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Abstract 

In order to make even more powerful and efficient computer chips, the size of a node printed needs to 
decrease. The latest generation of photolithographic scanners, using Extreme Ultra Violet (EUV) light, 
allows this trend to continue. This EUV light partially ionizes the hydrogen background gas in the vessel, 
creating an EUV plasma. One of the species created in an EUV plasma is the hydrogen radical, H*. This 
reactive species has a long lifetime and plays a role in the removal of e.g. Sn and C based contamination. 
On the other hand, it can also cause degradation of components in the scanner. This research investigates 
the viability of a sensor for these radicals. The sensor is based on the etching of an amorphous carbon (a-
C) layer on a Quartz Crystal Microbalance (QCM) by H*, the H* density can be determined by combining 
the measured etch rate and the etch yield, Y: the number of H* required to remove one carbon atom from 
the layer. In a plasma environment, the etching of carbon is aided by hydrogen ions and electrons. Using 
a chimney, a pipe-like structure, mounted on the QCM, ions and electrons are eliminated while H* flux is 
sustained as much as possible. A COMSOL model was built to gain insight of H* loss in the chimney 
structure and verified under H* exposure using a hydrogen radical generator. In an electron cyclotron 
resonance plasma, the chimneys all showed a similar 102 reduction of total etch rate. The carbon etching 
under a chimney in plasma shows the same Arrhenius behavior as an unshielded carbon layer under sole 
H* exposure, whereas the unshielded carbon under plasma exposure is significantly less affected by 
surface temperature. Therefore, the etching under the right chimney is thought to be governed by H*. 
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1 Introduction 
The first thing you do every day, may be the hardest: waking up. But it can be worse: waking up on time 

is even harder. For long, waking up on time was only available for the wealthy: they had access to a 

plethora of personnel, at least one of them could wake them up. During the Industrial Revolution waking 

up on time became accessible for the working class with the introduction of the knocker-upper. For a 

small fee, you would be woken up at the agreed-on time by a knock on, or some peas shot at, your 

bedroom window until you were awake. Later, this career path was replaced by a piece of technology: 

the alarm clock. The first alarm clocks were purely mechanical: they required being wound-up on a regular 

basis and if yours was a basic one, you would either be woken up at 7 in the evening or you would need 

to set it every single day, over and over again. With the introduction and increased accessibility of the 

integrated circuit, or (computer) chip, the reliability and ease of use skyrocketed: at once the clock would 

not wake you up in the weekend if you forgot to cancel it on Friday. The clock just became smarter, and 

continues to do so. Now, you can even set your alarm clock by talking to a device in your living room: “Hey 

Google, set an alarm 1 hour before my first appointment tomorrow”. 

Of course, the alarm clock is not the only application of computer chips, they are everywhere. From your 

mobile phone and television, to barbecues and life-saving devices like pacemakers. To drive innovation 

further, we need to make them even more powerful and energy efficient. Achieving this requires ongoing 

improvement of the machines making these chips: lithographic scanners. The newest generation in this 

class of machines is the EUV scanner, of which the working principle is described in 1.1. However, the 

introduction of this new technology also brings new challenges. One of these is the formation of a plasma 

inside the scanner: the fourth state of matter in which highly reactive species can be formed, as further 

explained in 1.2. One of the reactive species originating from this plasma is the hydrogen atom, also 

referred to as hydrogen radical (H*) or atomic hydrogen (at.H, atH). This species can play a vital role in 

the removal of contamination [1]. On the other hand, its presence in-scanner should be balanced, as it 

can also affect other components in its reactivity [1] [2] [3] [4] [5]. This balance can only be sustained if 

the amount of H* can be steered and thus measured. Therefore, this research has the goal to develop a 

hydrogen radical sensor suitable for in-scanner use, as further explained in 1.3. 

1.1 EUV lithography 
The first example of what could be referred to as the basis of lithography goes back to China, 300AD [6]. 

Then, patterns were carved in wooden plates after which these plates were covered with ink. Pressing 

this on a piece of paper then results in a print of the original pattern. In the 20th century, lithography got 

a new meaning when the semiconductor industry made it into an industry standard for making chips [7]. 

