transfer to the reticle. From experience in the field and previous research, it is known which 
materials are causing the main number of defectivities on the reticle in the scanner. These materials are thus 
affected by the scanner conditions with EUV ON as shown in Figure 2. According to ASML, Zinc, Tin, 
Lead and Lead Oxides are significant contributors to defectivity in the scanner. A disproportionally large 
share of these materials is found on the reticle, compared to other contaminating materials present in the 
scanner reticle mini environment [7]. These contamination (or dust) particles found on the reticle all vary 
in size between 100nm and 10µm. Interestingly however, research on these particle groups below a size 
of 10µm has yet to be conducted. Therefore, this will be the range of particle sizes investigated in this work. 
As the particles spend their predominant amount of time in Hydrogen plasma, as will be discussed in the 
theory, the present research will focus on these scanner conditions. 

Together these findings have led to the formulation of the following research question;  

What is the effect of (in-scanner) Hydrogen plasma on Zinc, Tin, Lead and Lead Oxides particles 
between 𝟏𝟎𝟎𝒏𝒎 and 𝟏𝟎𝝁𝒎, and can this explain the sudden release of particles during plasma on? 

To do so, it is chosen to develop an “off-line” setup that mimics the plasma conditions in the EUV scanner. 
This decision was made for the following reasons. Firstly, it is desired to be able to change certain plasma 
parameters and exclude other effects that might occur in the actual scanner. Secondly, the designed off-line 
setup is much cheaper than a setup enabling the operation of EUV induced plasma, both in terms of purchase 
costs and per unit of operation time. 

1.1 EUV-INDUCED PLASMA 
The newest ASML machines use EUV Lithography. This technique uses light with a wavelength of 13.5nm 
to produce wafers needed for the production of chips. Since the EUV photons produced using this method 
are absorbed by any medium, this technique is ideally done is vacuum conditions. Although it is found that 
when a Hydrogen (𝐻!) background gas between 1 − 10Pa is used, the EUV mirrors in the optical system 
maintain their self-cleaning conditions. Hydrogen is chosen to be the background gas because of the high 
chemical activity of its 𝐻 ions combined with negligible sputtering of those ions. Moreover, 𝐻! has a high 
transmission rate for EUV [6].  
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When the 92eV EUV photons interact with the Hydrogen background gas, even the smallest absorption and 
photo-ionization will lead to the creation of a plasma. The electrons created by photo-ionization can have 
energies up to 76eV, and this can result in a secondary ionization, creating up to 3 ions and 15 Hydrogen 
radicals per absorbed photon [8]. These ions and electrons will lose their energy to a state of 1eV in around 
1µs. The typical decay time of the Hydrogen plasma between approximately 1 − 10Pa	is in the order of 
100µs. The mere percentage of time, the Hydrogen plasma will thus be in this state. 

The 250W LLP EUV source used in the newest NXE:3400C scanner is highly transient in time. It fires <
100ns pulses with an energy of approximately 5mJ at a frequency of 50kHz. This results in a Hydrogen 
plasma also highly transient in time, and as is widely known, this means that the plasma typically will not 
be in local thermal equilibrium. This in turn signifies that many classical assumptions such as the 
Maxwellian distribution [9] and the Debye shielding [10] will not always apply, resulting in the formation 
of a very complex plasma. 

1.2 THESIS OVERVIEW 
The off-line setup consists of an electron cyclotron resonance (ECR) source able to generate a continuous 
or pulsed plasma with an electron temperature between 1	and 10eV at a gas pressure between 1 − 10Pa, 
which is comparable with the typical average values of the Hydrogen plasma generated in the scanner. The 
electron density 𝑛" 	in the scanner reticle mini environment however, is 100 to 1000 times smaller than the 
electron density in the off-line setup.  

Effectively, this means that if the Hydrogen plasma affects a certain material, and effect is cumulative with 
dose, the release will occur 100 to 1000 times faster in the off-line setup compared to the scanner where  
it can take days before one single particle lands on the reticle. This is even beneficial for the purpose of this 
work. 

To mimic the path traveled by the contaminating particles to the reticle, a wafer design is made. This design 
consists of an artificially contaminated wafer facing a clean uncontaminated wafer with a distance of 
1cm	between the wafers. These wafers are placed in a Hydrogen plasma environment. This mimics the 
geometry of the reticle mini environment, where ReMa blades move parallel from the reticle, approximately 
1cm away from it.  

To be able to understand and calculate the trajectory of the particle, it is needed to obtain greater knowledge 
about the physics behind this phenomena. Therefore, the theoretical chapters of this thesis will focus on the 
behavior of particles in plasma. It will be shown that the kinetic energy of the particle obtained by its lift-
off and acceleration/deceleration in the plasma sheaths are key drivers for particle transfer (or lack thereof) 
to the second surface in the off-line setup. Hereby it will be shown that drag forces and gravity are almost 
in all cases neglectable. The only non-neglectable force is the electric force and therefore it is key to 
thoroughly understand the dynamics of particle charging.  

During the experimental part of this research both the contaminated and clean wafer will be pre-inspected 
in a scanning electron microscope (SEM), then placed in the off-line setup and exposed to plasma. 
Following the exposure, the wafers will once again be inspected in the SEM. This will result in clear 
comparison between pre and post exposure regarding the particles that may have lifted-off or have been 
affected. 
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It will be shown that Zinc particles do not lift-off or change morphologically in the used Hydrogen plasma. 
By contrast, Lead and Lead Oxides are shown to be very responsive to Hydrogen plasma; spitting particles 
(and fragments) as a result of the formation of pressure bubbles. Tin is found to be sensitive to the Hydrogen 
plasma in terms of morphological change, but in this research no particle displacement is established. All 
phenomena will be explained and discussed in this work. 

1.3 OUTLINE 
This thesis consists of eight main chapters. The outline of each remaining chapter can be found below. 

Chapter 2 General theory. The general theory behind plasma phenomena is discussed. 

Chapter 3 Applied theory. In this chapter the theory is applied to the specific situations as described in this 
work. Also calculations are made and presented in this chapter. 

Chapter 4 Methodology. Here all the practical information is discussed regarding the experiments and the 
experimental methods. 

Chapter 5 Results. The actual obtained results are shown.  

Chapter 6 Interpretation. The results are discussed and interpreted with the theoretical knowledge obtained 
earlier. 

Chapter 7 Conclusion. All information is processed and the hypothesis is discussed. A conclusion is drawn 
regarding this hypothesis. 

Chapter 8 Outlook. Recommendations are given regarding future experiments. 
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2 GENERAL THEORY 
In the theoretical part of this research, the physics behind the phenomena encountered to explain the results 
will be discussed. The theory can be broken down into different modules. First, the basic plasma physics 
required to understand the remainder of the present investigation will be explained. Second, the different 
stages of a particles trajectory from the first surface through a plasma environment towards the second 
surface are discussed. Starting with the particle on the surface, then the possible lift-off from this surface 
and its flight through the plasma up until the particle reaches the second surface. 

2.1 GENERAL PLASMA PHYSICS 
Essentially, a plasma is the fourth state of a material after solid, liquid and gas. A gas consists of atoms or 
molecules which can move around freely throughout the gas without any constrains or net charge [11]. 
Each gas particle consists of an equal amount of positively and negatively charged smaller particles, the 
protons and electrons. When a gas enters the plasma state, a part of the molecules or atoms are broken down 
(or ionized) into ions and electrons. In the plasmas considered in this research the ions have a positive 
charge. Molecules which do not ionize but obtain a higher energy than their ground level energy are called 
excited neutrals. Besides these particles, radicals can also occur in the plasma. Radicals are atoms, 
molecules or ions with an unpaired valence electron [12]. Overall, these unpaired electrons make radicals 
chemically highly reactive. In this research the gas is ionized by the ECR source.  

For sufficiently large length scales, in the bulk of the plasma the electron density is approximately the same 
as that of the ions, resulting in the quasi neutrality rule for plasmas 𝑛" ≈ 𝑛# [13]. 

2.1.1 Plasma sheath  
When plasma faces a surface, a boundary layer between the plasma bulk and surface emerges which is 
called the plasma sheath [10]. The negatively charged electrons moving near the surface can leave the 
plasma due to their higher mobility than ions and stick to the wall, breaking the quasi-neutrality rule.  

This results in a space charge region where the density of electrons is smaller than the density of ions (𝑛" <
𝑛#). The occurring potential distribution reflects electrons back into the plasma and accelerates ions towards 
the wall, until equilibrium is achieved. Between plasma bulk and sheath an area called the pre-sheath 
appears. This pre-sheath is an area where the concentration difference between sheath and bulk transition. 
Before the sheath a small depletion of electrons is already present but it is said that the charge neutrality is 
approximately valid. Due to this, a weak electric field exists as a result of the potential  difference between 
plasma and sheath resulting in a potential difference of 𝑞𝜀$. The density and potential distributions are 
shown in Figure 3. 
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Figure 3: Schematic representation of the densities (top) and potential distribution (bottom) in the (pre)sheath [14]. 

Electron density at the sheath edge  
As can be seen in Figure 3, the density of ions and electrons are equal in the pre-sheath but decrease in the 
sheath. The density in the pre-sheath just before the sheath transition, is given to be [10] 

 𝑛",# = 0.64𝑛& (1) 
 

Where 𝑛& = 10'(m)* represents the charged particle density in the bulk of the plasma [15].  

In the sheath, where the ion and electron density are no longer equal, the following equation can be used to 
describe the electron density 

 𝑛" = 𝑛",& exp K
𝑒𝜑(𝑥)
𝑘𝑇"

Q (2) 

 

It can be seen that the electron density in the sheath is dependent on the electron temperature and potential 
𝜑(𝑥). In this work, a linear approximation is used for the potential between sheath edge and wall (see Figure 
3). The potential is approximated with the formula 

 𝜑(𝑥) = −
∆𝜑
∆𝑥

	 ∙ 𝑥 (3) 

 

Furthermore, when the distance 𝑥	is taken to be the distance between the wall and the sheath edge, this 
potential approximately equals the Φ+	[V] as shown in Figure 3. This	Φ+ represent the difference between 
the wall potential and the potential of the sheath edge, and this potential can be calculated using  

 Φ+ = −𝑇" ln K
𝑚#

2𝜋𝑚"
Q
'/!

 (4) 
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Debye Length 
The sheath thickness 𝑆 is typically given to be a few Debye lengths. In this research it will be approximated 
using  𝑆 = 2𝜆- where the Debye length can be explained as the distance over which significant charge 
separation can occur. It is the scale over which mobile charge carriers (electrons) screen out electric fields 
in the plasma. The Debye length can be calculated using  

 𝜆- = \
𝜖&𝑘.𝑇"
𝑛"𝑒!

 (5) 

 

With 𝜖& the vacuum permittivity, 𝑘. the Boltzmann constant and 𝑒	the electron charge. 

The Debye length for the typical density	𝑛" = 10'(m)* in the bulk of the plasma as used in this work, and 
electron temperature 𝑇" = 1eV  is calculated to be 0.74mm . For the same density with an electron 
Temperature of 𝑇" = 10eV, the Debye length increases to 2.35mm. The typical electron density is found 
in [15] for the used setup. 

Ion flux 
To explain the drop in ion density shown in Figure 3, it is important consider the ion flux.  

The ion flux Γ# 	[m)!s)'] towards the surface can then be described as [16] 

 Γ# = 𝑣#(𝑥)𝑛#(𝑥) = 𝑣#/𝑛#/ (6) 
 

Where 𝑣#/ [m s]⁄  and 𝑛#/[m)*]  are the the ion velocity and ion density at the edge of the sheath 
respectively. Throughout the sheath region, this flux is considered to be constant under the low pressure 
and low temperature conditions studied in this work as there is no significant ionization or recombination. 

Due to the fact that ions are accelerating from the pre-sheath towards the wall, the ion velocity increases 
while traveling further into the sheath. The only way to account for the increase in velocity is through a 
decrease in the density of ions at positions closer to the wall. 

Bohm velocity 
Ions are being accelerated in the pre-sheath due to the small potential difference, and the velocity these ions 
obtain after being accelerated can be calculated as the Bohm velocity. 𝑣#/  is equal or larger than this 
velocity, and the Bohm velocity thus represents the minimum velocity at which ions enter the sheath. The 
Bohm velocity is found using  

 𝑣$ = \
𝑘.𝑇"
𝑚#

 (7) 

 

As can be seen, the Bohm velocity 𝑣$ depends on the electron temperature and the ion mass. It is possible 
to estimate the energy of ion impact on the wall by substituting this velocity in the kinetic energy equation. 
This results in the following equation which represents the Bohm energy 
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 𝜖$ =
𝑘.𝑇"
2

 (8) 

 

Chemical energy 
When a dust particle sticks on the surface it can be hit by ions accelerated in the sheath, and the energy of 
the ion can be transferred so that the potential chemical energy of the dust particle increases. This energy 
consists of the potential energy plus the chemical energy component of the incoming ion. The chemical 
energy can be calculated with the Bohm velocity. The calculation starts with a modified version of equation 
(6) for the ion flux, describing the ion flux entering the sheath [17] 

 Γ# = 𝑛&𝑣$ = 𝑛&\
𝑘.𝑇"
𝑚#

 (9) 

 

Here 𝑛& represents the density in the plasma bulk. 

With the ion flux Γ# 	known, it is possible to obtain the collection frequency 𝜈# 	of the ions by the dust particle 
using  

 𝜈# = Γ# ∙ 𝐴# (10) 
 

Where 𝐴# represents the ion collection area. In the case of a spherical dust particle, 𝐴# = 𝜋𝑅! with R the 
radius of the particle	[m] [18]. 

For an electron temperature of 2eV, typical density and a radius of 1µm, the collection frequency 𝜈# is 
approximately 2.5 ∙ 100	ions/s. For a plasma with dominant ions H*1, as is the case in this research, the 
expected ion energy can be calculated to be 3.88 × 𝑇"  [19]. the ion energy decreases as the electron 
temperature decreases. The energy of one ion can be calculated using this formula and results in 1.2 ∙
10)'2J . Combining these two numbers results in a collection energy of 2.5 ∙ 100 × 1.2 ∙ 10)'2 =
3 ∙ 10)'!J/s, assuming all incoming ions react with the particle material. In section 3.1.3, this value will be 
used to calculate that theoretically a dust particle can accumulate the internal energy needed to overcome 
the binding energy within 20µs. The particle is energetically able to leave the surface if it accumulates this 
chemical energy from plasma exposure over time, and release it instantaneously.  

2.2 PARTICLE CHARGE 
As stated in the introduction, this research focuses on particle lift-off due to plasma. Assuming one of these 
contamination particles lifts-off, and thus floats in the plasma, it will be surrounded by ions, electrons and 
radicals. When an electron or ion hits the dust particle, it will charge the particle a factor 𝑒) or 
𝑍𝑒1	respectively.  

2.2.1 Charge in plasma bulk 
Because electrons have a significantly higher thermal velocity, they reach the particle faster and more 
frequently than the ions do, resulting in a negative charge on the dust particle. If the particle charges 
negatively, it will start repelling incoming electrons and attracting positive ions. This phenomenon will 
balance the electron and ion current and a steady state charge will be reached. 
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It is interesting to note that this is a comparable mechanism as the one that created the plasma sheath treated 
in section 2.1.1. The charging of particles in the plasma bulk can be described analytically using the Orbital 
Motion Limited (OML) theory [20] [13]. Note that this approximation can only be used in a situation where 
𝑇" and 𝑛" are established in the plasma. Furthermore, the mean free path of the electrons must be larger 
than the particle sheath, to ensure that the electrons propagate through the particle sheath without collisions 
[21]. 

The electron current 𝐼" towards the particle can be calculated using  

 𝐼" = −𝜋𝑅!𝑛"𝑒\
8𝑘𝑇"
𝜋𝑚"

exp K
𝑒𝜙
𝑘𝑇"

Q (11) 

 

And the ion current 𝐼# 

 𝐼# = 𝜋𝑅!𝑛#&𝑒\
8𝑘𝑇#
𝜋𝑚#

K1 −
𝑒𝜙
𝑘𝑇#

Q (12) 

 

The radius of the particle is given by 𝑅 and the electric surface potential of the particle by 𝜙. Parameter 𝑘 
represents the Boltzmann constant and	𝑒 the elementary charge. 

Dynamic charging of a particle in the plasma can be calculated given the following formula  

 𝜕𝑄
𝜕𝑡

= 	𝐼" + 𝐼# (13) 

 

When the particle charge is in equilibrium, the currents are equal. Assuming quasi neutrality 𝑛" ≈ 𝑛#& leads 
to 

 exp K
𝑒𝜙
𝑘𝑇"

Q = \
𝑇#𝑚"

𝑇"𝑚#
K1 −

𝑒𝜙
𝑘𝑇#

Q (14) 

 

From this equation it is possible to derive the particle potential and as can be seen, this potential is 
independent from the size of the particle.  