The optical lithography process takes multiple steps, as shown in figure 1. The first is to apply a photoresist 

on top of a silicon wafer after which, in the expose step, the photoresist is illuminated with the pattern of 

the reticle. Then, the exposed photoresist is removed in the develop step. Further etching or deposition 

can then be applied to the resist. In the final step, the strip step, the photoresist is removed and the final 

pattern on the wafer is obtained. To produce a functional computer chip, this process is repeated several 

times.  
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Figure 1: An overview of the stages of the optical lithography process. The silicon wafer is depicted 

in blue, the unexposed and exposed photoresist in red and green, respectively. The reticle 

contains the pattern to be printed on the wafer. For clarity, the optical lens system is omitted in 

this figure. Courtesy of Ruud van der Horst. [7] 

The size of the features of the stripped wafer is limited by the resolution 𝑅 and the depth of focus 𝐷𝑜𝐹 of 

the lithography process. This resolution is the minimum linewidth which can be projected onto the 

photoresist and the depth of focus is related to the in-focus region of the image. These are limited by the 

physical laws [8] 

 
𝑅 = 𝑘1

λ

𝑁𝐴
 

(1) 

and 

 
𝐷𝑜𝐹 = 𝑘2

𝑛λ

𝑁𝐴2
. 

(2) 

Here, 𝑘1 and 𝑘2 are process-dependent physical properties, λ is the wavelength of the used light, 𝑛 is the 

refractive index and 𝑁𝐴 is the so-called numerical aperture of the lens system, defined as: 

 𝑁𝐴 = 𝑛 𝑠𝑖𝑛(θ) (3) 
where θ is the maximum angle at which light can exit the lens system.  

As is clear from equation (1), a shorter wavelength results in smaller features. Previous lithography 

scanners have used wavelengths of 406nm, 365nm from a Hg-discharge lamp and 248nm and 193nm 

using KrF and ArF excimer lasers, respectively. The latest generation of scanners use a laser produced 

plasma (LPP) source to make 13.5nm extreme ultraviolet (EUV) light. 

These 13.5nm wavelength photons carry 92eV per photon, which is enough to be absorbed by virtually 

anything. Therefore, mirrors are used instead of lenses to focus the light onto the reticle and wafer. For 

the same reason, it would be beneficial to operate an EUV lithography scanner under vacuum. However, 

a few pascals of hydrogen are added, which is the most transparent gas for EUV light.  This low pressure 

background gas can also aid in removal of carbon- and tin-based contaminants. [1] [5] [9] In addition, Sn 

particles released when the LPP source is operated can be stopped by this background gas. 

While performing alignment of EUV optics, Banine et al. [10] found a plume of light generated in the 

converging EUV beam in argon background gas. This light is emitted by a specific type of plasma: the EUV-

induced plasma. This behavior has later been observed in other gases, like hydrogen, as well. 
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1.2 EUV-induced plasma 
In the 1920s, Irving Langmuir was the first to describe the fourth state of matter: a plasma. [11] A plasma 

is a partially ionized gas, consisting of neutral species, or neutrals in short, and charged species: ions and 

electrons. It can be artificially generated by heating of or application of strong electromagnetic fields to a 

gas. However, around 99% of all visible matter in the universe is in this state naturally. Nebulae and stars 

are examples of matter in a plasma state [12], but lightning and the Northern and Southern light, Aurora 

borealis and Aurora australis respectively, are natural plasmas found closer to home. [13] 

The 92eV photons of EUV light generated by the sources of EUV lithography scanners can easily ionize a 

gas, as even the highest ionization potential, helium at 24.6eV [14], lies well below this photon energy. 

Hydrogen, which is the background gas of choice in scanner environments, has an ionization potential of 

13.6eV [14] and is thus clearly susceptible to ionization by these photons. Considering this, it is of no 

surprise that sufficient EUV intensity leads to the generation of a plasma. Mirrors in particular are subject 

to this plasma, as the light intensity peaks near the surface due to the overlap of incoming and outgoing 

light.  

A variety of reactive species is created in an H2 EUV-induced plasma, namely ions, electrons and radicals, 

as described in more detail in chapter 2.2. Ion and electron dynamics have been studied extensively by 

Van de Ven [15] and Van der Horst [16]. The main species of interest in this research is the hydrogen 

radical. This specific species can aid to removal of carbon- and tin-based contamination [5], [9], [17] but 

can also cause degradation of components. As of now, there is no viable method available to measure 

these in an EUV-scanner.  

1.3 Measuring H* 
As there is a balance between the benefits of the etching property of H*, namely the removal of 

contamination, and the downsides, namely the degradation of components, it is of importance to 

measure its presence. Over the years, multiple methods have been tested which have not been found 

applicable in-scanner yet. 

One of these is VUV-absorption spectroscopy: the absorption of light by the Lyman-alpha transition at 

121.5nm. [18] Like any absorption method, it is dependent on the amount of absorbing particles between 

the light source and photodetector. Due to the low background pressure and even lower expected radical 

density, sufficient path length and spatially opposing placement of the VUV source and detector is 

required. This makes implementation rather difficult. 

A second method is based on the released energy upon recombination of H*. Two surfaces on which H* 

recombines to H2 with a different coefficient of recombination are placed close to each other so all other 

heat fluxes are equal. [19] The temperature difference between the two materials can then be related to 

the incoming H* flux.  
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Figure 2: A schematic drawing of a kinked chimney on top of a carbon surface. The paths of both H* and 

an ion are exaggerated for clarity. 

In this thesis a third method is investigated, based on the etching of carbon. H* is known to etch carbon 

[5], so if one were to measure the mass of a known surface of carbon over time, this can be related to the 

H* flux to the surface. The challenge here lies in the fact that this etching is accelerated by ions, which are 

present in the plasma as well. Thus, we need to make sure these ions are eliminated before reaching the 

surface. To solve this a tubular structure, or “chimney”, is placed on top of the carbon plate, as shown in 

figure 2. The working principle of this structure is quite simple: it forces species to “bounce” against the 

wall of the chimney before reaching the carbon surface. The chance that a radical then undergoes wall 

recombination is much lower than the chance ions do. For Macor, a well-machinable ceramic, these 

recombination probabilities lie between 10-4-10-6 and 1-0.1, for H-radicals and H-ions respectively. [20] 

Naturally, a straight chimney will already evoke wall recombination. Ion loss has been modeled to be of 

two orders of magnitude within the first ten millimeters in a slit-like structure, similar to the cavity of the 

used chimneys. [21] This is further enhanced by implementation of a kink. This can reduce the ion flux 

even more, as there is no direct path from the bulk to the carbon surface. [5] In this process, there is a 

loss of H* as well, as further described in chapter 4. Chimneys with different heights and diameters, where 

“chimney diameter” refers to the internal diameter of the chimney, are investigated in this research. 

A quartz crystal microbalance (QCM) is used to measure the mass of the carbon over time, as explained 

in chapter 2. This gives opportunities in the monitoring of the carbon mass, and thus H* flux. Therefore, 

the scope of this project can be described as 

the understanding and development of an in-situ, carbon coated QCM-based hydrogen radical sensor 

The main challenges in such a sensor lie in the sensitivity of the QCM to temperature deviations and the 

non-selective nature of mass sensing. Therefore, we will first investigate such a sensor in an environment 

with only hydrogen radicals as produced by a hot tungsten filament, also names a Hydrogen Radical 

Generator or HRG. Afterwards, the source of radicals will be an ECR plasma source, adding free electrons 

and ions to the mix. This is a more realistic case, as both these species are also present in scanner. By 

comparing etching characteristics in both cases, we can enhance understanding and deduce whether this 

sensor concept is viable and where the strengths and weaknesses lie. 
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1.4 Outline  
The chapters in this thesis each cover a specific topic with the goal of firstly getting the reader acquainted 

with the relevant plasma theory before discussing experimental and computational results. 

Chapter 2: General gas and plasma theory discusses the relevant gas and plasma theory for this research. 

Chapter 3: Carbon etching in a hydrogen plasma takes the reader deeper into the processes involved in 

the removal of carbon in a hydrogen plasma environment. Purely ionic etching, also known as sputtering, 

as well as chemical etching by H* and their synergetic effect are explained. 

Chapter 4: Transport of species in a chimney explains how diffusive species, like radicals, travel through a 

cylindrical tube. This chapter looks into the relevant diffusion regime and explains an in this work 

developed COMSOL model for chimney diffusion. 

Chapter 5: Experimental setup and methods explains the experimental setup and research methods 

applied. These involve the setup for exposure as well as ex-situ methods, like ellipsometry and Raman 

spectroscopy, which were used to learn more about the carbon coating itself. 

Chapter 6: Carbon etching under hydrogen radical exposure discusses the experimental work done 

regarding the  exposure of the carbon-coated QCM to a hydrogen radical generator (HRG). This source 

splits hydrogen molecules into two hydrogen radicals, which can then etch the carbon surface. Influence 

of pressure and C-surface temperature have been explored, as well as the effect of chimneys. Finally, this 

is compared to the developed diffusional COMSOL model. 