The particle in the plasma can by approximation be described as a capacitor. The charge on a capacitor, and 
thus on the particle, can be found using  

 𝑄 = 𝐶3𝜙 = 4𝜋𝜖&𝑅𝜙 (15) 
 

With 𝜖& the vacuum permittivity. 

When the potential found in equation (14) is used in equation (15) above, the accurate charge of the dust 
particle in the plasma can be found. It can be seen that the accumulated charge is linear with the radius of 
the particle. 
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A simple order of magnitude estimation can be made for the charge that accumulates on the particle by the 
OML approximation below 

 𝑄 = 𝑆 ∙ 𝑇" (16) 
 

Where Q represents the charge in 𝑒) , S the diameter in nanometer and 𝑇"  the electron temperature in 
electronvolt. 

For a 1µm particle in a plasma with a 𝑇" 	of 2eV, this results in a charge of 2000𝑒). According to Heijmans 
[22], the actual charge on a particle of this size is 3500𝑒). 

Charging time in bulk 
To estimate the time it takes for a dust particle in the plasma bulk to reach its steady state charge, first the 
potential can be calculated using equation (14) assuming the particle charge is in equilibrium. To calculate 
the time it takes to reach this potential from neutral (zero) charge, this value can simply be divided by the 
electron current towards the particle from equation (13) with the zero potential. For a particle of radius 
1µm, this would result in a charging time of 0.024ms neglecting the ion current. According to Heijmans, 
the actual charging time for this particle is 0.05ms, which is relatively close to the easy estimate. 

The ion and electron current, and thus the charging of the particle, are dependent on the corresponding 
densities of these species in the plasma as can be seen in the equations above. In the bulk of the plasma the 
ion and electron densities are equal, but on the edge on the plasma, in the plasma sheath, the physics become 
a bit more complicated. 

2.3 PARTICLE ON SURFACE 
Having presented the basic plasma physics pertaining to particles and their characteristics in the different 
stages of plasma, this work will now further inspect the phenomena of a particle present on a surface in 
plasma. 

2.3.1 Particle charge on surface  
The rules for electron and ion density, as described in the plasma bulk, cannot be used in the plasma sheath. 
Subsequently, the charge of a particle on a surface must be calculated differently. 

The charge of the particle on the surface can be estimated using the approximation that the particle has the 
same surface charge density 𝜎 as the substrate [23]. The underlaying assumption made to enable this, is 
that the particle size is much smaller than its Debye length. This results in the following equation  

 𝑄3 = 2𝜋𝑅!𝜎 ≈ 4𝜋𝑅!𝐸/4"564𝜀& (17) 
 

This approximation has extensively been investigated [24] [25], and is deemed sufficiently accurate for its 
purpose in this research. The particle charge results are shown in Table 1 and the results are given in 𝑒). 
The charge accumulation on the particle is dependent on the electron temperature because it defines electric 
field in the plasma sheath, which in turn defines surface charge density. The values for 𝑇" as shown below 
are used throughout this entire thesis. Note that the particle charge calculated in Table 1 are rounded up, 
resulting in some neglectable values. The values are given in 𝑒) and are thus negative in terms of charge. 
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Table 1: Particle charge on surface in 𝑒−.  

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑆𝑖𝑧𝑒 𝑇" = 10	[eV] 𝑇" = 1	[eV] 𝑇" = 0.1	[eV] 𝑇" = 0.026	[eV] 
100nm	 0	 0	 0	 0	
300nm	 0	 0	 0	 0	
1µm	 4	 1	 0	 0	
3µm	 36	 11	 4	 2	
10µm	 399	 126	 40	 20	

 

Contact charging  
These values can be affected by a phenomena called contact charging. This is an effect which occurs when 
two different materials are being charged while they are in contact with each other. The physics behind this 
phenomena can be explained due to an intrinsic contact potential which is established between the two 
surfaces. The charge transfer brings the Fermi level (chemical potential) to the same value throughout the 
two materials [25]. Due to this difference in contact potential, the particles with a lower work function than 
that of the charging plate will be charged more positively, as the electrons drain from the particle to the 
surface. For particles with a higher work function vice versa and thus these particles will charge more 
negative.  

In this research the wafers are made of sapphire and coated with 100nm	chrome, and the “dust” particles 
are deposited on top of the chrome layer. The used dust particles are Zinc, Tin or Lead and thus the contact 
charging occurs between the chrome and its corresponding dust. According to Cho [26], an aluminum 
particle in contact with a steel charging pate could result in a contact potential difference up to 1eV. For a 
1µm particle this agrees to 1000 electrons (equation 16). Aluminum has a work function of 4.0 [27] and 
stainless steel of 4.4.  

As can be seen from formula (15), this difference is greater for smaller particles; contact potential charge 
scales with size, and surface charge scales with size squared. The work functions from the materials used 
in this research are shown in Table 2 below. 

Table 2: Work function for different materials [28]. 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑊𝑜𝑟𝑘	𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛	[eV] 
𝐶𝑟	 4.50	
𝑍𝑛	 4.33	
𝑃𝑏	 4.25	
𝑆𝑛	 4.42	

	

As can be seen from this table, the work functions from all contamination particles are smaller than the 
surface (Chrome) work function. This implies that the particles sitting on the surface will charge more 
positively as the surface.  

According to Feuerbacher [27], the difference in work functions between chrome and the other materials is 
smaller than the difference between aluminum and steel. It is expected that the amount of electrons drained 
are similarly smaller. It should be noted that the work function of aluminum is found to be 4.0 [27] and 
4.28 [28].  
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It is expected that due the smaller differences in work function, the difference between dust particles and 
surface will be of the order of 0.1eV, as seen in Table 2 above, which results in 100 electrons for a	1µm 
particle. This amount of electrons is not neglectable, but as it does not completely change the physics of the 
particle (Table 3), combined with the fact that it is unclear when and to what extend contact charging occurs, 
it is decided not to take this into account in this research. Therefore, the values as calculated in Table 1 will 
be used for further calculations. 

2.3.2 Forces 
When a particle is located on a surface in the plasma, which is the starting point of the particles used in this 
thesis, the forces acting upon the particle can be divided into two main groups. The group sticking the 
particle to the surface and the group trying to remove the particle from the surface. The assemble of  relevant 
forces acting on the particle when located on a surface in plasma is shown in Figure 4 below [29] [30]. 

 
Figure 4: Schematic representation of all forces on a dust particle on the surface in plasma. 

Adhesion force 
There is a group of forces specifically acting on a particle on a substrate, trying to stick it to the surface. 
This group of forces is called the adhesion forces. In this thesis only one of these forces is considered as 
the other forces are neglectable or not relevant for this situation [31] [32]. The only considered force is the 
Van der Waals force, and this force can be explained as a distance-dependent interaction between atoms or 
molecules via induced polarization which results in an adhesive force from the dust particle on the surface 
[33]. This force can be expressed as  

 𝐹574 =
𝐴𝑅
6𝐷!

 (18) 

 

Where A represents the Hamaker constant [34], which is typically 10)'8J, and 𝐷 is the distance between 
particle and surface. For a particle sticking on the surface, 𝐷 is typically 0.3nm. 

Gravitational force 
The gravitation force is an attracting force which pulls down any object with a mass, including a dust 
particle. This force does not only work on the particle when it sits on the surface but will also work on the 
particle in flight. The gravitational force on a spherical particle with radius and mass density is given by 

 𝐹9 =
4
3
𝜋𝑟*𝜌𝑔 (19) 
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With 𝑟 the radius of the particle [m], 𝜌 the mass density [kg	m)*] and g the gravitational acceleration given 
by 𝑔 ≈ 9.81	m	s)' on earth. All particles in this thesis are described as perfect spheres to enable adequate 
calculations. 

Ion drag force 
Yet another force continuously acting on a particle is the ion drag force. This force is exerted in the same 
direction as the ion flow, resulting in a force in the direction towards the surface and parallel to the electric 
field vector (Figure 4). The ion drag force is a result of the ion flow towards the surface and can be divided 
into two components. Firstly, ions can transfer momentum to a particle by a direct collision. This is called 
the collection component. Secondly, ions can deflect their trajectory due to a Coulomb interaction between 
the charged dust particle and the ion. This is called the orbit component. The ion drag force is generally 
given by Khrapak [35] and Thoma [36] but in this thesis it is found using the method as described in the 
GID: Calculation of the ion drag force and 2D analysis in the NXE:3400 reticle mini-environment [37] 
From ASML.  

It should be noted that these methods calculate the ion drag force in the bulk of the plasma. Where the drag 
is also affected by the orbital component of the ions. When a dust particle is located on the surface, this 
orbital component is zero. The ions are directional and unable to curve due to the present surface. On this 
surface, the particle is pressed into the surface merely by vertically incident ions. In the plasma sheath, a 
situation occurs where the ions are directional but still can deliver a small fraction of the orbital component. 
The calculations done using the GID are therefore a top estimate. This ion drag force can be calculated 
using 

 𝐹: = 𝑚;𝑛;𝜎𝑣 (20) 
 

With 𝜎  the momentum transfer cross section [m)!] , and 𝑣  the ion speed [m s⁄ ] . The full calculation 
towards the final values for the ion drag force can be found in appendix A. 

The second group of forces can be identified as those trying to pull the particle away from the surface. In 
this work only the Electric force is directed away from the surface, and thus the only force in this group. 

Electric force 
The electric field in the plasma sheath exerts a force on a charged particle on a surface and is called the 
electric force	𝐹<. This force works in the opposite direction of the gravitational and ion drag force due to 
the negative charging of the dust particle. The magnitude of the electric force can be calculated using 

 𝐹< = 𝑄3 ⋅ 𝐸 (21) 
 

Where 𝑄3 represents the charge of the dust particle	[C] and E the electric field on the particle	[V m⁄ ]. The 
electric field can be found using  

 𝐸/4"564 =
𝑈
𝑆
=

𝑈
2𝜆=

 (22) 

 

Where	𝑈 is the potential [V] and 𝑆 the sheath length [m], which is taken to be twice the Debye length in 
this thesis.  
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Electric force with maximum contact charge 
The electric force corresponding to the maximum extra charge a particle can obtain as a result of contact 
charging is calculated and given as 𝐹<". For this calculation equation (21) can be used, with a charge that 
consists of the sum of the particle charge on the surface and the contact charging aspect. As stated in section 
2.3.1, the contact potential difference is be approximated by 0.1eV	and this corresponds to 100	electrons 
for a 1µm particle in 𝑇" = 10eV plasma. 

2.3.3 Force balance 
To be able to set up a force balance, calculations are done for all forces described above. An overview for 
all discussed forces acting on a Zinc particle in	10eV	plasma is given in Table 3 below 

Table 3: Overview forces Zinc particle for 𝑇# = 10𝑒𝑉. 

𝐹𝑜𝑟𝑐𝑒	[N] 100nm	 1µm	 10µm	
𝐹< 			 5E − 17	 5E − 15	 5E − 13	
𝐹<> 	 1E − 14	 1E − 13	 1E − 12	
𝐹574	 1E − 07	 1E − 06	 1E − 05	
𝐹9	 4E − 17	 4E − 14	 4E − 11	
𝐹: 	 1E − 24	 7E − 23	 5E − 21	

 

The electric force with and without contact charge differ several orders of magnitude. As stated in section 
2.3.1 contact charging above, this difference does not fully change the physics of the particle. In Table 3 it 
can be seen that even with the maximum contact charge, it is physically impossible for the particle to lift-
off the surface as the adhesion force is significantly larger in all cases. 

The lowest values for the adhesion and gravity force correspond to a 100nm Zinc particle with density 
7140 kg m*⁄ . The highest values of these forces correspond to a 10µm particle. 

The ion drag force values are obtained from the calculations made using the GID [37], and are neglectable 
compared to the other sticking forces. As these calculations are a top estimate made using the extrapolated 
sigma (see appendix A), the ion drag force is definitely neglectable on the surface. 

These estimations together with literature conclude that for particles of 10µm and less, the adhesive the 
van-der-Waals adhesive force 𝐹574	force dominates in terms of sticking the particle on the surface. This 
would even be the case if this force would decrease by several orders of magnitude. The electric force 𝐹<  
is the only force pulling a particle from the surface, and these two forces are thus dominant. A sketch is 
shown in Figure 5. 

 

 

 

 

Figure 5: Schematic representation of the dominant forces working on a dust 
particle sticking to a surface in a plasma [22]. 
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3 APPLIED THEORY 
This chapter will proceed by applying the knowledge obtained in the previous chapter to the current 
investigation at hand, to describe the physical situation under the conditions as investigated. First, the lift-
off scenarios for particles will be discussed. Hereby three different cases are mentioned. This chapter will 
then describe a particle’s dynamics in plasma bulk. Finally, calculations will be done to describe the 
trajectory of the particle. To achieve this, all insights obtained in the previous chapter will be used. 

3.1 PARTICLE LIFT-OFF FROM A SURFACE 
The following three cases are categorized according to the physical explanation for lift-off.  

3.1.1 Adhesion loss lift-off (case 1) 
The first case is a lift-off due to adhesion loss. Theoretically, a particle should lift off the surface when the 
electric force is larger than the adhesive force. Normally the adhesion force towards the surface is superior 
to the electric force tending to pull the particle off the surface. However, when the particle is not a perfect 
sphere, or the surface is rough, the adhesion force can change several orders of magnitude [38] [34]. In 
combination with charge fluctuations this sometimes creates a situation where the electric force overcomes 
the adhesion force. When this happens, the net force equals (almost) zero, and thus enables the particle to 
lift-off with approximate 0m s⁄  in the “pure” adhesion case.  

3.1.2 Explosive fragmentation lift-off (case 2) 
It is suspected that a phenomena observed in previous experiments conducted at ASML may also occur in 
several of the experiments pertaining to the present investigation. This phenomena is found in experiments 
where liquid Tin is exposed to Hydrogen plasma [39]. Through the course of these experiments, the liquid 
Tin particles started spitting droplets of Tin of size 1 − 10µm with a high velocity (𝑣# > 10m s⁄ ).  

During plasma exposure, 𝐻∗	and 𝐻1	ions are continuously bombarding the dust particle. Some of these 
atoms/ions dissolve into the dust particle. 

The atomic Hydrogen has higher diffusion coefficient compared to molecular Hydrogen in solid materials. 
When two atomic Hydrogen atoms meet inside the dust particle, there is a possibility that these two atoms 
recombine and become molecular Hydrogen. Once recombined, no reverse reaction is possible at low 
(room) temperature and thus the newly formed 𝐻! molecule is trapped.  

Effectively, this occurrence signifies that it is possible to induce high pressure regions within the particle 
through the formation of molecular Hydrogen. When sufficient amounts of atomic Hydrogen is supplied to 
the dust particle, pressure bubbles (blisters) can be created. To further illustrate this pressure phenomena, 
the accumulation of 𝐻! within the dust particle may be compared to a balloon. When inflating a balloon, 
the pressure builds when supplying more air. After a certain amount, the ultimate tensile strength of the 
balloon is reached and it bursts, resulting in the launch of balloon chunks in all directions. This precisely 
resembles what is observed with these Hydrogen induced pressure bubbles accumulating within the 
contamination particle. After explosion, small fragments (chunks) of dust material are launched (spitted) in 
all directions with great initial velocity. 
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If the pressure in the bubble approaches the ultimate tensile strength (UTS), it can explode. The UTS for 
Tin and Lead are shown in Table 4 below 

Table 4: Ultimate tensile strength. 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙	 𝑈𝑇𝑆	
𝑆𝑛	 220Mpa	
𝑃𝑏	 18Mpa	

 

It can be seen that Tin has a ultimate tensile strength approximately 12 times larger than Lead. Theoretically, 
this should result in Lead particles spitting after a smaller Hydrogen atoms or ions dose than Tin. 

The UTS of the Lead Oxides have not yet been investigated and can thus not easily be found. Furthermore, 
as the present investigation focusses on the physical results, no further investigation regarding this chemical 
phenomena will be done.  

To guestimate the minimal time needed for a certain pressure bubble to explode, the following example is 
given: 

The ion flux in the used off-line setup has been measured to be 1A/m! in the conditions pertaining to this 
research. The amount of ions (for simplicity also atoms) reaching the surface can hence be approximated 
by 10'8 ions s/m!⁄  [15]. 