Chapter 7: Suppression of plasma species by chimneys looks into findings involving the exposure of the 

carbon coated QCM to an electron cyclotron resonance (ECR) plasma. These involve the same background 

parameters and chimneys as the HRG experiments. Combining these results with modeled hydrogen 

radical transmission allows us to discuss the effectiveness and applicability of the chimneys.  

Chapter 8: Conclusion concludes on the findings as discussed in chapter 6 and 7 and suggests new 

experiments to gain more understanding of the underlying processes.  

Chapter 9: Outlook suggests improvements on the chimney design and overall structure for final 

implementation. In addition, it suggests several investigations on questionable parameters as found in 

chapter 6 and 7. 
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2 General gas and plasma theory 
It is not favorable to perform EUV lithography under vacuum conditions due to heating and contamination 

issues. Therefore, a few pascals of hydrogen are added as a background gas, as described in section 1.2. 

It is important to understand the dynamics of a gas at such a low pressure, as well as plasma conditions 

dealt with in the EUV-induced plasma and in the research setup. Then, this knowledge can be applied to 

the development of the hydrogen radical sensor. Therefore, this chapter focuses on the dynamics of a gas 

at pressures of a few pascals and the plasma physics at these conditions for an ECR plasma, as used in this 

research. 

2.1 Low pressure gas dynamics  
In a gas at low pressure, there are less molecules per volume. This means that species that would 

recombine at atmospheric conditions due to interaction with other gaseous species can have a lifetime 

long enough to be relevant at low pressures. A consequence of this so-called “bulk recombination” at 

atmospheric pressure is that the species of interest in this work, the hydrogen radical, is nowhere to be 

found in earth’s atmosphere. In vacuum, however, the lifetime of this species is much higher and it can 

thus play a role in processes as described section 1.2.  

2.1.1.1 Mean free path 

One of the main relevant parameters in gas dynamics is the mean free path. This is the average distance 

travelled by a moving particle between successive interactions with other particles. This is relevant, as it 

gives us a measure of the number of interactions over a distance traveled by a species. Intuitively, the 

mean free path is inversely proportional to the particle density around it as well as its cross-section. In the 

following calculations, it is assumed particles are smooth rigid elastic spheres. In this case, the only 

interaction affecting each other’s motion is a collision. Then, the mean free path length, λ [m], is given by 

 
λ =

1

nσ
. 

(4) 

Here, 𝑛 [𝑚3] is the number density and σ [𝑚2] is the collisional cross-section. However, this supposes 

that only one of the particles has a velocity, the other one is taken to be zero. [22] When taking both 

particle velocities into account, one finds that the square of the relative velocity is 

 
𝒗𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒

2 = (𝒗1 − 𝒗2)2 = 𝒗1
2 + 𝒗2

2
− 2𝒗1 ∙ 𝒗2. 

(5) 

Here, 𝒗𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒
2  is the square of the mean relative velocity, 𝑣𝑖 is the velocity of particle i. The superscripted 

bar is used to highlight that this is a mean value over species. As 𝒗1 and 𝒗2 are random and uncorrelated, 

it follows that 

 𝒗1 ∙ 𝒗2 = 0, (6) 
and thus that 

 
𝑣𝑟𝑒𝑙 = √𝒗𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒

2 = √(𝒗1 + 𝒗2)2, 
(7) 

where 𝑣𝑟𝑒𝑙  is the relative speed of the colliding particles. For a gas in thermal equilibrium, we can state 

that 𝒗1 = 𝒗2 and we find that 

 𝑣𝑟𝑒𝑙 = √2𝑣𝑇 , (8) 

where 𝑣𝑇 is the thermal velocity of the particle. This then results in 
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λmfp =

1

√2nσ
, 

(9) 

as follows from the calculation by Chapman and Cowling. [22] In the case that 𝑣1 > 𝑣2, the origin of this 

√2-factor rapidly approaches unity and (4) is applicable again.  

Using the ideal gas law, we find 

  𝑛 =
𝑝

𝑘𝐵𝑇
, (10) 

where 𝑝 [𝑃𝑎] is the pressure, 𝑘𝐵 Boltzmann’s constant and 𝑇[𝐾]the temperature. Additionally, the cross-

sectional area of a sphere follows 

 σ = π𝑑𝑒𝑓𝑓
2, (11) 

where 𝑑𝑒𝑓𝑓[𝑚] is the effective cross-section. Note that this diameter is different for different species. This 

then allows us to describe the mean free path as 

 
λmfp =

𝑘𝐵𝑇

√2π𝑑𝑒𝑓𝑓
2𝑝

. 
(12) 

However, one can argue that molecules do not have a well-defined diameter, but a kinetic diameter which 

can be described with a Lennard-Jones potential. This correction, however, only leads to a negligibly 

different mean free path. [23] 

For the pressure regime where all experiments are performed, namely 𝑇 = 300K, 𝑝 = 3 − 10Pa and 

𝑑𝑒𝑓𝑓𝐻2
= 240 pm, 𝑑𝑒𝑓𝑓𝐻∗ = 110 pm, we find the values in table 1. The vacuum vessel itself is much larger 

than these mean free paths, but the internal diameters of the chimneys are of the same order of 

magnitude. This has implications for the diffusion in these chimneys, as discussed in chapter 4.  

Table 1: the mean free path of hydrogen molecules and atoms for different pressures  

Species Pressure (Pa) λ𝑚𝑓𝑝 (mm) 

H2 3 5.4 

H2 5 3.2 

H2 10 1.6 

H* 3 25.7 

H* 5 15.4 

H* 10 7.7 

 

2.2 Hydrogen plasma  
The partial ionization of a gas gives rise to different characteristics than a neutral gas possesses. Due to 

the presence of charged species, laws of electrodynamics play a vital role in describing the dynamics of a 

plasma. The relevant parameters are discussed below. A standard work discussing the intrinsic physics of 

a plasma and applications thereof has been written by Lieberman and Lichtenberg [24]. This has laid the 

base of the following theories and is thus where the reader can find more background and derivations.  

One assumption that is at the base of nearly all plasma descriptions is quasi-neutrality: 𝑛+ = 𝑛−. This 

means that in every volume larger than the shielded volume as described by the Debye length, as 

described in the next paragraph, the total charge density is zero. In plasma conditions similar to the ones 
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in this research, it has been shown that >99% of ions are the singly charged H3
+. [25] Thus, we can extend 

this assumption to state that 𝑛𝑖 = 𝑛𝑒, namely that the overall number density of ions 𝑛𝑖 is equal to the 

number density of electrons 𝑛𝑒. However, this is not always the case for an EUV-induced plasma.  

2.2.1 Debye length 
In a neutral gas, the characteristic length scale is the mean free path, as discussed previously in this 

chapter. Upon ionization, charged species play a major role in the dynamics. As charges can move freely, 

a charged object in a plasma immediately attracts opposite charges. This charge separation then prevents 

electric fields to penetrate further. As ionized species form a cloud together with electrons, they surround 

and thus shield each other from external electric fields. This phenomenon is called Debye shielding, as it 

was first observed by the Dutch physicist Peter Debye. The length over which this shielding takes place is 

given by the Debye length: 

 

λ𝐷𝑒 = √
ϵ0𝑘𝑏𝑇𝑒

𝑒2𝑛𝑒
. 

(13) 

Here, λ𝐷𝑒 is the Debye length, ϵ0 the vacuum permittivity, 𝑘𝑏 the Boltzmann’s constant, 𝑇𝑒 the electron 

temperature, 𝑒 the elementary charge and 𝑛𝑒 the electron density. The non-trivial electron temperature 

is explained in the next paragraph. Logically, an increase of electron density leads to a shorter Debye 

length as there are then more electrons present to shield charges. For an EUV-induced plasma, the Debye 

length lies around 0.5mm [7]. According to the supplier of the ECR source, the electron density lies around 

5∙1010 cm-3 at the used distance. The ion energies as measured with an RFEA in a comparable setup are in 

the range of 5-10eV. As 𝑇𝑒 ≈ 𝐸𝑖𝑜𝑛/3 [26], we thus find a Debye length of 0.05mm. 

2.2.2 Electron and ion temperature 
A plasma is sustained if ionization and recombination reactions and/or diffusion are balanced. These 

ionization reactions are typically driven by electrons with energies above the ionization potential of the 

other species. The electron energy distribution function (EEDF) mostly follows a Maxwellian distribution 

function, therefore we can speak of an electron temperature 𝑇𝑒. Considering this, we find that: 

 
𝑓(𝑣)𝑑3𝑣 = 𝑛𝑒 (

𝑚𝑒

2π𝑘𝑏𝑇𝑒
)

3/2

𝑒𝑥𝑝 [
−𝑚𝑒𝑣2

2𝑘𝑏𝑇𝑒
] 𝑑3𝑣. 