Imagine a Lead particle cube of 10 × 10µm size, this results in 108	ions/s	reaching the particle. On this 
particle, 10 blisters occur which results in a hydrogen built up of 102	ions/s	in every blister. Also, it is 
assumed that all ions penetrate the Lead particle and the blisters have a volume of 1µm*. Applying the ideal 
gas law results in the following calculation 

 𝑃 ∙ (10)0)* =
102

10!*
	𝑅𝑇 (23) 

 

Where 10!* represents the amount of atoms in one mole of Hydrogen, R the gas constant being 8.3	J ∙ K)' ∙
mol)' and	T the temperature set to room temperature. This results in a pressure built up of 2.5MPa/s. 
Comparing this to the UTS value in the table above, it seems that the first bubble can theoretically burst 
after roughly 7 seconds of exposure.  

There are two plausible explanations to why this process could take longer. The first reason is that not all 
ions/atoms are being absorbed by the particle and the second is that atomic Hydrogen does not necessarily 
recombine and can thus leak away. 

3.1.3 Chemical lift-off (case 3) 
The third, and last discussed case for a particle to lift-off from a surface is a combination between adhesion 
loss as described above and chemical induced mechanical stress from the plasma on the particle, that causes 
a particle to abruptly change shape/jump and gives it an initial kick. 

In this case the particle stores chemical energy by capturing active species (ions and/or radicals) which 
induces stress on the particle. Eventually, a situation can occur where the particle releasing its stress can 
cause jumping off the surface. 
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The energy a dust particle needs to be able to jump can be calculated using the adhesion energy (equation 
24). For a particle of 1µm, this results in an energy of 4 × 10)'0J. Typically, between 1 and 10% of this 
force is needed if adhesion reduction due to roughness is accounted for. Comparing this outcome to the in 
2.1.1 calculated chemical energy, it shows that approximately a time between 2 and 20µs is needed for the 
dust particle to obtain the chemical energy needed to jump. In this calculation it is assumed that all ions 
and/or radicals that land on the dust particle chemically interact with it. 

The energy can be found by taking the integral of the adhesion force, given in equation (18) 

 𝑊 = �𝐹574	𝜕𝐷 =
𝐴𝑅
6𝐷!

∙ 𝐷 =
𝐴𝑅
6𝐷

 (24) 

 

It is possible to estimate the speed of the particle when it lifts off from the surface by balancing adhesion 
energy 𝑊 (with reduction factor) and kinetic energy	𝐸 

 𝑊 = 𝐸 =
1
2
𝑚𝑣! (25) 

 

As shown in Table 5, these calculations are done for different sizes and different adhesion(loss) forces. 

Table 5: Chemical lift-off velocities. 

𝑆𝑖𝑧𝑒 𝑣(𝑊)[m s⁄ ]  𝑣(𝑊 10)	[m s⁄ ]⁄   𝑣(𝑊 100)⁄ [m s⁄ ] 
100nm 8.2	 2.6	 0.8	
300nm 2.7	 0.9	 0.3	
1µm 0.8	 0.3	 0.1	
3µm 0.3	 0.1	 0.0	
10µm 0.1	 0.0	 0.0	

 

As can be seen from this table, the initial velocity 𝑣# of the particle at lift-off is between	0 and 10m s⁄ , 
depending on the adhesion reduction. 

3.2 PARTICLE IN PLASMA 
When the particle lifts-off from the surface, it starts ascending through the plasma sheath with a certain 
speed and charge. Due to this movement of the particle, a new force has to be taken into account. 

Neutral drag Force 
The second force acting on the dust particle, specifically in flight, is the neutral drag force. This force only 
acts when the particle is moving with velocity 𝑣3 relative to the gas. This means that this force does not act 
on the particle when it is on the surface (𝑣3 = 0m s⁄ ). The neutral drag force for a spherical particle in gas 
at low pressure (molecular regime) is given by [40]. 

 𝐹A,7B = 3.64
𝐷3!𝑝
𝑉64

𝑣3 (26) 
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With 𝐷3, the diameter of the spherical particle[m], 𝑝 the pressure	[Pa] in the system and 𝑉64 the thermal 
velocity	[m s⁄ ]. 

 𝑉64 = \8𝑘.𝑇9
𝜋𝑀

 (27) 

 

With 𝑀 is 4.98 ∙ 10)!Ckg the mass of a Hydrogen molecule, and 𝑇9 the gas temperature, equal to room 
temperature (26meV). 

After adding this force there are a total of four forces acting on the particle when it travels through the 
plasma sheath. A sketch of the force balance is shown in Figure 6.  

 
Figure 6: Schematic representation of the forces on a particle in the plasma sheath. 

3.3 PARTICLE DYNAMICS IN SHEATH 
Having discussed all forces acting on the particle while moving through and the bulk, the present thesis will 
now proceed to trajectory calculations. As previous noted in the theory however, electron density is not 
uniform in the plasma sheath. Effectively this means that after lift-off, a new approach must be found to 
approximate the particles environment at a certain point in time. To do so, the sheath is divided in different 
slices and this will be discussed below. 

3.3.1 Electron density in plasma sheath 
As already shown in previous equations, several important parameters in this research are dependent on the 
electron density 𝑛". As can be seen in equation (11) and (13) the electron current and thus the charging of 
the particle are dependent on this density. As a result of this correlation the electric force and the electron 
density are also correlated. The electron density is even spotted in the ion drag force calculations. It can be 
concluded that the complete particle dynamics are correlated with the electron density. 

To be able to calculate the particle dynamics in the sheath with a changing electron density, this sheath is 
divided in slices dependent on percentage of the potential. The density of every slice is calculated using 
equation (2) with the dependent	ΦD substituted in. This is shown in Table 6. 
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Table 6: Electron density per slice of potential percentage for 𝑇# = 1𝑒𝑉 and 𝑇# = 10𝑒𝑉. 

𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑛𝑒 [m)*] 
𝑏𝑢𝑙𝑘 1E + 14 

𝑆ℎ𝑒𝑎𝑡ℎ	𝑒𝑑𝑔𝑒 6.4E + 13 
𝛷𝑤(10%) 4.6E + 13 
𝛷𝑤(30%) 2.3E + 13 
𝛷𝑤(50%) 1.2E + 13 
𝛷𝑤	80%) 4.2E + 12 
𝛷𝑤(100%) 2.2E + 12 

 

The calculated value for ΦD  is taken and used to divide the sheath. ΦD(10%)  is thus the value 
corresponding to 10% of the full sheath potential. The electron density is thus calculated in different slices 
as a function to the percentage of the sheath potential. 

Now that all important variables and phenomena of the plasma sheath are known, it is possible to calculate 
the dynamics of a particle in the sheath 

3.3.2 Calculations 
As discussed in the subchapter sheath slices, the particle dynamics depends on the electron density. Several 
important particle parameters are calculated numerically in time and this is shown below for the example 
of a 1µm particle in a 𝑇" = 1eV	plasma and initial velocity of 1m s⁄ . These calculations are also done for 
all other sizes, initial velocities and electron temperatures. 

Table 7: Particle dynamics in sheath for a 1𝜇𝑚	𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑤𝑖𝑡ℎ 𝑇# = 1𝑒𝑉 and 𝑣$ = 1𝑚 𝑠⁄ . 

𝑇𝑖𝑚𝑒	[µs] 𝐼" 	[e) 100µs⁄ ]  𝑄3	[e)] 𝐹A"66G[N] 𝑎	 [m s!⁄ ] 𝑣[m s⁄ ] 𝑆	[m] 𝑆𝑙𝑖𝑐𝑒 
0	 1.5	 1	 0	 0	 1	 0	 1	
100	 1.5	 3	 −4.8E − 14	 −12.9	 0.999	 1.0E − 04	 1	
200	 1.5	 4	 −4.8E − 14	 −12.8	 0.997	 2.0E − 04	 1	
300	 1.5	 6	 −4.7E − 14	 −12.6	 0.996	 3.0E − 04	 𝑁𝑆	
400	 3.0	 9	 −4.6E − 14	 −12.3	 0.995	 4.0E − 04	 2	
500	 3.0	 12	 −4.5E − 14	 −12.0	 0.994	 5.0E − 04	 2	
600	 3.0	 15	 −4.4E − 14	 −11.7	 0.993	 6.0E − 04	 2	
700	 3.0	 18	 −4.3E − 14	 −11.4	 0.991	 7.0E − 04	 𝑁𝑆	
800	 8.3	 26	 −4.0E − 14	 −10.6	 0.990	 8.0E − 04	 3	
900	 8.3	 34	 −3.7E − 14	 −9.8	 0.989	 9.0E − 04	 3	
1000	 8.3	 43	 −3.4E − 14	 −9.0	 0.988	 9.9E − 04	 3	
1100	 8.3	 51	 −3.0E − 14	 −8.1	 0.988	 1.1E − 03	 𝑁𝑆	
1200	 16.4	 67	 −2.4E − 14	 −6.5	 0.987	 1.2E − 03	 4	
1300	 16.4	 84	 −1.8E − 14	 −4.9	 0.987	 1.3E − 03	 𝑁𝑆	
1400	 32.3	 116	 −6.7E − 15	 −1.8	 0.986	 1.4E − 03	 5	
1500	 32.3	 148	 5.1E − 15	 1.4	 0.986	 1.5E − 03	 𝐵𝑢𝑙𝑘		 	 	 	 	

𝑣H#A5I 	
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Starting on the left, it is shown in the table that timesteps of 100µs are used to calculate the parameters. 

Current and charge 
The electron current 𝐼" is calculated using equation (11) combined with the new 𝑛"  found for every slice 
as shown in Table 5. The charge QJ	can simply be found by adding the current collected in each step.  

The current towards the particle adapts when it enters a new slice due to the changing electron density in 
every slice. This is given in the slice column with 𝑁𝑆 on timesteps 300µs, 700µs, 1100µs and 1300µs. 
Note that in this example, the particle does not reach its full charge before traveling through all slices of the 
sheath. In other calculations, where the particle does reach full charge before leaving the sheath, the current 
supplied towards the particle stops. The particle leaves the sheath when it traveled its full length. For the 
example above, at 𝑇" = 1eV , that distance corresponds with 1.49 ∙ 10)*m , and can be calculated by 
multiplying twice the Debye length. This is shown in equation (5) and results in 4.7 ∙ 10)*m	for  𝑇" =
10eV. 

Forces 
The next column represents the netto force 𝐹A"66G on the particle and this force is calculated using 

 𝐹A"66G = 𝐹< − 𝐹9 − 𝐹A,7B (28) 
 

Essentially this is the electric force from equation (21) pulling the particle outwards and the gravity (19) 
and neutral drag (26) trying to move the particle back to the surface. As can be seen in the example above, 
the netto force in this example is negative in the first few steps. This will thus decelerate the particle, but 
due to the initial velocity and the paired kinetic energy the particle will still move away from the surface 
and ascend into the plasma. After approximately	1400µs the electric force overcomes the other forces as 
the particle gathered electrons during its flight. This is also the moment when the acceleration starts to 
become positive and thus the velocity increases. Until this point the particle only ascended because of its 
initial energy. Note that contact charging discussed in section 2.3.1 may change this conclusion due to the 
original extra electrons on the particle at launch. 

Taking a glance at the ion drag from the theory compared to the netto force values shown in this table, it 
can be concluded that the ion drag is neglectable for these calculations as it is always at least a factor 1000 
smaller.  

Mechanics (acceleration, velocity and distance traveled) 
The columns on the right from the 𝐹A"66G	represent the acceleration, velocity and distance traveled of the 
particle respectively. These values are found using the following basic mechanical equations  

 𝑎 =
𝐹A"66G
𝑀

 (29) 

 𝑣 = 𝑣& + 𝑎𝑡 (30) 

 𝑠 = 𝑠& + 𝑣&𝑡 +
1
2
𝑎𝑡! (31) 

 

Where 𝑎  represents the acceleration [m s!]⁄ , 𝑀  the mass [kg] , 𝑣&  and 𝑣  the initial and current speed 
respectively. 𝑡 represents the time and 𝑠& and 𝑠 the initial and current distance traveled.  
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Slice thickness 
To calculated when the particle enters a new slice, it is assumed that the electric field is uniform, and thus 
the slice thickness can be approximated as the potential percentage. This means 𝛷+(10%) corresponds 
with 10%	of the distance. For an electron temperature of 𝑇" = 1eV, the distances at which the particle 
enters every new slice can be found below 

Table 8: Slice distances for 𝑇# = 1𝑒𝑉 and 𝑇# = 10𝑒𝑉. 

𝑆𝑙𝑖𝑐𝑒 𝑆𝑡𝑎𝑔𝑒 
𝑇" = 1eV		 

	𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	[m] 
𝑇" = 10eV			 
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	[m]  

5th 𝑏𝑢𝑙𝑘 1.49E − 03	 4.70E − 03	
4rd 90% 1.34E − 03	 4.23E − 03	
3rd 70% 1.04E − 03	 3.29E − 03	
2nd 50% 7.44E − 04	 2.35E − 03	
1st 20% 2.97E − 04	 9.41E − 04	

 

When traveling the total distance, the final velocity of the particle is found to be the last velocity from Table 
7 at the moment when the particle leaves the sheath. This is the velocity at which the particle enters the pre-
sheath. In the example above, this velocity is given to be	𝑣H#A5I = 0.986m s⁄ . 

These calculations are done for particles of sizes 100nm, 300nm, 1µm, 3µm and 10µm. For 𝑇" = 1eV	and 
10eV and initial velocity of the particle 𝑣 = 0m s⁄ 	for adhesion lift-off (case 1), 𝑣 = 0.1m s⁄  to 𝑣 =
1m s⁄  for the chemical lift-off (case 3) and 𝑣 = 10m s⁄  or more for the explosive fragmentation (case 2). 
The tables summarizing the results of the particle velocities at the end of the first sheath are shown below. 

Table 9: Particle velocity leaving first sheath for 𝑇# = 10𝑒𝑉. 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒 𝑣# = 0m s⁄  𝑣# = 0.1m s⁄  𝑣# = 1m s⁄  𝑣# = 10m s⁄  
100nm 3.2	 3.1	 2.8	 9.9	
300nm NOT	 2.2	 2.0	 10.0	
1µm NOT	 1.4	 1.4	 10.0	
3µm NOT	 1.0	 1.1	 10.0	
10µm NOT	 HOP	 1.0	 10.0	

 

Table 10: Particle velocity leaving first sheath for 𝑇# = 1𝑒𝑉. 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒 𝑣# = 0m s⁄  𝑣# = 0.1m s⁄  𝑣# = 1m s⁄  𝑣# = 10m s⁄  
	100nm NOT	 0.6	 1.0	 10.0	
300nm NOT	 0.4	 1.0	 10.0	
1µm NOT	 0.3	 1.0	 10.0	
3µm NOT	 HOP	 1.0	 10.0	
10µm NOT	 HOP	 1.0	 10.0	

 

The “NOT” means that the particle does not leave the surface. The “HOP” means that the particle first lifts 
up due to the initial kinetic energy but after several µs the downward facing forces overcome the total 
upward movement and thus the particles trajectory changes direction towards the surface, resulting in a 
“hop”. 
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3.4 PLASMA BULK 
When the particle leaves the plasma sheath, the electric field becomes zero as there is no difference in ion 
and electron density in the bulk of the plasma [10]. This results in the disappearance of the electric force 
𝐹<. The new force balance for the bulk of the plasma is shown in Figure 7. 

 

 

 

 

 

 

 

 

Figure 7: Schematic representation of the forces on a particle in bulk of plasma. 

3.4.1 Energy balance 
The speed of the particle	𝑣3 can be used to calculate the kinetic energy using equation (25). As previously 
calculated, the ion drag force can be neglected. This equally applies to the gravitational force acting upon 
small particles. In most cases, the neutral drag force may also be neglected. Nevertheless, for consistency 
purposes, the neutral drag and gravity are taken into account during all calculations. All these forces can be 
translated into energy by multiplying the force with the applicable distance traveled. To calculate the kinetic 
energy of the particle before entering the second sheath, an energy balance is made and the distance over 
which these forces acted on the particle is chosen to the length between the two sheaths. 

 𝐷 = 𝑊 − (4𝜆=) (32) 
 

With 𝑊 the distance between the wafers	[m]. 

Using the kinetic energy gained in the first sheath, combined with the neutral drag and gravity acting on 
the particle in the opposite direction, the energy of the particle arriving at the second sheath can be 
calculated using the following formula 

 𝐸35B6#>I" = 𝐸K#A − 𝐸A,7B59 − 𝐸9B5L (33) 
 

With 𝐸A,7B59	and	𝐸9B5L  calculated using the forces respectively multiplied by 𝐷  from the previous 
equation. 