(14) 

Here, 𝑚𝑒 is the electron mass and the integration of the distribution function, 𝑓(𝑣), over the velocity, 𝑣, 

space gives the electron density, or ∭ 𝑓(𝑣)𝑑3𝑣 = 𝑛𝑒. Assuming the ion energy distribution function 

(IEDF) follows a similar behavior, we can exchange the electron-specific parameters, i.e. 𝑚𝑒 , 𝑇𝑒, with their 

ion-related counterparts, i.e. 𝑚𝑖, 𝑇𝑖  respectively. However, many plasmas do not follow a perfect 

Maxwellian energy distribution function. 

2.2.3 Ionization 
In a plasma, two types of collisions can occur: elastic and inelastic. The former is responsible for 

thermalization (Maxwellization) of the EEDF, IEDF and neutral energies through exchange of momentum 

between species. The inelastic collisions give rise to excitation or even ionization of species. Their inelastic 

nature lies in the change of internal species energy in addition to a momentum transfer. This change in 

internal energy of the species as result of the collision can drive different processes, among which 

ionization. [27] The most significant inelastic collision processes in a hydrogen plasma are those shown in 

table 2.  
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Table 2: the main electron impact inelastic collision processes in a hydrogen plasma at a pressure of a few 

Pa. 

Ionization e+H2 → 2e+H2
+ 

Metastable excitation e+H2 → e+H2* 

Dissociation e+H2 → e+2H 

Recombination e+H2
+ → H2+ℎν 

Dissociative recombination e+H3
+ → H2+H* 

 

For a hydrogen plasma in the pressure regime of a few Pa, it is important to note that the majority of the 

ionization reactions result in a H2
+ as H2 is more abundant and has a higher ionization cross-section than 

that of atomic hydrogen. [28] Then, the collision of H2
+ with the H2 background gas creates H3

+ ions and a 

H* within a microsecond. [29] [30] Therefore, H3
+ is the dominant ion shortly after plasma ignition, as 

measured in a similar setup [25].  
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3 Carbon etching in a hydrogen plasma 
Carbon is one of the building blocks of life. Nearly all organic compounds consist of at least one carbon 

atom and even its more simple forms are of great importance. From the graphite in a pencil to graphene 

and the newly proposed application in the detection of hydrogen radicals in this thesis: the atom is 

uniquely versatile. This does, however, require the user to know exactly what type of carbon he or she is 

dealing with and what implications this has. First we will dive deeper in the structure of carbon. Once this 

is clear, we will look into the possible etching mechanisms in a hydrogen environment. 

3.1 Carbon structure 
The diversity of carbon compounds and allotropes originates from its electronic configuration which gives 

it its ability to have different bonding arrangements. Each of these bonding arrangements has different 

etching characteristics due to the variety of bonds carbon can form. It is located in IUPAC group 14, 

together with silicon, tin, flerovium, lead and germanium. In its ground state, the electronic configuration 

is given by 1s22s22p2. These outermost s- and p-orbital have two valence electrons allowing for four 

covalent bonds to be formed, just like the other members of group 14. 

 

 

Figure 3: The hybridization process of carbon by mixing atomic orbitals. Non-hybridized states are 

shown as a black box, hybridized states in a red box. Adapted from Tucek et al [31]. 
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Thanks to its electronic configuration, carbon has the ability to mix atomic orbitals to form new hybrid 

orbitals. This process is depicted in figure 3. It starts with the promotion of one of the electrons in the 2s 

state to the 2p state. Then, a process called “orbital hybridization” takes place. It can be explained as 

mixing of orbitals due to superposition of electron wave functions: the formed orbitals have 

characteristics of both s and p orbitals. To understand the significance of this hybridization, it is important 

to note that a molecular bond is an overlap of two orbitals, also referred to as an electron pair. For 

instance, the hydrogen atom has only one electron in s orbital, any bond will thus be an overlap with this 

orbital. For carbon, the first electron to be involved in a bond is the electron in 2s orbital, then one in 2p 

orbital until all three electrons in 2p orbital have formed an electron pair.  

Due to electron repulsion, a tetrahedral shape is favored for the sp3 hybridization, as shown in figure 3. In 

this case, all bonds formed are so-called σ bonds, the strongest type of molecular bond. If all carbon atoms 

are in this configuration, with these tetrahedral configurations connected to one-another, one quickly 

finds that it is diamond. This is shown in figure 4. 

In sp2 configuration, three atoms are bound to the carbon atom. This configuration favors a trigonal planar 

shape, as one can see in figure 3. Due to its planar nature, the structure formed in this configuration is 2-

dimensional. Graphene is one of the best known examples of a sp2 configured carbon lattice. In this case, 

there are three σ bonds and one, much weaker, π bond for each carbon atom. The electrons in the π bond 

are mobile on the lattice, explaining the conductivity of graphene. In graphite, graphene lattices are 

stacked, bound by van der Waals bonds, which are at least an order of magnitude weaker than any of the 

aforementioned molecular bonds. [32] The stacked structure graphite can easily be distinguished from 

the three-dimensional diamond crystal, as shown in figure 4.  

 

Figure 4: The structure of diamond, on the left, and graphite, on the right. Adapted from He et al. [32] 

In sp1 configuration, a line of atoms called carbyne is found. Mixing of different configurations leads to a  

diverse collection of carbon crystals and super molecules, like fullerenes, in addition to amorphous 

carbon.  
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The difference in hybridization, and consequently the bond types of the different carbon crystals, explains 

why graphite and diamond have such diverging properties. They explain not only the strength, but also 

the conductivity and behavior in chemical reactions, like the etching of carbon with H*. 

 

Figure 5: The ternary phase diagram of carbon-hydrogen coatings. From Robertson [33] 

By having hydrogen bound to the carbon as well, a variety of new structures arises. This is shown in figure 

5. On the lower left corner, we find no hydrogenation and only sp2, thus graphitic carbon. Then, following 

the northwestern edge, we first find the region of amorphous carbon (a-C). Increasing H content in a-C 

gives us a-C:H. On the other hand, a higher sp3 content than a-C gives us tetrahedral carbon (ta-C). This 

can again be hydrogenated to ta-C:H. Further hydrogenation of both ta-C:H and a-C:H leads to polymers 

and finally films. One can either start with a non-hydrogenated, or hydrogen-poor film and hydrogenate 

through surface interactions with hydrogen species. A fully hydrogenated film can be formed by 

deposition of carbon from hydrocarbons. [34] All these aforementioned films have their own etching 

characteristics, as the mixture of bond strengths and required hydrogenation before valorization differ 

significantly. 

3.2 Etching mechanisms 
Carbon removal by atomic hydrogen has been studied thoroughly over the years by both the field of EUV 

lithography, interested in the removal of carbon-based contamination, and nuclear fusion, which wishes 

to minimize erosion of its carbon containing wall materials. This section describes several mechanisms, 

important for this erosion process. 

3.2.1 Chemical erosion 
The erosion of carbon solely by atomic hydrogen is referred to as chemical erosion. According to Horn et 

al. [35], the process can be divided in two main steps: firstly, the hydrogenation of sp2 to sp3 groups at the 

surface and the dehydrogenation of the formed sp3 group. The proposed process with its sub-steps is 

shown in figure 6.  

Starting with sp2 carbon on the bottom of the figure and following the arrows clockwise, we first see the 

breaking of the π-bond by a H*. This results in hydrogenation of one and the formation of a dangling bond 

on the other carbon atom. This intermediate spx radical state is then hydrogenated further with the 
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incidence of a second H* to finally find sp3 configured carbon at the top of the figure. Alternatively, 

detachment of the first H* leads us back to the sp2 state. From the sp3 state, on the top of the figure, two 

pathways are possible. The arrow in the middle shows the path of thermally-induced desorption, which 

leads back to sp2. The arrow to the right shows the dehydrogenation path, from sp3 type carbon with a 

methyl group. Upon H* impact, dehydrogenation leads to molecular hydrogen and a new spx group with 

a dangling bond. Then, there are two options: either a H* binds to this dangling bond and the group is 

returned to sp3 configuration, or this dangling bond forms a bond with the other carbon atom upon 

release of a methyl group.  