As the particle reaches the second sheath, it is important to realize that the particle is negatively charged. 
Therefore, the second sheath will decelerate the particle and try to push it back from its surface into the 
bulk of the plasma. As was the case with the negative charged electrons in the first sheath. To calculate if 
it is possible for the particle to penetrate the second sheath, the energy barrier of the second sheath has to 
be calculated. This is done using the following equation 
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 𝐸.5BB#"B = 𝑄3Φ+ + 𝐹A,7B ∙ 𝑆 + 𝐹9 ∙ 𝑆 (34) 
 

Where the plasma barrier is calculated by multiplying the charge of the particle 𝑄3 (that corresponds with 
the full charge acquired in plasma) with the potential Φ+	drop within the sheath. The remainder of the 
formula consist of the gravity and the neutral drag energy the particle needs to overcome in the sheath. This 
is calculated by multiplying the corresponding force with the distance it needs to travel through the 
sheath	𝑆	[m]. The sheath distance is given to be twice the Debye length. 

For this calculation to be allowed, it must be shown that the flight time through the second sheath is short 
enough to neglect the negative charge it loses during this flight.  

Negative charged particle penetrating sheath 
After a particle reaches its steady state charge in the bulk of the plasma, the ion and electron current are of 
equal magnitude (equation 14). Once the particle enters the sheath, the electron density drops as shown in 
Table 6. This results in a decreasing electron current towards the particle (equation 11). The ions on the 
other hand become directional and accelerate in the sheath region. Due to this directionality, the dust particle 
will no longer be bombarded by ions in all directions. Ions do not bend towards the dust particle when they 
obtain a higher energy themselves. As the ion flux is equal everywhere in the sheath, the increasing velocity 
of ions is compensated by the decrease of ion density (equation 6). 

Due to these two phenomena, the OML ion current equation is affected [41] [42]. In this research, the ion 
current in the sheath will be approximated using 

 𝐼# = 𝜋𝑅!𝑛#𝑒𝑣# K1 −
𝑒𝜙
𝐸#
Q (35) 

With 𝑣# the ion velocity and 𝐸# the ion energy. 

Ions are in the pre sheath accelerated to the Bohm velocity with corresponding Bohm energy	𝐸.G4M. The 
ion energy in the sheath slices can therefore be approximated using 

 𝐸# = 𝐸.G4M ∗ 𝑒∆𝜙 (36) 
  

Where ∆𝜙 represents the potential difference of the particle in the corresponding sheath slice. 

 For example, a 1µm particle in a 𝑇" = 1eV	plasma has by the OML approximation (equation 14) a steady 
state potential of −1.85V. When entering the first slice of the sheath, the potential difference can be 
approximated by 10% of the total steady state potential of the particle. This example can be further 
expanded upon by calculating the ion current from equation (35) for each slice with corresponding 𝑛# , 𝑣# 	 
and changing 𝐸#, found using equation (6) and the formula for kinetic energy (25). 

The electron current per slice can be calculated by taking the electron densities per slice obtained from 
Table 6, and substituting them in equation (11). This results in the following currents per slice as shown in 
Table 11. 
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Table 11: Electron current and ion current towards dust particle in sheath per slice for 1𝜇𝑚 particle in a 𝑇# = 1𝑒𝑉 plasma and 
initial velocity of 1𝑚 𝑠⁄ . 

𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝐼𝑒[e)/µs] 𝐼#[e)/µs] 
𝑏𝑢𝑙𝑘 −11.8	 11.8	

𝑆ℎ𝑒𝑎𝑡ℎ	𝑒𝑑𝑔𝑒 −7.5	 2.9	
𝛷𝑤(10%) −5.4	 0.9	
𝛷𝑤(30%) −2.7	 0.4	
𝛷𝑤(50%) −1.4	 0.2	
𝛷𝑤	80%) −0.5	 0.1	
𝛷𝑤(100%) −0.3	 0.0	

 

As can be seen in Table 11, the currents towards the particle in the bulk of the plasma are equal, resulting 
in a steady state charge. As the electron density decreases the further the particle recedes in the sheath, it 
is logical that the electron current towards the particle also decreases. The ion current decreases in every 
slice due to the increasing ion energy, as a result of increasing directionality of ions. 

The electron current towards the particle is larger than the ion current in all slices. The particle thus stays 
at its maximum charge of approximately 1000𝑒) for the current example. Therefore, the charge loss 
when a particle penetrates the sheath is said to be neglectable in this research, and thus the calculations 
done using equation (34) are allowed. 

When the kinetic energy of the particle before entering the second sheath (equation 33) is larger than the 
barrier energy of this sheath (equation 34) 𝐸35B6#>I" > 𝐸$5BB#"B, the particle will penetrate the sheath and 
reach the second wafer. This is shown in two tables in appendix B for electron temperature of 𝑇" = 10eV 
and 𝑇" = 1eV. 

3.4.2 Pulsed situations 
When looking at the pulsed case scenario, there are four possible situations.  

- The first one is that the particle lifts-off when plasma ON and plasma shuts OFF during its flight, 
and this thus results in a reduced second sheath (easier jump).  

- The second scenario is when the particle lifts-off when plasma ON and arrives at the second sheath 
when the plasma is ON (same as continuous).  

- The third scenario is when the particle lifts-off when plasma is OFF and arrives at the second sheath 
when the plasma is OFF (depends if plasma went ON or not).  

- In the last scenario, the particle lifts-off when the plasma is OFF and arrives at the second sheath 
when the plasma is ON (not possible). 

According to ion density decay estimations, a significant flux of ions/radicals towards the particle is still 
present shortly after plasma shuts OFF [43]. During the short period of time it takes the ion density to 
significantly drop, explosive fragmentation can still occur due to continuous increase of stress within the 
particle, and thus particle fragments can lift-off when plasma is OFF. 
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3.5 PLASMA DECAY 
In all cases described above, it is needed to understand what happens when plasma is OFF before 
calculations can be done for the pulsed case. Hence it is necessary to investigate the decay of the plasma 
and its parameters due to the corresponding time dependence in the pulsed case. 

3.5.1 Electron temperature decay 

Inelastic collisions 
The phase after the pulse, where the plasma is OFF, is called the afterglow. In this phase the electrons and 
ions recombine and the plasma loses its energy. As already discussed, the ions are assumed to be at room 
temperature but the electrons will obtain a higher energy (electron temperature) during the pulse. After the 
pulse, this energy will be lost due momentum exchange, excitation and dissociation collisions. According 
to Yoon [44] and van de Ven [14], the dominant loss terms between 10eV and 0.1eV	are dissipation by 
rotational and vibrational excitation of neutrals. The electron-neutral collision time 𝜏"5 can be described 
using 

 𝜏"5 =
1

𝑣(𝜀)𝜎"5(𝜀)𝑛5
 (37) 

 

Where 𝑣 represents the speed of the electrons with corresponding kinetic energy 𝜀 [J] and 𝜎"5(𝜀) the cross 
section for that energy [cm!]. The parameter 𝑛5 represents the gas density	[m)*].  

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Electron-Hydrogen cross sections [44]. 

As can be seen in Figure 8 above, the dissipation cross-section for 𝑇" = 10eV results in 𝜎"5(10𝑒𝑉) = 
10)!&m!. The electron speed 𝑣(10eV) can be found using formula (25) for the kinetic energy and results 
in 𝑣(10eV) = 100m/s. The density 𝑛5	can now be found using the ideal gas law with a temperature of 𝑇 =
300K  and pressure 𝑃 = 10Pa , The density is found to be 𝑛5 = 2 ∙ 10!'m)* . When the pressure is 
decreased to 𝑃 = 1Pa, the corresponding gas density is	𝑛5 = 2 ∙ 10!&m)* according to the ideal gas law. 
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Substituting these values in formula (37) results in a collision time of approximately 1µs for 10eV. In the 
case of an electron temperature 𝑇" = 1eV, the collision time is in the order of 3µs. The electron temperature 
drops from 10eV	to 0.1eV in order of 10µs. 

When the electron temperature has decreased to 0.1eV, the only loss term remaining is the momentum 
exchange, which is a very inefficient process, to decrease the temperature further to room temperature 
(26meV). The inefficiency of this phenomena results in cooling times above 100µs. 

Electron-electron collisions 
There is one more phenomena to take into consideration in the cooling process, namely electron-electron 
collisions. In this process the electrons thermalize due to elastic electron-electron collisions. The collision 
time	𝜏"" can be calculated using the following formula [45] 

 𝜏"" =
6√2𝜋

*
!𝜖&! 𝑚"(𝑘$𝑇")

*
!

𝑒(𝑛" ln 𝜉
 (38) 

 

With 𝜉 the Coulomb parameter given by 

 𝜉 =
12𝜋𝜖&(𝑘$𝑇")

*
!

 𝑛"𝑒*
 (39) 

 

The substitution of  the off-line plasma setup parameters 𝑛" = 10'(	m)* and 𝑇" = 1 − 10eV, results in a 
collision time of 127µs and approximately 3.5ms respectively. Comparing this with the other phenomena, 
it can be seen that the electron-electron collisions can be neglected. 

Ion-molecule collisions 
After the creation of H1	and	H!1 by photoionization and electron impact ionization, the most frequent ion 
involved collision in the plasma will be ion-molecule compared to ion-ion or ion-electron collisions due to 
the low ionization rate of the plasma. The dominant ion-molecule collisions are given by the reactions 
below [46]. 

 H! + H!1 → H*1 + H (40) 
 H! + H!1(fast) → H!1(slow) + H! (41) 

 

In reaction (40) the conversion to H*1 by a proton hop is shown and reaction (41) shows a symmetric charge 
exchange. The second reaction slows down fast H!1at which point the proton hop collision becomes 
dominant. This proton hop reaction can be described as a Langevin collision due to the induced dipole 
moment in the H! molecule by the ion. This results in an attracting “Langevin potential”, and thus in a large 
cross section. A high rate constant of 2 × 10)8cm*s)' is the reason of H*1 to become the dominant ion in 
the plasma within 0.5µs [47] [48]. 
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Combining these phenomena results in an approximate electron temperature decay time of 100µs, as can 
be seen in Table 12. 

Table 12: Electron temperature decay time. 

𝑇" 	𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒	[µs] 
10eV−> 	1eV 3 
1eV−> 0.1eV 10 

0.1eV−> 0.026eV 100 

3.5.2 Plasma decay in the vacuum chamber 
In the afterglow phase, the density of electrons and ions decays because they expand to the wall and 
recombines with it. This expansion occurs as a result of the fast electrons escaping the plasma, resulting in 
a potential difference between the wall and the plasma. This potential accelerates ions towards the wall (and 
decelerate electrons). As the quasi-neutrality of the plasma must be preserved, the speed of this process is 
bounded by the electron and ion temperature and is called ambipolar diffusion. The process is characterized 
with the ambipolar diffusion coefficient [49].    

 𝐷5 = 𝜇#(𝑇" + 𝑇#) (42) 
 

Where 𝑇" and 𝑇# represent the electron and ion temperature, and 𝜇# the ion mobility given by  

 𝜇# = 𝜇#& §
10N

𝑝
¨ (43) 

 

With 𝜇#& the ion mobility at room temperature and atmospheric pressure and 𝑝 the pressure. In Hydrogen 
plasma, where 𝐻*1is the dominant ion, this value can be taken to be 𝜇#& = 1.1 ∙ 10)*	m!V)'s)! [50].  

The typical time ions are transported from the plasma to the wall can be described using the ambipolar 
diffusion time 

 𝜏5 =
Λ!

𝐷5
 (44) 

 

With Λ the typical length scale of the experimental vessel. This length scale depends on the geometry of 
the vessel, and for a cylindrical vessel with length L and radius R, the length scale can be calculated using 
[51] 

 1
Λ!

= (
𝜋
𝐿
)! + (

2.405
𝑅

)!	 (45) 

 

For the experimental set-up used in this research, a typical length scale of 10cm is found, and for electron 
temperatures between 1	and 10eV, this results in a typical plasma decay time calculated using equation (44) 
between 45µs	and 445µs respectively. 
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If the ambipolar diffusion coefficient is constant, the concentration of ions and electrons decay 
exponentially. Just after the start of the decay, this is not the case due to the rapidly decreasing electron 
temperature correlated to the diffusion constant. When the electron temperature is stabilized and the steady 
spatial electron density distribution is reached, the decay is exponential [52]. 

Electron density decay between wafers 
As shown before, the experimental set-up will consist of two plates on top of each other, each with a 
mounted wafer. These wafers face each other, where one wafer contains the particles that may lift-off while 
the other is clean. Due to this, a subsystem will be created where the plasma has to penetrate between the 
opposing surfaces. 

 To mimic the trajectory of the particle near the reticle in an ASML scanner, a distance of	1cm between 
wafers is chosen. This means that the gap in the subsystem will be small compared to the vessel. This could 
result in a different plasma density decay in the subsystem than in the bulk of the plasma. The first reason 
is that walls of sub-systems are closer thus ions can easier recombine on them. This will accelerate the 
density decay in the subsystem. The second reason is a possible slow refill of these ions from the plasma 
bulk in the main chamber to sustain the density between surfaces, which drops faster than the bulk due to 
the accelerated wall recombination. The balance between loss of ions on the wall and the influx of ions 
from the main vacuum vessel with plasma will determine if the plasma density in the subsystem decays 
faster than the bulk. As shown and discussed from the calculation in Appendix C, it can be concluded that 
due to this phenomena, the plasma decays approximately twice as fast. This is said to be neglectable in the 
current work. 

3.5.3 Particle charge decay 
When the plasma is shut off, the negatively charged dust particle gradually loses charge to get in the steady 
state (zero charge) eventually. It collects primarily ions to cancel out the electrons collected during ON 
state. This combined with the fast disappearing of electrons can be used to conclude that the charge decay 
will be dependent on the ion current toward the particle. Now OML for the ion current from is used 

 𝐼# ≈
∆𝑄
∆𝑡

 (46) 

 

A timestep function is used to calculate the current and thus de-charging of the particle. This is done because 
the current is dependent on the charge of the particle and thus also dependent on time. 

To compare the results for different sizes, all results are plotted below for the initial case of 𝑇" = 10eV. 
Note that in this situation particle charging is insensitive to the changing  𝑇" on the time scale of sub 10µs. 
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Figure 9: Particle charge decay for different sizes. 

3.6 PULSED PLASMA CALCULATIONS 
Having investigated how the particle and it surroundings behave after the plasma is shut OFF, it is now 
possible to calculate the new plasma sheath of the second surface as well as the energy needed to be able 
to penetrate this sheath and hit the surface. 

Assumptions 
The present investigation will now consider the situation most favorable for particle landing on the clean 
surface. This is a situation where the traveling particle gains full acceleration in the first plasma sheath, and 
encounters minimal resistance in the second plasma sheath. 

This opportunity can occur in the first situation as described earlier, and can be further specified to an 
extend that it is assumed that the particle lifts-off and moves through the entire first sheath when the plasma 
is ON. Then, at the moment the particle leaves the first sheath, the plasma instantly is OFF. With no 
transition time between the ON and OFF state.  

The travel time before entering the second sheath can be found using 

 𝑡HI#946 =
𝐷
𝑣3

 (47) 

 

Where 𝐷 represents the distance between the sheaths	[m] and 𝑣 the speed of the particle [m s⁄ ]. 

As these times are notably longer than 𝑇" decay times for all particles travelling (even at fastest velocities), 
it can be concluded that the situation sketched above for plasma OFF state is accurate. It is found that for 
all situations the electron temperature decreased to 0.1eV or 26meV. 
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3.6.1 Energy balance 
Taking previous calculations and assumptions into account, the “new” second barrier can be calculated 
using 

 𝐸$5BB#"B = 𝑄3(𝑡)Φ+(𝑡) + 𝐹A,7B ⋅ S(𝑡) + 𝐹9 ⋅ 𝑆(𝑡) (48) 
 

With relevant values for particle charge, plasma sheath potential and thickness, dependent on the time the 
plasma is shut OFF. 

Similarly to the continuous case, the energy balance can be made by subtracting the barrier energy from the 
previous calculated energy of the particle when arriving at the second sheath. The results are given in the 
tables in appendix D. Just as in the continuous case, the  #VALUE!’s correspond to all the particles that do 
not leave the first sheath. Furthermore, it is important to note that the difference between transfer of particles 
in continuous versus pulsed plasma can indicate the initial velocity of particles. 

The results that matter most for this research are the ones pertaining to asymmetrical transfer in continuous 
vs pulsed plasma, and the confirmation of fast fragments (> 1m s⁄ ) that make plasma barriers irrelevant.  

When comparing the transfer tables with in continuous versus pulsed plasma cases, it can be seen that 
almost all particles that possess sufficient kinetic energy to transfer when plasma is pulsed at the right 
frequency.  

3.6.2 Frequency 
To find the pulse frequency, two limits have to be taken into account. The upper limit can be set such that 
the OFF time has to be at least as long as the travel time of the particle. If not, the plasma will interact with 
the particle again and change its parameters. For a particle with velocity 0.1 − 1m s⁄  and a travel distance 
of 1cm, this upper limit mounts up to several milliseconds (equation 31). 

The lower limit is set to the time that the electrons need to cool down to room temperature. As can be seen 
in Table 12, at least 100µs are needed for this process. 

The frequencies are spread about 2 orders of magnitude. As a result of this, it should be possible to create 
a window where only specific particles can be allowed to make the jump while particles of other sizes/initial 
velocities are trapped in the plasma. As this is not the scope of this research, but enabling transfer is, the 
OFF time is set to be 1ms. This is sufficient time for the electrons to cool to low temperature, and sufficient 
time for particles with small initial velocity to cross the barrier of the second sheath without the plasma re-
igniting. 

Therefore, a frequency of 1000Hz is chosen during the experiments. The pulse is set to 50% duty cycle, 
which results in a ON time of 1ms and an equal OFF time.  
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3.6.3 Changing the trajectory to top down 
If the top wafer is contaminated and the bottom wafer is clean, and thus the particles fall down instead of 
jump up, gravity boosts the particles transfer instead of suppressing it. This results in the situation shown 
in Figure 10 below. 

 

 

 

 

 

 

 

 

Figure 10: Schematic representation of all forces for gravity switch case in plasma sheath. 

Please note that similarly to previous sketched Force figures, these forces are not on scale, but merely 
sketches to show the directions. 

A switch of the gravity results in slightly higher particle speeds at the end of the first sheath for small 
particles. For big particles, gravity has significant greater impact and enables heavy particles to travel 
through the first sheath. This results in the crossing of the first sheath for almost all particles. When 
calculating the full trajectory of the particle, it is observed that a lot more particles are able to reach the 
clean wafer in the continuous case. This is shown in the tables from appendix E. 

As can be seen in these tables, more particles make the jump and thus it is harder to discriminate between 
particle sizes. For the pulsed plasma case, all particles except for 100nm	at 𝑇" = 10eV with 𝑣# = 0m s⁄ , 
are able to transfer to the other surface. As the purpose of this experiment is to investigate how sensitive 
certain particles are for this particular plasma, and discrimination between different initial velocities can 
better be made when the particles are not “helped” by gravity, the initial setup will be used. In further 
experiments where the goal is to obtain as much transfer as possible, this switched gravity setup can be 
considered. 
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4 METHODOLOGY  
Having presented and examined the theoretical scenarios pertaining to this investigation, the practical side 
of this research can now be discussed. In this chapter, the experiment will be extensively explained. The 
chapter will first begin with a sketch of the experiments that will be conducted. Second, the off-line 
Hydrogen plasma to mimic the EUV-Induced plasma will be presented. Finally, the experimental setup will 
be discussed, and the chapter will be concluded with a short procedure about how the results are obtained. 

4.1 EXPERIMENTAL SKETCH 
Once the different stages of the particles in plasma are combined and the theoretical calculations completed, 
it can be known which particles, under what plasma circumstances, are able to reach the second surface. To 
determine whether the hypotheses drawn from these calculations are correct, the experiment is conducted, 
resulting in the following consecutive steps. First the contamination particle is located on the bottom wafer. 
Then the Hydrogen plasma is ignited. The particle(fragments) lift-off the surface and enter the sheath, where 
they are accelerated (depending on their initial velocity). The particles move further through the plasma 
until they reach the second plasma sheath. After deceleration in the second sheath, particles with enough 
kinetic energy hit the second surface and stick to the top wafer. This is shown in Figure 11 below. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: schematic representation of particle trajectory between wafers. 

Once the experiment is completed, both the contamination surface (bottom) and the clean surface (top) are 
inspected. The results show whether particles and, or chunks are able to make their way from top wafer to 
bottom. Furthermore, the mobilization and, or displacement of original contamination particles on the 
source wafer is logged, to obtain an impression of the handling impact of possible adhesion change under 
the plasma exposure. 
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4.2 OFF-LINE PLASMA 
The off-line setup plasma consists of an ECR source able to generate a continuous or pulsed plasma. The 
ECR source is an Aurawave source, capable of delivering an input power of 200W and operating in 
continuous or pulsed mode with RF frequency between 2400MHz − 2500MHz. This results in an ion 
energy between	1 and 10eV in case of Hydrogen plasma between 1 − 10Pa. The ion flux towards the 
sample is approximately 1A/m! for those pressures and this thus result in a typical electron temperature of 
𝑇" = 3 − 5eV in the off-line plasma [53]. The electron density in the off-line plasma is of the order of 𝑛" =
10'(m)*	compared to 𝑛" = 10'!m)* near the reticle in the scanner. This culminates in an ion (and radical) 
flux that is 100 × larger as the expected ion flux on the EUV illuminated spot on the reticle, speeding up 
the process by approximately the same factor.  

As this plasma is compared to the EUV-plasma near the reticle environment discussed in section 1.1, it can 
be concluded that the off-line setup creates a very similar Hydrogen plasma in terms of pressure and electron 
temperature, with the advantage of speeding up the processes. Therefore, it is chosen to use this off-line 
plasma as the working plasma in this thesis. 

4.3 EXPERIMENTAL SETUP 
Now that the plasma created in the off-line setup is known, the setup itself will be discussed. Four setups 
are needed to enable the particle lofting experiments. First, the setup in which the actual lofting experiments 
are done. Second, the wafer holder design that will be placed inside the lofting setup is discussed. Then, the 
device in which a part of the contaminated wafers is prepared, and lastly, the scanning electron microscope 
(SEM) in which the particles are investigated. These setups will be discussed separately in the following 
subsections. 

4.3.1 Lofting Setup 
First the main lofting machine is discussed. This experimental setup is within ASML better known as the 
Haboob Setup. The experiment in this machine can be divided into two main parts, the machine in which 
the plasma is created and maintained, and the stacked sample design to measure the particle lofting.  

Layout 
The lofting device consists of a main vacuum chamber where the samples are placed in a holder to be 
exposed to 𝐻!	or 𝑁!	plasma. This exposure is done with a RF source capable of creating a continuous or 
pulsed plasma. To be able to load the sample into the main chamber, the machine is equipped with a 
loadlock. Essentially, this loadlock is another chamber which can be opened and closed to install the 
sample. After the sample is installed, this chamber is brought back to vacuum. When in vacuum, the gate 
valve is opened and the sample can be pushed through to the main chamber using the sample handling 
bar. The sample can be placed into the sample holder after which the handler is pulled back, the gate 
valve is closed and the experiment is ready to start. A CAD model of the Haboob setup is shown in Figure 
12 containing callouts to indicate several important parts. 
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Figure 12: CAD model Haboob lofting device. 

Main chamber 
In the spherical stainless steel main chamber, 30cm in diameter, three viewpoints are attached which enable 
the experimenter to see the sample and what is happening inside the machine. One large one above the 
chamber, and two on the diagonal sides. A gas injection tool is connected to the main chamber, as can be 
seen in Figure 12 above. The pressure in the main chamber can precisely be adjusted by a handling knob 
on the gas injection tool.  

The gas injection in the main chamber can produce a gas flow through the volume between the wafer plates 
that can disturb the trajectory of a lifting particle. With a sufficient flow it could be that the lifted particle 
is being blown away completely or does not land on the opposing clean wafer. The calculations are shown 
in Appendix F and in the worst case scenario this could ruin the experimental results. 

Propitiously, the lofting setup is designed in such a way that this scenario can never occur because the pump 
and the gas injection are next to each other, as can be seen in Figure 12. Due to this, the gas particles will 
be pumped away immediately, unless they expand and reach the main chamber. This situation is created to 
prevent disastrous scenarios as described in the appendix, and thus to ensure no significant flow is present 
between the wafers. When reaching the main chamber, the particles are brought to the plasma state. 

Vacuum system 
This Adixen rough pump brings the pressure from Atmospheric pressure to 1mbar in the main vacuum 
chamber. After this value is achieved, the Turbo Molecular Pump (TMP) must be activated and is able to 
bring the pressure down to 4 × 10)2mbar. The gas inject and pumps are installed as explained in section 
“gas flow”. On the most left side of the machine, the RF source is installed. During the experiments the 
vacuum before gas injection was approximately 1 × 10)Cmbar. 

RF source 
The source responsible for creating and maintaining the plasma is an Aurawave source. A Sairem 
microwave generator is connected to the RF source and is able to supply up to 200W power to the head, 
with a frequency range between 2400MHz  and 2500MHz . These parameters can be adjusted on the 
amplifier. This frequency can be set to adapt automatically to match the impedance source-chamber to 
reduce the reflected power. 

The Aurawave source can produce plasma with ion energy at the surface between 1 and 10eV using these 
parameters in the continuous or pulsed mode. 

1à  
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1) ECR source 
2) Main chamber 
3) Gas injection 
4) Vacuum pump 
5) Gate valve 
6) Loadlock 
7) Sample handling bar 
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Electron density 
Practically, the electron density can differ with variating input parameters as pressure, gas composition and 
input power. As this is also the case in the Haboob setup, it has to be validated that it was rightful to choose 
the same electron density  𝑛& = 10'(m)*	for different 𝑇" in the calculations made. To do so, the ion fluxes 
and ion energies of two situations from the theory have to be compared. The ion flux and ion energy as 
function of RF power input and pressure are shown in Figure 13 below. Note that these graphs are obtained 
using an retarded field energy analyzer (RFEA) sensor [15]. 

 
Figure 13: Isocontour plot of the ion flux measured in the 𝐻&	plasma as a function of injected RF power and gas pressure (left) 
and Isocontour plot of the ion energy measured in the 𝐻& plasma as a function of the injected RF power and gas pressure (right) 
[15]. 

In the experiments conducted in this research, the RF power input typical is 200W, and the two typical 
electron temperatures are 𝑇"~2eV	(𝐸# = 5eV)  and 𝑇"~5eV	(𝐸# = 12eV)  for pressures of 𝑃 = 1Pa  and 
𝑃 = 10. .15Pa respectively. 

From Figure 13, it can be seen that the fluxes are similar, and also that the ion energies are. This means that 
also the ion densities, and thus the electron densities, are similar and the calculations done in the theoretical 
part are valid.  

Loadlock 
The purpose of the loadlock is to enable rapid and easy (de-)installing of a sample, without disturbing the 
low pressure in the main chamber. The vacuum pumps connected to the loadlock are the same as described 
for the main chamber. In contrast with the main chamber, the loadlock is brought from and to atmospheric 
pressure when installing or removing a sample. Installment of the sample happens at atmospheric pressure. 
After which the loadlock is being pumped down to the pressure corresponding to the main chamber. When 
the loadlock and the main chamber are approximately in the same vacuum, the valve between them can be 
opened and the sample positioning arm can be used to redirect the sample between loadlock and main 
chamber. 

Sample positioning 
To be able to move the sample between the loadlock to the main chamber, a handling pin is used. The 
sample is attached to the pin in the loadlock, and after brought into the main chamber, the handling pin can 
be used to screw the sample on the sample holder.  

After the sample is tightened to the holder, the pin can be retracted and the gate valve closed. Following 
the experiment, the handling pin can be used to unscrew the sample and bring it back to the loadlock, where 
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it can be prepared for removal. The wafer holder, and thus sample, undergoes a short but significant 
acceleration/deceleration during these (de-)installation steps. This is the most probable moment at which 
particles on the wafer are displaced due to handling. 

4.3.2 Sample design 
The second part of the lofting device is the design of the sample. There are two different designs, one 
already existing to investigate the disappearance of particles under Haboob circumstances, and a novel one 
designed for the purpose of this research. This is already described in the theory and enables the particles 
to jump from a contaminated surface to a clean one. 

Single wafer holder 
The stainless steel masking device of the reticle (ReMa) surfaces is mimicked in the experimental setup by 
Al2O3 wafers with a Cr coating. Chrome almost has the same work function as stainless steel, mimicking 
the inside of the scanner as close as possible. 

The already existing single wafer holder design is used to do basic experiments about the loss due to lofting 
of particles. A contaminated wafer is placed in the Haboob setup and after plasma exposure it is investigated 
in SEM if particles are lost.  

Stacked wafer holder 
The second design consists of two wafers opposing each other. Using this design it can be investigated if, 
and under what circumstances, particles that jump from the first contaminated wafer are also able to land 
on the second clean wafer. This design mimics the trajectory of particles near the reticle in the EUV scanner. 
The design is shown in Figure 14 below. Note that the distance between the wafers must be significantly 
larger than the sheath thickness, or plasma will not propagate between them. The wafer holders are designed 
such that they are compatible for installation in SEM. 

 

 

 

 

 

 

Figure 14: CAD model of stacked sample design with sample holder. 

The wafer holder with the contaminated wafer is placed on the bottom, and is held by the handling pin in 
the figure.  

The single wafer design consist only of the bottom white wafer holder. To extend this to the stacked wafer 
design, 3 pins are screwed in the already existing holes creating the distance of 1cm between the wafers 
and holding the second surface. These pins go through the holes in the second wafer holder and are screwed 
from the top, as can be seen in the figure above. The pins are anodized stainless steel to prevent cold welding 
in the Hydrogen plasma or vacuum. 

The second wafer holder clamps the clean wafer opposing the first surface to “catch” the lofted particles. 
The bottom side of the second wafer holder looks the same as the top side from the bottom holder. In the 
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circular incisions, one inch wafers can be placed, and these wafers in both cases can be held in place using 
two clamps. 

4.3.3 Deposition methods 
To allow the conduction of the lofting experiments, a clean wafer has to be contaminated with the specific 
material chosen for the experiment. This initially is done using electrostatic deposition. As the name 
suggests, electrostatic deposition can be used to deposit a material using an E-Field. For this method a pin 
is taken, and the contamination material (powder) is deposited on the tip (𝑅 = 2.5mm). This pin is placed 
approximately 1mm above the to be contaminated wafer (Cr coated side facing the pin), and this setup is 
placed in a vacuum of 10)Nmbar. Then a bias of 	8kV	is applied between the pin and the wafer for 3 
minutes. During this time, the contamination particles with sizes 1 − 10µm jump from the tip towards the 
wafer and redistribute due to the induced electric charge and E-field. 

The second deposition method used is tapping. In this method the contamination material is deposited on a 
steel pin and held approximately 1cm above the middle of the wafer. After tapping it with another steel pin 
the contamination material falls off the pin and on the wafer. The wafer is then held with a clamp and softly 
tapped to uniformly distribute the particles. 

4.3.4 SEM/EDX 
The inspections of the wafers in this investigation are done using a Scanning Electron Microscope (SEM) 
Zeiss-gemini-sigma 300vp [54]. This machine is used to obtain the pictures shown in the results section of 
this research. If particles are found, the Energy Dispersive X-rays Spectroscopy (EDX) built in the same 
device, is able to determine the found material. All figures of particles used in the result section below are 
obtained with the SEM, and the spectroscopy figures are found using the EDX. Due to the combination of 
both SEM and EDX it is possible to locate and investigate a particle directly. 

The SEM handling stage, where the wafers are installed upon for inspection, has a position reproducibility 
between pre and post inspection of approximately 200µm both in the X and Y direction. To account for 
this, the contaminated wafers have to be scanned in the vicinity of original coordinates with a pattern of 
particles recognition by eye, and precisely adjusting the coordinates by hand. This was done with a 
magnification of 100 ×, to ensure at least 20-100 particles could be used as pattern recognition. This is 
shown in Figure 15.  

As the clean wafer did not require comparison between inspections, and this reproducibility limit is thus 
not applicable, this wafer can be post inspected using a script that automatically finds and counts particles. 

To facilitate the visualization of 100nm particles, a magnification of approximately 500 × is selected. 
However, taking into account the tradeoff between time and resolution, where greater magnification 
inevitable leads to slower imaging, only the middle 3 × 3mm! area of the clean wafer is inspected to ensure 
particles can be traced adequately. 
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4.4 SAMPLE PREPARATION AND CHARACTERIZATION 
During the experiments, several changes are made regarding the contamination method. After the first six 
Zinc exposures, it is found that due to electrostatic deposition particles are shot at the wafer with a non-
neglectable velocity. There is a possibility that the energy of the particles is of such extend that it hammers 
the particles into the surface, resulting in more contact between particle and surface, and thus higher sticking 
factor. A clear example is a meteor hitting the earth, a crater will occur after impact and the meteor 
(assuming it does not crumble) will touch the surface with its full surface of impact. This also holds for the 
particles instead of them touching the surface with the bottom part only as shown in Figure 4. In Appendix 
G it is shown that the particles hit the surface with approximately 13m s⁄ , and as this is not a neglectable 
speed, tapping is chosen to be the contamination method for the rest of this research.  

After deposition, the contaminated wafer is pre-inspected in SEM. During this inspection five coordinates 
are imaged at medium magnification (100 ×), to capture multiple particles in the field of view. The first 
coordinate is chosen to be the center of the wafer and from there the other four remaining coordinates are 
chosen to be 1mm to the left, right, up and down from the center of the wafer respectively. After each 
experiment, the exact same coordinates of the pre-inspection are re-imaged as discussed in section 4.3.4. 
Through the use of an overlay function after obtaining the exact coordinate, counting if and how many 
particles are displaced by the experiment is possible and to some extend automated. Furthermore to obtain 
results pertaining to the morphology change, particles are inspected individually with greater magnification 
(typically 500…2000 ×). 

Before the usage of a clean wafer, it is also pre-inspected in SEM to ensure its cleanliness. When changing 
contamination material, the full wafer design setup is extensively cleaned to minimize the change of cross-
contamination. 
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5 RESULTS 
A total of five materials were investigated in this research, Zinc (𝑍𝑛), Lead (𝑃𝑏), Lead(II)Oxide (𝑃𝑏𝑂), 
Lead(IV)Oxide (𝑃𝑏𝑂!) and Tin (𝑆𝑛) due to their presence near or at the reticle in the Scanner. Unless stated 
otherwise, all contamination particles used in this research vary in size between 1 − 10µm, and the powders 
are sourced from the catalogue of Sigma Aldrich, with ~99.9% purity. All experiments are done with an 
input power of 200W, and all pulsed hydrogen exposures are done with a frequency 1000Hz set at 50% 
DC, resulting in 1ms ON 1ms OFF with 200W input power (section 3.6.2). 

First an overview is given pertaining to the obtained results. Then, prior to the Hydrogen exposures, baseline 
experiments for all materials are discussed.  

5.1 OVERVIEW RESULTS 
The baseline experiments consisted of a handling test and an exposure to Nitrogen (𝑁!) plasma. This was 
done to enable proper comparison of the Hydrogen plasma results, without the risk of these results being 
affected by other phenomena. None of the materials morphology was affected by the Nitrogen plasma 
exposures. Due to handling several particles were displaced, and these results are summarized in Table 13. 

Then it is shown that in none of the Zinc exposures a particle has been displaced or affected due to the 
Hydrogen plasma. By contrast, it was found that Lead is severely affected by Hydrogen plasma. Particles 
of size between 1 − 10µm are exposed to pulsed Hydrogen plasma for a total of approximately 86 hours, 
with inspection moments after 180min, 18.5 hours and 68 hours. After 180 minutes, the morphology of 
particles was already affected by plasma, but only one 10µm particle transferred to the clean wafer. During 
the other inspection moments, affected Lead particles and fragments (chunks) are found on both 
contamination and clean wafer. After 90 minutes continuous exposure, Lead fragments were found on the 
clean wafer. Note that 90 minutes of continuous plasma exposure results in the same ion dose as 180 
minutes of pulsed exposure. This is done to investigate the difference between pulsed and continuous 
particle dynamics in the plasma. 

Lead(II)Oxide particles (1 − 10µm) were also found to spit after the first exposure of 180 minutes. 𝑃𝑏𝑂 
fragments were found on both the clean and the contaminated wafer. The particles were clearly affected by 
the plasma already. Interestingly, not a single 𝑃𝑏𝑂 fragment was found on the clean wafer after additional 
exposure of 17 hours of the same sample. Nevertheless, numerous 𝑃𝑏𝑂 fragments were located on the 
contaminated wafer. After 90 minutes continuous exposure, no Lead(II)Oxide fragments were found on the 
clean wafer. 

With regards to Lead(IV)Oxide, the formation of blisters was clearly visible after the first exposures, but 
no fragments were found on either of the wafers. Particle fragments were located on the contaminated wafer 
as a result of an 17 hour exposure. In none of the exposures, fragments are observed on the clean wafer. 

Finally, despite extensive morphological change, and after a total of 109 hours of exposure to plasma, Tin 
did not appear to have spitted any fragments. Particle displacement has also not been observed. The Tin 
particles were of size between 5 − 50µm. 
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5.2 BASELINE EXPERIMENTS 
Two baseline experiments were done using Nitrogen. The first experiment was conducted to quantify the 
loss off particles due to handling. In this experiment, the single wafer setup was pre-inspected in SEM, then 
installed in Haboob, pumped to vacuum and the sample brought to the main chamber. Afterwards, the wafer 
setup was de-installed and post-inspected in SEM. The results vary per material. Secondly, a continuous 
Nitrogen plasma exposure was done to quantify if the contamination particles are reactive to a physical 
process (charging), or chemically with Hydrogen. None of the materials are morphologically affected by 
the Nitrogen exposure. A summary of the baseline experiment results is shown in Table 13 below.  

Table 13: Results of Baseline experiments Handling and 𝑁& exposure. 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠	𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝐴𝑓𝑓𝑒𝑐𝑡𝑒𝑑	𝑏𝑦	𝑁!	𝑝𝑙𝑎𝑠𝑚𝑎 
𝑍𝑛	 < 1% No 
𝑃𝑏 40 − 50% No 
𝑃𝑏𝑂 10% No 
𝑃𝑏𝑂! < 1% No 
𝑆𝑛 1 − 5% No 

 

In the case of Zinc and Lead(IV)Oxide, no particles were lost due to handling. The value < 1% is given as 
not all particles on the wafer were observed and a small error bar has been taken into account. For the other 
inspected materials, particle displacement did occur. The example of 𝑃𝑏𝑂 is given. 

Lead(II)Oxide handling example 
For all materials an overlay function is used, where pre and post snapshots are compared. From the SEM 
images in Figure 15 below, it can be seen that even by eye particle displacement can be noticed. 

  
Figure 15: SEM images example PbO handling. 

As is shown in Figure 15 above, 6 particles were missing out of the approximately 50 counted before 
handling. These results are shown with the white circles around these particles, and are in line with the 
overlay results. A displaced percentage of approximately 10%	due to handling is concluded. 

 

 



 

44 

 

5.3 EXPOSURE OF ZINC PARTICLES TO 𝑯𝟐 PLASMA 
A total of 12 exposures with H! plasma were conducted on Zinc particles, and a summary of conditions is 
presented in Table 14. 

Before and after each exposure, the five coordinates on the contaminated wafer with multiple particles in 
the field of view were inspected in SEM to pinpoint any displaced particles. Some specific particles were 
further investigated to inspect whether a morphological change had occurred. After the first six exposures, 
the deposition method was changed from electrostatic deposition to tapping as explained in section 4.4. 
After these six exposures, the energy of SEM pre-inspection beam is changed, to reduce the chance of 
welding the particle to the surface via e-beam induced interdiffusion. This is discussed in Appendix G. 

Table 14: Overview Zinc exposures Hydrogen plasma. 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒	 𝑊𝑎𝑓𝑒𝑟	 𝑀𝑜𝑑𝑒	 𝑃𝑜𝑤𝑒𝑟	 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	 𝑇𝑖𝑚𝑒	
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

	𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡	
𝑀𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦 
	𝑐ℎ𝑎𝑛𝑔𝑒	

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 
	𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟	

1	 DW1	 Cont.	 200W	 10Pa	 90min	 No	 No	 N/A	
2	 DW1	 Cont.	 200W	 10Pa	 100min	 No	 No	 N/A	
3	 DW1	 Cont.	 200W	 10Pa	 100min	 No	 No	 N/A	
4	 DW2	 Cont.	 200W	 10Pa	 100min	 No	 No	 N/A	
5	 DW2	 Cont.	 200W	 4Pa	 100min	 1	cluster	 No	 N/A	
6	 DW2	 Cont.	 200W	 4Pa	 90min	 No	 No	 N/A	
7	 DW3	 Cont.	 200W	 4Pa	 105min	 No	 No	 N/A	
8	 DW3	 Pulsed	 200W	 4Pa	 90min	 No	 No	 N/A	
9	 DW4	 Cont.	 200W	 4Pa	 30min	 No	 No	 N/A	
10	 DW4	 Both	 200W	 4Pa	 30min, both	 No	 No	 N/A	
11	 DW4

/CW1	
Pulsed	 200W	 10Pa	 150min	 No	 No	 No	

12	 DW4
/CW1	

Pulsed	 200W	 10Pa	 17h	 No	 No	 No	

 

The first column “Wafers” from the table shown above consists of the wafer(s) used in the experiment. 𝐷𝑊 
stands for Dirty Wafer and 𝐶𝑊 for Clean Wafer. Exposures 11 and 12 consist of a dirty and a clean wafer, 
meaning these experiments are done with the stacked wafer design. The rest of the exposures was thus done 
with a single wafer.  

5.3.1 Post inspection contaminated wafer  
As can be seen from the table, different pressures, exposure times, and plasma modes are used. This was 
done to obtain results over the full range of the parameter space. Lowering the pressure in the main chamber 
to 4Pa results in a higher ion flux towards the surface (see Figure 13). 

None of the exposures resulted in the displacement or morphological change of particles due to Hydrogen 
plasma.   

5.3.2 Post inspection clean wafer 
After the last two exposures consisting the stacked wafer design, no Zinc was found on the clean wafer.   



 

45 

 

5.4 EXPOSURE OF LEAD PARTICLES TO 𝑯𝟐 PLASMA 
A total of four Lead exposures were conducted. As can be seen in Table 15 below, particles where displaced 
in every exposure. Morphological change has also been observed after every exposure. The SEM beam 
energy during inspection is changed back to 10kV (rest of results), to obtain clearer images. It is concluded 
that this does not weld the particles on the surface. 

Table 15: Overview Lead exposures Hydrogen plasma. 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒	 𝑊𝑎𝑓𝑒𝑟	 𝑀𝑜𝑑𝑒	 𝑃𝑜𝑤𝑒𝑟	 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	 𝑇𝑖𝑚𝑒	
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	 

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡	
𝑀𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦	 
𝑐ℎ𝑎𝑛𝑔𝑒	

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	 
𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟	

1	 DW5
/CW2	

Pulsed	 200W	 10Pa	 180min	 Yes	 Yes	 1	(10µm)	

2	 DW5
/CW2	

Pulsed	 200W	 10Pa	 18.5h	 Yes	 Yes	 Yes		

3	 DW5
/CW2	

Pulsed	 200W	 10Pa	 68h	 Yes	 Yes	 Yes	

4	 DW6
/CW3	

Cont.	 200W	 10Pa	 90min	 Yes	 Yes	 Yes	

5.4.1 Post inspection contaminated wafer  
In Figure 16 below, the inspection results are shown for the first three pulsed Hydrogen exposures. It clearly 
can be seen how the particles morphology were affected by the Hydrogen plasma over time. 
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Figure 16: Pb particle before exposure (top left), after 180min exposure (top right), after 18.5 hours exposure (bottom left), and 
after 68 hours exposure (bottom right). 

After the first exposure of 180 minutes, extensive hopping of Lead particles on the bottom wafer was 
observed. The pre-inspection particles could not be re-located. Comparing the morphology shows that the 
particles are slightly affected.  

The second exposure was done overnight, and the particles were exposed to pulsed Hydrogen plasma for 
18.5 hours. The particles were clearly affected by the plasma (Figure 16 bottom left). Laying next to the 
porous particles, several small fragments of a size between 100 − 500nm were observed. 

 The last exposure lasted for 68 hours and as can be seen from Figure 16 (bottom right), the particles 
completely fell apart. After the final two exposures, Lead fragments were found in the area surrounding the 
dust particles. These chunks are shown in the figures using white circles. 

 

5.4.2 Post inspection clean wafer 
After the first 180 minutes of exposure, not a single 𝑃𝑏 fragment was found on the clean wafer. One big 
particle of size 10µm was located, and this particle was only affected by the plasma on one side. The 
spectrum obtained with EDX, and snapshot are shown in Figure 17 below. The EDX clearly shows a peak 
at 2.3KeV, which corresponds with the spectral line for Lead. 

.  

Figure 17: only particle found on clean wafer after 180 min pulsed exposure (left) and EDX spectrum of the particle (right). 

After the second exposure of 18.5 hours, the clean wafer was re-inspected and in the center 
3 × 3mm!	area, more than 20 particles were found. Both big (10µm) particles and small (300nm) 
chunks were identified. Fragments were lying next to the bigger particles, as was the case on the 
contaminated wafer. Three examples are shown in Figure 18. 
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Figure 18: Pb particles found on clean wafer after 18.5 hour exposure. 

After the exposure of 68 hours, the clean wafer was extremely dirty. 20+ small (±300nm) particles are 
found on every scanning tile. As the whole scanning area of 3 × 3mm!consists of 154 tiles, the average 
amount of particles in this area is as much as 3000. Also approximately 50 big (10µm) particles were found 
in this area.  
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5.4.3 Post inspection continuous exposure 
A 90 minute continuous exposure was done, to compare between pulsed and continuous plasma. A result 
of a particle on the contaminated wafer is shown in Figure 19. 

 

 

 

 

 

 

 

 

Figure 19: 𝑃𝑏 particle after 90min continuous 𝐻&	plasma exposure. 

On the 3 × 3mm! clean wafer area, 5 big (1 − 10µm)	Lead particles are found and several small 
fragments (±200nm). 

5.5 EXPOSURE OF LEAD(II)OXIDE PARTICLES TO 𝑯𝟐 PLASMA 
The next material investigated in this work was Lead(II)Oxide (PbO). Contamination particles of size 1 −
10µm	were used for the next exposures. An overview is given in Table 16 below. 

Table 16: Overview Lead(II)Oxide exposures Hydrogen plasma. 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒	 𝑊𝑎𝑓𝑒𝑟	 𝑀𝑜𝑑𝑒	 𝑃𝑜𝑤𝑒𝑟	 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	 𝑇𝑖𝑚𝑒	
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

	𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡	
𝑀𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦 
	𝑐ℎ𝑎𝑛𝑔𝑒	

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 
	𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟	

1	 DW7
/CW4	

Pulsed	 200W	 10Pa	 180min	 Yes	 Yes	 Yes	

2	 DW7
/CW4	

Pulsed	 200W	 10Pa	 17h	 Yes	 Yes	 No	

3	 DW8
/CW5		(Si)	

Pulsed	 200W	 10Pa	 180min	 Yes	 Yes	 Yes	

4	 DW9
/CW6	

Cont.	 200W	 10Pa	 90min	 Yes	 Yes	 No	
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5.5.1 Post inspection contaminated wafer 
The results from the first two exposures is shown in Figure 20 below, and can be compared to the pre-
exposure. The particle shown in this figure did not displace during the exposures. It is clear that the 
particle morphology is strongly affected by the Hydrogen plasma over time. 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: 𝑃𝑏𝑂	particle before exposure (top left), after 180min exposure (top right), and after 17 hours exposure (bottom). 

First, an exposure of 180 minutes was done. The particles on the contaminated wafer already show a 
significant change in morphology. In the area next to the dust particles, some small fragments were found. 

The sample was then exposed for another 17 hours. The particles completely changed structure as they 
appear to have been severely affected by the Hydrogen plasma. As can be seen in the figure, several small 
fragments can be located around the porous particle. These fragments are shown in the figure using white 
circles and are of typical size between 100 − 500nm. 
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5.5.2 Post inspection clean wafer 
After the first exposure of 180min, more than 10 particles in the central 3 × 3mm! area were found on the 
clean wafer. These chunks were further investigated. After locating them in the SEM, the material was 
inspected using the EDX. For all cases, the spectrum contained a peak around 2.3KeV,which overlaps with 
𝑃𝑏 in the EDX machine. This is shown in Figure 21.  

  
Figure 21:𝑃𝑏𝑂 fragment located (left) and spectrum of PbO chunk on clean Cr wafer (right). 

After an overnight exposure of 17 hours, not a single 𝑃𝑏𝑂	particle was found on the clean wafer.  

Both the contamination and clean wafer were made of Al2O3 , with a chrome coating. Therefore, one can 
only speculate that the oxygen peak could be the result of the wafer material. To be able to draw conclusions 
regarding the material on the clean wafer being 𝑃𝑏 or 𝑃𝑏𝑂,	another exposure was done. This third exposure 
was conducted under the exact same circumstances as the previous exposure, only now silicon wafers were 
used.  

Following this exposure, further investigation of the spectra obtained using EDX showed that the material 
found was 𝑃𝑏𝑂. One spectroscopy result is given in Figure 22 below.  

 

 

 

 

 

Figure 22: spectrum of PbO fragment on clean silicon wafer. 
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5.5.3 Post inspection continuous exposure 
A new wafer was contaminated and a continuous exposed for 90min. The particles were exposed to the 
same dose of ions compared to the 180 minutes pulsed cases. As can be seen in Figure 23 below, the particle 
is comparable to the first pulsed exposure. On the clean wafer not a single particle was located.  

 
Figure 23: PbO particle after 90min continuous 𝐻&	exposure. 

5.6 EXPOSURE OF LEAD(IV)OXIDE PARTICLES TO 𝑯𝟐 PLASMA 
An overview of the Hydrogen exposures for 𝑃𝑏𝑂!	is given in Table 17 below. 

Table 17: Overview Lead(IV)Oxide exposures Hydrogen plasma. 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒	 𝑊𝑎𝑓𝑒𝑟	 𝑀𝑜𝑑𝑒	 𝑃𝑜𝑤𝑒𝑟	 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	 𝑇𝑖𝑚𝑒	
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

	𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡	
𝑀𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦 
	𝑐ℎ𝑎𝑛𝑔𝑒	

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 
	𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟	

1	 DW10	 Pulsed	 200W	 10Pa	 30min	 No	 Yes	 No 
2	 DW10

/CW7	
Pulsed	 200W	 10Pa	 180min	 No	 Yes	 No 

3	 DW10
/CW7	

Pulsed	 200W	 10Pa	 17h	 Yes	 Yes	 No 
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5.6.1 Post inspection contaminated wafer 
The results of all exposures is given in Figure 24 below. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: 𝑃𝑏𝑂&	after 30min exposure (top left), after 180min exposure (top right), and after 17 hours (bottom). 

First, an exposure of 30 minutes was done to gain an understanding about how pressure bubbles may be 
formed. As can be seen from Figure 24 (top left), the particle clearly developed “blisters” after this 
exposure. No particles were displaced on the contaminated wafer 

A second exposure was done using the stacked wafer design, where the current contaminated wafer was 
exposed to plasma for an additional 180 minutes. Once again, no particles appeared to have been displaced 
in any of the five coordinates. However, the particles on the contaminated wafer were strongly affected. 
After inspection, it could be concluded that no fragments were present on the contaminated wafer. 

After an additional  17 hours of exposure, the morphology of the particles was severely affected by the 
plasma. Fragments were found in the area surrounding the dust particles, as is shown using the white 
spheres. 
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An example of the spectrum of the small fragments laying next to the particles on the contaminated wafer 
is shown Figure 25 below. 

 
Figure 25: Located 𝑃𝑏𝑂&	chunk (left) and EDX spectrum on contaminated wafer (right). 

5.6.2 Post inspection clean wafer 
Post inspection of the clean wafer after all exposures resulted in the same conclusion; not a single particles 
or chunks was found on the clean wafer. 

5.7 EXPOSURE OF TIN PARTICLES TO 𝑯𝟐 PLASMA 
The Tin powder used during these experiment contains, in contradiction to the other materials, particles 
structures larger than	10µm. These structures clearly consisted of multiple smaller particles and could 
therefore still be investigated in this research. An overview of all Hydrogen exposures is shown in Table 
18 below. 

Table 18: overview Tin exposures Hydrogen plasma. 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒	 𝑊𝑎𝑓𝑒𝑟	 𝑀𝑜𝑑𝑒	 𝑃𝑜𝑤𝑒𝑟	 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	 𝑇𝑖𝑚𝑒	
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡	
𝑀𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦 
𝑐ℎ𝑎𝑛𝑔𝑒	

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 
𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟	

1	 DW11
/CW8	

Pulsed	 200W	 10Pa	 180min	 No	 No	 No	

2	 DW11
/CW8	

Pulsed	 200W	 10Pa	 19h	 No	 Yes	 No	

3	 DW11
/CW8	

Pulsed	 200W	 10Pa	 19h	 No	 Yes	 No	

4	 DW11
/CW8	

Pulsed	 200W	 10Pa	 68h	 No	 Yes	 No	

5	 DW12
/CW9	

Cont.	 200W	 10Pa	 90min	 No	 Yes	 No	
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5.7.1 Post inspection contaminated wafer 
The results of the first 19hours, second 19hours and 68hours exposure are given in Figure 26 below. 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Sn after first 19 hours exposure (top left), second 19 hour exposure (top right), and after another 68 hours (bottom). 

After the first exposure of 180 minutes, no visible changes were observed. No particles were displaced 
and after inspection of individual particles it can be concluded that no morphology changes occurred. The 
second exposure lasted 17 hours. Once again, after this exposure no particles were displaced. During the 
individual particle inspection it was found that particles were affected by the plasma. This can be seen in 
the Figure 26 compared to the pre-exposure particle from Figure 27. The particle appeared less smooth. 
No fragments were found on the contamination wafer. It was therefore decided to expose the particle for 
another 19 hours. The result can be found in the figure above (top right), and the morphology slightly 
changed. Again, no particle fragments were found on the contaminated wafer. The last exposure lasted 68 
hours. Therefore, the dust particles have been exposed to Hydrogen plasma for a total of 109 hours.  

Following this final exposure, the particle visibly appeared to developed moon-like craters and seems to 
twist. No particle displacement, or particle fragments were found on the contaminated wafer in any of the 
previous exposures. 
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5.7.2 Post inspection clean wafer 
Not a single particle was found on the clean wafer in any of the exposures done regarding Tin as 
contamination material.  

5.7.3 Post inspection continuous exposure 
Just as for the other materials, a continuous exposure of 90 minutes was executed. SEM images of the pre 
and post inspection are shown in Figure 27 below. 

  
Figure 27: Tin particle before exposure (left) and after continuous exposure (right). 

When investigated individually, particles did show some morphological changes that were not noticed in 
the pulsed exposure of 180 minutes. It can be seen from Figure 27, that the small “ball” shaped particle 
starts to merge with its neighbor particle. This is shown using a white sphere. The particle also appeared 
less rough after the exposure. As in all other Tin exposure cases, no particles were found on the clean wafer. 
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6 INTERPRETATION 
In this chapter, first the results for all individual materials as shown in last chapter will be discussed. Then, 
several observations are compared between the lead materials. 

Exposure of Zinc particles to 𝑯𝟐 plasma 
As elaborated in the results, a number of methodological changes were instigated throughout the Zinc 
exposures. The following changes were implemented to exclude various potential issues. 

1)  The deposition method was changed to ensure that the sticking area of particles was not increased. 
2)  The energy of the SEM pre-inspection beam was changed, to reduce the chance of “welding” the 

particles to the surface (appendix G) via e-beam induced interdiffusion.  
3) The plasma source power and pressure have been varied in order to obtain results over the full 

range of the available parameters. 

No Zinc particles were ever displaced or transferred between wafers in Hydrogen plasma. Similarly, none 
of the particles morphology has been affected during any of the exposures. Therefore it can be concluded 
that Zinc particles of size 1 − 10µm is not sensitive for the Hydrogen plasma between 1 − 10eV 

The experimental results previously obtained by ASML with gradual detachment of Zinc particles (typically 
3 − 5 × bigger than particles used in this research) with increasing 𝐻!	plasma dose exposures may be 
attributed to handling. 

Exposure of Lead particles to 𝑯𝟐 plasma 
With regards to Lead, it was found that it had the highest percentage of particle displacement due to 
handling. This was also observed in the subsequent exposures. Most pre-inspected particles could not be 
re-located and thus comparison between different particles had to be made. After 180 minutes of pulsed 
Hydrogen exposure, Lead particles were only slightly affected by the plasma. The one particle found on the 
clean wafer could either be a result of handling or plasma interaction. Evidently however, conclusions 
cannot be drawn from one particle. The conclusion that can be drawn however, is that the plasma affects 
the particles directionally. After inspection of this particle in Figure 17, it can be seen that the plasma only 
affected one side of the particle. Hence it is expected that ions are the main reason for the observed 
morphology change. After the following 18.5 and 68 hours of pulsed plasma exposure, enough particles 
and chunks were found on both the contaminated and the clean wafer to be able to draw conclusions.  

Firstly, due to the identification of small spitted fragments surrounding the particle,  it can be concluded 
that the chemical interaction between 𝑃𝑏  and Hydrogen plasma clearly enables lift-off due explosive 
fragmentation (case 2).  

Furthermore, as big particles are equally found on the clean wafer, it can be speculated that the explosive 
fragmentation affects the particle by such an extent that the adhesion force drops several orders of 
magnitude, resulting in lift-off. But it should not be excluded that this is a result of adhesion loss combined 
with handling. 

After 68 hours, both the contaminated and the clean wafer were littered with both completely broken down 
big particles and small fragments. Extrapolating this towards the scanner could result in disastrous particle 
defectivity over an extended period of time from the contamination of even a single particle. 
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Particle fragments were similarly found on the clean wafer after the continuous exposure. It can therefore 
be concluded using the calculations done in the theory, that these fragments are able to penetrate the second 
plasma sheath. A particle (fragment) speed  𝑣# ≥ 10	m/s is needed, as most fragments are of size between 
100nm and 300nm. 

Exposure of Lead(II)Oxide particles to 𝑯𝟐 plasma 
After the first exposure of 180 minutes, the Lead(II)Oxide particles were already strongly affected by the 
plasma. Some Hydrogen induced pressure bubbles already exploded (case 2), resulting in several Lead 
Oxide fragments on both the contaminated and clean wafer. Using Silicon wafers for a new exposure, it 
can be concluded that the spitted particle fragments were actually 𝑃𝑏𝑂.  

After the 17 hour exposure, no fragments were found on the clean wafer. One could argue that saturation 
of the spitting particles is reached, and the smaller particles are once again fragmented or washed away by 
the plasma. More research has to be conducted to draw a conclusion regarding this argument.  

No particles of any size were found on the clean wafer after a continuous exposure of 90 minutes. This dose 
of ions and energized atoms corresponds to the dose to where the particles in the 180min pulsed exposure 
are bombarded with.  

 Particles were thus energetically not able to penetrate the second sheath in the continuous case. Comparing 
this to theoretical calculations, it can be concluded that the fragments spit lift-off with a speed between 0.1 
and 10m s⁄ . For these initial velocities, the particles appear capable of landing on the second surface in 
pulsed cases, but not in the continuous case.  

Exposure of Lead(IV)Oxide particles to 𝑯𝟐 plasma 
In the first two exposures of 30 and 180 minutes, no particle displacement was observed. The creation of 
pressure bubbles can very clearly be seen after investigation of both these exposures. Just as a balloon, 
these blisters were inflated but not yet exploded. This observation was fortified due to lack of 
𝑃𝑏𝑂!	fragments found on contaminated or clean wafer. After a longer exposure of 17 hours, the pressure 
bubbles exploded and the particle was severely affected by the Hydrogen plasma. Furthermore, fragments 
were found on the contaminated wafer. By contrast, no particles were identified on the clean wafer after 
any of the exposures. One could argue that the initial velocity of the particles was too low 𝑣# ≤ 0.1	m/s, 
depending on the electron temperature. Due to time restrictions, the continuous exposure could not be 
conducted. 

Exposure of Tin particles to 𝑯𝟐 plasma 
In neither of the exposures particles displaced or were found on the clean wafer. Moreover, no particle 
fragments were found on the contaminated wafer. If the morphology change is observed from Figure 26, 
it can be seen that the particles were increasingly affected by Hydrogen plasma, the longer the they are 
exposed. The morphology change resulted in craters. 

In previous research done by AMSL, where Tin particles were bombarded with 𝐻∗  atoms (lower 
concentration as in this research), flying Tin fragments of approximately 100nm were observed in a more 
contaminated vessel [55]. This Tin had been exposed for a significant longer time than the 109 hours of 
exposure done in this research. Therefore, one could argue that the spitting of Tin fragments does happen 
under these circumstances, only not in the timescale investigated in this research. This could be explained 
by the 12 times larger UTS value for Tin compared to Lead, but such a large difference in time was not 
expected. Explosive fragmentation of Tin would, in this case, be a very slow process. More research should 
be conducted to draw conclusions. 
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6.1 COMPARISON LEAD MATERIALS 
As previously stated, Zinc was completely irresponsive to the Hydrogen plasma and will thus not further 
be discussed. 

Recalling the results of Lead and Lead Oxide, it can be seen from Figure 16 and Figure 20 that Lead 
Oxide is more affected in the same timescale as lead. After 180 minutes of pulsed exposure, Lead 
particles were not as extensively affected as the 𝑃𝑏𝑂. It seems that they hop significantly more but are 
affected less in the same 180 minutes of exposure. Comparing overnight exposures, identical conclusions 
can be drawn.  

Taking this a step further, it is observed that Lead(IV)Oxide does not starts spitting after 180minutes, in 
contrast with the other materials compared. Hence, in terms of sensitivity to 𝐻!  plasma exposure, the 
following sketch can be made. 

𝑃𝑏𝑂 > 𝑃𝑏 > 𝑃𝑏𝑂! 

This is contradictive to the particle fragments speed. Here 𝑃𝑏 was able to penetrate the sheath in the 
continuous case, while 𝑃𝑏𝑂	was not. 𝑃𝑏𝑂!	was not even able to penetrate the sheath in the pulsed case. 
This results in  𝑃𝑏𝑂! 𝑣# ≤ 0.1	m/s, 𝑃𝑏	𝑣# ≥ 10	m/s, 𝑃𝑏𝑂 0.1 < 𝑣# < 10	m/s  And hence, 

𝑃𝑏L# > 𝑃𝑏𝑂L# > 𝑃𝑏𝑂!'( 

In the case of Tin, after 68 hours of exposure it can be seen that the particle started to twist. In section 4.1.2, 
it is shown that the UTS of Tin is almost 12 times larger than Lead. Therefore, one could argue that Tin 
lasts longer without the blisters starting to explode. Nevertheless, if the morphology change is compared 
with Lead(Oxides), Tin produces craters instead of blisters. 
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7 CONCLUSION 
The research question at the start of this project was to investigate what the effect is of (in-scanner) 
Hydrogen plasma on 𝑍𝑛, 𝑆𝑛, 𝑃𝑏, 𝑃𝑏𝑂, 𝑃𝑏𝑂! particles between 100nm and 10µm, and can this explain the 
sudden release/transport of particles in the EUV scanner. 

It is theoretically shown that the plasma in the off-line setup is approximately 100 − 1000 times more 
dense in terms of electron density and ions/radicals than the one in the ASML scanner. The Zinc particles 
remained unaffected by the off-line Hydrogen plasma, and no particles were transferred between the wafers 
approximating the reticle environment geometry. Therefore, it can be concluded that the sudden release of 
Zinc in the scanner is not a result of the background Hydrogen plasma with electron temperature between 
1 and 10eV as investigated in this research.  

Lead and Lead Oxides are found to be very sensitive to the Hydrogen plasma. It can hence be further 
concluded that this group of particles spits fragments as a result of explosive fragmentation due to Hydrogen 
exposure. This process occurs on a reasonable timescale in the EUV scanner (1 day Hydrogen exposure in 
off-line setup corresponds to 100 days in the scanner). So yes, the sudden release of Lead(Oxides) particles 
during plasma on can be explained with the found results. 

Morphological changes imply that Hydrogen plasma is affecting Tin, but no particle displacement is found 
in any of the experiments done in this research. As Tin fragmentation is found in other comparable 
experiments, Tin spitting could be such a slow process that it fell out of the timescale of this research. 
Therefore, it can be concluded that further research has to be done to pinpoint the exact physical explanation 
of Tin found on the reticle environment.  
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8 OUTLOOK 
Now that it is concluded that Zinc particles between 100nm and 10µm do not lift-off solely due to the 
Hydrogen background plasma, further research should be done to find its disproportional presence on the 
reticle. Other factors in the EUV scanner should be investigated.  

On the other hand, it is clear that Lead and Lead Oxides are responsive to the background Hydrogen plasma. 
This phenomenon is responsible for contaminating the reticle due to explosive fragmentation. With this 
novel obtained knowledge, research can be done to find a solution and increase the particle contamination 
control in the EUV scanner. 

Regarding Tin, it is recommended to further increase the exposure time for the used wafers. The material 
has now been exposed for a total of 109 hours, and should be exposed to Hydrogen plasma for a significant 
longer time. As the Tin response to 𝐻! plasma depends on the history and origin of Tin particles, it is 
recommended to use EUV scanner-relevant Tin rather than a powder in future. Hereby knowledge can be 
obtained that back-ups or contradicts findings done in other ASML experiments regarding the spitting of 
Tin fragments on a slower timescale. 
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APPENDIX A: ION DRAG CALCULATION 
The ion drag force can be found using the following equation 

 𝐹P»»»⃗ = 𝑚;𝑛; � �⃗�|�⃗�|𝑓;(�⃗�)𝜎(|�⃗�|)	d�⃗�
Q

)Q

 (49) 

 

Which for the purpose of this calculation can be rewritten as 

 𝐹: = 𝑚;𝑛;𝜎𝑣 (50) 
 

With 𝜎 the momentum transfer cross section [m)!], and 𝑣 the ion speed [m s⁄ ].The parameters 𝑚; and		𝑛; 
represent the ion mass	[kg] and ion density [m)*] respectively. 

The values of for the momentum transfer cross section cross section 𝜎 can be found from the cross section 
graph given in the GID and shown in Figure 28 below [37]. 

 

 

 

 

 

 

 

 

Figure 28: Momentum transfer cross section for a point source. 

The blue line represents the numerical results in case of an attractive force ions and the dust the particle, 
and the red line represents this result in the case of a repulsive fore. 

When taking a glance at the axis, it can be seen that on the y-axis the desired cross section 𝜎 is divided by 
𝜆=

!, and on the x-axis the absolute value of	𝛽 is shown. 

This corresponding coupling parameter 𝛽 needed to find the value of the sigma is given by 

 𝛽(𝑣) =
𝑈&

𝑚;𝑣##!𝜆=
	 (51) 

 

When	|𝛽| ≫ 1 representing a strong coupling between the particles and |𝛽| ≪ 1 weak coupling. 
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In this formula 𝑣##   is given to be the ion speed at infinity [m s⁄ ]  and 𝜆=  the Debye length [m] 
corresponding to the parameters of the plasma. 𝑈& represents the potential energy in the central Debye-
Hückel field and can be calculated using 

 𝑈& = −
𝑞;𝑞J
4𝜋𝜖&

	 Á> 0: atttractive
< 0: repulsive  (52) 

 

Where 𝑞J = 𝑄3  is taken to be the full charge of the particle and  𝑞;  the charge of one ion [e)]. The 
parameter 𝜖& represents the vacuum permittivity, and is given to be  8.85 ∙ 10'! F m⁄ . When the value of	𝑈& 
remains positive, the two interacting particles are attracted towards each other. In this thesis, all values for 
𝑈& are positive due to a negative charged dust particle and positive ions. The Debye length can be explained 
as the distance over which significant charge separation can occur and is already discussed in the theory.  

It should be noted that due to the changing conditions in the sheath, the  “Debye length” as calculated in 
that section is merely a virtual representation of the parameter and not the actual distance over which 
significant charge separation can occur, as the plasma sheath is not quasi neutral at all.  

When all known parameters are substituted into equations (52) and (51), the values of 𝛽 range between 
10)' and	10)2. The cross section given in Figure 28 does not show values of 𝛽 smaller than 10)!. To be 
able to calculate the values of 𝜎 below this point, extrapolation of the graph is needed. This is shown 
below. 

 

 

 

 

 

  

Figure 29: extrapolated momentum cross section 

The extrapolation is shown with the blue linear plotted line, and the corresponding 𝜎 can be found using 
formula 

 𝜎 = 𝛽'.C10&.8𝜆-!  (53) 
   

equation corresponds to the linear extrapolation and the value for each 𝜎 can be substituted into equation 
(50) and the ion drag force is found. 
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APPENDIX B: CONTINUOUS CASE PARTICLE LIFT-OFF 
Table 19: Particle transfer between wafers for continuous case and 𝑇# = 10𝑒𝑉 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒 𝑣# = 0m s⁄  𝑣# = 0.1m s⁄  𝑣# = 1m s⁄  𝑣# = 10m s⁄  
100nm −5.4E − 15	 −5.4E − 15	 −5.4E − 15	 −5.3E − 15	
300nm #VALUE!	 −1.6E − 14	 −1.6E − 14	 −1.1E − 14	
1µm #VALUE!	 −5.2E − 14	 −5.1E − 14	 1.3E − 13	
3µm #VALUE!	 −1.3E − 13	 −1.1E − 13	 4.9E − 12	
10µm #VALUE!	 #VALUE!	 9.5E − 13	 1.9E − 10	

 

Table 20: Particle transfer between wafers for continuous case and 𝑇# = 1𝑒𝑉 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒 𝑣# = 0m s⁄  𝑣# = 0.1m s⁄  𝑣# = 1m s⁄  𝑣# = 10m s⁄  
	100nm #VALUE!	 −5.6E − 17	 −5.4E − 17	 1.2E − 16	
300nm #VALUE!	 −1.8E − 16	 −1.3E − 16	 4.7E − 15	
1µm #VALUE!	 −9.9E − 16	 7.8E − 16	 1.8E − 13	
3µm #VALUE!	 #VALUE!	 3.6E − 14	 5.0E − 12	
10µm #VALUE!	 #VALUE!	 1.4E − 12	 1.9E − 10	

 

As can be seen, the red highlighted values do not make it to the second wafer and the green ones do. It is 
important to note that when a #VALUE! is shown, the particle did not even leave the first sheath. This 
corresponds to what is already observed in Table 9 and Table 10. 

APPENDIX C: ION DECAY BETWEEN WAFERS 
The decay of ions between the surfaces can be described using an exponential decay. For 𝑡 = 𝑡& + ∆𝑡 this 
discrete function is differentiated, the formula becomes  

 𝑁A1',GS6 = 𝑁A ∗ 𝑒
)∆6U)  (54) 

 

In this formula the 𝑁V𝑠 can be calculated as the concentration 𝑛	times the volume of the subsystem 𝑉. ∆𝑡	is 
the size of a timestep and  𝜏& is given to be the factor to ambipolar diffusion. This can be calculated using 

 𝜏& =
𝑊!

𝐷5M$
 (55) 

 

With 𝑊 the distance between the wafers being	1cm	and 𝐷5M$ the ambipolar diffusion coefficient. 

The influx of ions to the subsystem can be described using 

 𝑁A1',#A = 𝑁A + K𝑛"W6 −
𝑁A
𝑉 Q

∗ 𝑣7#HH ∗ 𝐴 (56) 
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With	É𝑛"W6 −
X*
Y
Ê the concentration difference between the subsystem and the bulk, calculated by the 

concentration in the vessel 𝑛"W6 = 𝑛& = 10'(m)* minus the concentration divided by the volume between 
the surfaces 𝑉. This volume is calculated using 

 𝑉 = 𝜋𝑅! ∗ 𝑊 (57) 
 

With 𝑅 the radius of the surface and 𝑊 the distance between the surfaces. 

𝑣7#HH  is given to be the speed of particles diffusing in the plasma. This is calculated by dividing the 
ambipolar diffusion coefficient by the geometric average of the used travel distance in the subsystem 𝑊. 
The parameter 𝐴 represents the area where ions can access the subsystem. This area can be calculated by 
multiplying 𝑊 with the circumference of the surface 

 𝐴 = 𝑊 ∗ 2𝜋𝐷 (58) 
 

With 𝐷 being the diameter of the surface. 

When equation (54) and (56) are combined, a step function of time is found to determine the decay in the 
subsystem versus the decay in the bulk. This equation is given below 

 𝑁A1' = 𝑁A + K𝑛"W6 −
𝑁A
𝑉 Q

∗ 𝑣7#HH ∗ 𝐴 − 𝑁A ∗ 𝑒
)∆66)  (59) 

 

For a distance of 𝑊 = 1cm  between the wafers, the plasma decays 2.4  times faster. This value is 
neglectable compared to the decay of electron temperature and thus will not be taken into account during 
this research.  
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APPENDIX D: PARTICLE LIFT-OFF PULSED CASE 
Table 21: Particle transfer between wafers for pulsed case and 𝑇# = 10𝑒𝑉 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒 𝑣# = 0m s⁄  𝑣# = 0.1m s⁄  𝑣# = 1m s⁄  𝑣# = 10m s⁄  
100nm −3.35E − 17	 2.17E − 18	 −4.89E − 19	 1.25E − 16	
300nm #VALUE!	 1.86E − 16	 1.53E − 16	 4.81E − 15	
1µm #VALUE!	 3.40E − 15	 3.19E − 15	 1.85E − 13	
3µm #VALUE!	 4.19E − 14	 5.83E − 14	 5.02E − 12	
10µm #VALUE!	 #VALUE!	 1.66E − 12	 1.86E − 10	

 

Table 22: Particle transfer between wafers for pulsed case and 𝑇# = 1𝑒𝑉 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒 𝑣# = 0m s⁄  𝑣# = 0.1m s⁄  𝑣# = 1m s⁄  𝑣# = 10m s⁄  
100nm #VALUE!	 −2.74E − 19	 3.47E − 19	 1.68E − 16	
300nm #VALUE!	 −3.93E − 18	 3.10E − 17	 4.92E − 15	
1µm #VALUE!	 −2.17E − 16	 1.39E − 15	 1.85E − 13	
3µm #VALUE!	 #VALUE!	 3.93E − 14	 5.03E − 12	
10µm #VALUE!	 #VALUE!	 1.48E − 12	 1.86E − 10	

 

APPENDIX E: PARTICLE LIFT-OFF GRAVITY SWITCH CASE 
Table 23: Transfer between wafers gravity switch and  𝑇# = 10𝑒𝑉 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒 𝑣# = 0m s⁄  𝑣# = 0.1m s⁄  𝑣# = 1m s⁄  𝑣# = 10m s⁄  
100nm −5.4E − 15	 −5.4E − 15	 −5.4E − 15	 −5.3E − 15	
300nm −1.6E − 14	 −1.6E − 14	 −1.6E − 14	 −1.1E − 14	
1µm −5.0E − 14	 −5.2E − 14	 −5.0E − 14	 1.3E − 13	
3µm −1.0E − 13	 −1.1E − 13	 −7.9E − 14	 4.9E − 12	
10µm 1.6E − 13	 1.1E − 13	 2.1E − 12	 1.9E − 10	

 

Table 24:Transfer between wafers gravity switch and 𝑇# = 1𝑒𝑉 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒 𝑣# = 0m s⁄  𝑣# = 0.1m s⁄  𝑣# = 1m s⁄  𝑣# = 10m s⁄  
100nm −5.4E − 17	 −5.5E − 17	 −5.3E − 17	 1.2E − 16	
300nm −1.5E − 16	 −1.6E − 16	 −1.1E − 16	 4.8E − 15	
1µm 1.7E − 16	 −2.2E − 16	 1.6E − 15	 1.9E − 13	
3µm 1.0E − 14	 9.4E − 15	 5.9E − 14	 5.0E − 12	
10µm 4.2E − 13	 4.3E − 13	 2.3E − 12	 1.9E − 10	
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APPENDIX F: GAS FLOW IMPACT CALCULATIONS 
Theoretically the trajectory of the particle has been calculated and substantiated. But when this experiment 
is executed another mechanism has to be taken into account, namely the injection and drain of gas in the 
setup needed to be able to ignite, control and sustain the plasma. The gas flow induced in the setup could 
interact with the travel trajectory of the dust particle.  

To calculate if this, in any case, could be problematic for the transfer of the dust particle, the worst case 
scenario is assumed. This would be the case if the gas travels with maximum flow speed parallel between 
the two plates. In the experimental setup this can only be achieved if the gas injection would be on the other 
side of the sample compared to the pump, and the gas would flow with its maximum speed of 15sccm 
through the sample area. 

To calculate if under these extreme theoretical circumstances the gas flow would be problematic for the 
horizontal drag of the particle, equation (26) can be used.  

15sccm represents standard cubic centimeters per minute, which is the same as 15 cubic centimeters per 
minute at room temperature and a pressure of 1Pa. To calculate the speed corresponding to this, the 
following calculation is done 

 15𝑠𝑐𝑐𝑚 = 15 >M
+

M#A
→ 15 × ('&,-M)+

0&/
× '&.

&.'M- = 0.25m s⁄  at 1Pa (60) 

Where  '&.

&.'\-	represents the switch from Pa to Bar divided by the area of the vessel. 

When the pressure is increased to 2Pa, the gas velocity is 𝑣9 = 0.5m s⁄ , and for 5Pa it is 2.5m s⁄ . The 
velocity at the highest pressure of 10Pa corresponds with a gas velocity of 𝑣9 = 5m s⁄ . 

The maximum neutral drag force on the dust particle can be calculated using these velocities 𝑣3 by plugging 
them in formula (26). To find the maximum displacement, formula (31) is used. The acceleration is found 
using the standard formula (29) with 𝐹 = 𝐹A,7B59	but while doing so, the assumption is made that the 
neutral drag force does not change and thus the dust particle feels the maximum drag during its whole flight. 
This is large overestimation because the neutral drag decreases when the dust particle starts moving in the 
horizontal direction. But as stated above, this calculation is done for the worst case scenario and hence this 
overestimation will not be accounted for. 

One thing that is taken into account, is that it is not possible for the particle to travel faster than the actual 
gas flow speed, and thus the restriction 𝑎𝑡 < 𝑣HIG+ has to be obeyed. If this is the case, the maximum 
displacement can be calculated. 

The displacement results range from values in the order of 10)Cm up to values in the order 10)*m. 
Comparing this with the wafer radius of 5 × 10)*m, it can be concluded that the highest values can be 
disastrous for the experiment. In this case a particle that lifts-off in the middle of the contaminated wafer 
will horizontally displace by an extend that it can miss the opposite surface.  
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APPENDIX G: ELECTROSTATIC DEPOSITION AND TAPPING 
There is a possibility that the energy of the particles is of such extend that it hammers the particles into the 
surface, resulting in more contact between particle and surface, and thus higher sticking factor. To be able 
to rule this out a small estimation is made regarding the energy and speed of a Zinc particle jumping from 
electrostatic deposition pin to the wafer surface. 

The energy the particle obtains can be calculated using the following equation: 

 
V
𝑆
ε&D!V (61) 

 

With 𝑉 the voltage of 8kV, S the distance between pin and wafer given to be 1mm. D represents the particle 
size. For this example a 1µm  particle is used. The mass density of a Zinc particle is given to be 
7140 kg m*⁄ . This results in an particle energy of approximately 5.7 ⋅ 10)'*J. 

Calculating the velocity using the formula for kinetic energy results in a speed of almost 13m s	⁄ for a Zinc 
particle of diameter 1µm.  

TAPPING PROCEDURE FOR PARTICLE DEPOSITION 
Here a steel pin is used to scoop up some material from the cup and held approximately 1cm above the 
middle of the wafer. After tapping it with another steel pin the contamination material falls off and on the 
wafer. Now the wafer is held with a clamp and softly tapped with the steel rod to move the particles around. 
After inspection of the wafer in the SEM it is observed that this method also provides an uniform 
distribution of the particles without clusters. From now on tapping will be used to contaminate the wafers 
because the result is the same as with electrostatic deposition without the chance of changing the particle 
sticking properties. 
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APPENDIX H: ZINC RESULT EXPLANATION  
Zinc Exposures 1-6 
After 3 exposures with the first contaminated wafer no change in particle displacement or morphology is 
found. As can be seen in the table above, a new Dirty Wafer is taken after 3 exposures to eliminate the 
change that Nitrogen plasma interacted with the Zinc particles and changed their properties. The first dirty 
wafer was namely also used during the baseline handling and 𝑁! exposure.  

After the fourth exposure, the pressure in the main chamber is changed to 4Pa because this results in a 
brighter plasma as seen by eye, and lower pressure increases the ion flux (Figure 13). One exposure later, 
a single Zinc particle was displaced. The particle size is approximately 10µm  and according to the 
theoretical calculations it should not have jumped solely due to adhesion loss. After further inspection it 
seems that this is a cluster of particles, and as this is the only particle displaced, it can be concluded that the 
particle cluster lost in previous exposure was a result of handling. 

 

EHT change setting in SEM 
Because effectively no change is seen after six exposures, one could argue that Zinc only feels adhesion 
loss and this is, as calculated, not strong enough for particles to jump under these circumstances in 
Hydrogen plasma. But as earlier found by ASML, particles of 10µm and bigger that went missing under 
these circumstances, more experiments will be done to settle the case. Until now also the SEM inspection 
has been done with an EHT beam of 10kV to obtain clear images. It is possible that this beam welds the 
particles to the wafer due to e-beam induced interdiffusion and they are thus not able to jump after pre 
inspection. To make sure this does not change the outcome of the experiments, the EHT beam is set to	1kV. 

Exposure 7-8 
A new wafer is exposed to continuous Hydrogen plasma with 200W input at 4Pa for 105 minutes. Again, 
not a single particle seems to be affected by the plasma. After running the previous exposure with 
continuous plasma, it is decided to try and run a pulsed exposure. The plasma is pulsed with a frequency of 
1000Hz with 50% time. No differences are found. 

Exposures 9-12 
In the final exposures, no particle displacement is found and therefore, it is decided to start the stacked 
wafer experiments to see if the percentage of particles lifting-off is too rare to see any change from the five 
coordinates in SEM. 

A clean wafer is installed in the stacked wafer setup and exposed to Hydrogen plasma with 200W input at 
3.8Pa pressure for 30 minutes continuous and then without de-installing it from Haboob it is exposed to 30 
minutes pulsed plasma. 

During post-inspection, not a single particle is found. Also no differences are found on the contaminated 
wafer. Hence the stacked wafer setup is re-installed in Haboob. As a last experiment the samples are 
exposed to the same pulsed Hydrogen plasma overnight. This 17 hours exposure did not result in the 
findings of a single particle on the clean wafer. And just as all the results before, no changes are observed 
on the contaminated wafer. 