 

Figure 6: A schematic representation of the reaction steps of the chemical erosion of sp2-bound carbon 

by hydrogen radicals. The left hand side shows the hydrogenation, the right hand side the 

dehydrogenation processes. The centered arrow shows the thermally-induced desorption path. As 

proposed by Horn et al. [35] Figure adapted from v. Leuken [5] 

Biener et al. [36] have shown that the probability of releasing the methyl group in the final erosion step is 

an order of magnitude lower than that of the hydrogenation of the passivated bond, thus 𝑘𝐻 > 𝑘𝑥. As a 

result, the sp3 carbon becomes more abundant in the layer, and we can speak of hydrogenation of the 

film.  

3.2.2 Physical sputtering 
Physical sputtering is the process of ejecting surface particles of a solid material upon bombardment by 

energetic particles, like ions. It is driven by a momentum exchange between an incident and a surface 

particle, knocking the surface-bound species from its equilibrium site. This sets off a collision cascade in 

the target. [37] When the transferred energy exceeds the sputtering threshold energy, surface atoms are 

ejected. A well-known method to calculate the required impact energy of an incident, is by using Monte 

Carlo simulation in the TRansport of Ions in Matter (TRIM) program. [38] These show that for sputtering 

of carbon in an a-C:H layer by incident hydrogen atoms, the minimal energy lies at 100eV for a surface 
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binding energy of 7.4eV [5]. The empirical relation by Garcia-Rosales et al [39] leads to a sputtering 

threshold energy of 32eV. [5] As these high energies are unlikely in an ECR plasma, as will be used for this 

research, the contribution of physical sputtering to the etching of carbon can be considered negligible. 

3.2.3 Synergetic etching 
Investigation of the energies associated with the chemical process as shown in figure 6 clarify the slow 

nature of the chemical etching of carbon by H*. The hydrogen radical carries 2.25eV, half the dissociation 

energy of H2, whereas the typical binding energy of a C-C bond lies between 3.6-3.9eV [40]. There is thus 

a discrepancy which needs to be overcome. Synergetic etching is the process where another species 

delivers this energy.  

The obvious species to assist in this etching in a hydrogen plasma are hydrogen ions, but Ar+ ions have 

been shown to assist in H* etching as well. [41] [42] In addition, gasification of carbon in a diamond-like 

carbon (DLC) coating has been shown to occur from collision energies upwards from 3eV of atomic oxygen, 

with measurements showing that 5eV, 5.4eV and 5.7eV do not have a significantly different etch yield. 

[43] There is thus some transitional region between 3-5eV, which is precisely where the C-C bond energies 

lie. 

As described before in section 2.2, the H3
+ ion concentration is dominant over the H+ ion concentration, 

but available experiments have been performed with H+ ions primarily [44] [45]. In addition, we know that 

recombination of H3
+ with an electron, as available freely in carbon, yields a hydrogen molecule and a 

radical. The energy of H3
+ can easily overcome the 3.9eV and it delivers the required radical for etching. 

This behavior is thus expected to be similar to that of a H+ ion, which also brings in energy and recombines 

at site to yield a H*. One could also argue that as the mass of T+ , a tritium ion, and H3
+ are equal, their 

etch yields should be similar. Jacob et al. [45] showed that the etch yield, etched carbon atoms per 

incident species, for both H+ and T+ lie around 0.1 for energies at 20eV in an UHV system with H* present. 

It is important to remind oneself that every broken C-C bond yields two dangling bonds. As both H3
+ and 

H+ recombine to a hydrogen radical, only one of these will be occupied. The other bond requires a H* to 

bind to, or it will return to the original C-C bond with the release of a H*. 
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4 Transport of species in a chimney 
It has become clear from the previous chapter that the etching of carbon in a plasma environment is not 

driven solely by hydrogen radicals (H*), but is enhanced by other species e.g. ions. These ions can either 

etch by themselves or have a synergetic effect on the etching by radicals. In order to relate the carbon 

etch rate to the H* flux only, we investigate the possibility of using a chimney on top of the carbon layer 

to only have H* incident on the C surface. A graphical representation and conceptual workings of this 

approach can be found in figure 7. The chimney ensures that ions and electrons are eliminated while the 

H* flux is mainly sustained through initiation of wall reactions. The ion and electron recombination 

coefficient with any wall is, with usage of the right material, much greater than that of H*. This way, radical 

loss is minimized while electron and ion are eradicated.  

Firstly, we take a look at the recombination process and the connected coefficients of H* on the surface 

materials used in this research: ANSI 304 stainless steel and Macor. As shown in table 1, the mean free 

path of radicals lies closely to the internal diameter of the chimney, which is up to 20mm. Therefore, 

Knudsen diffusion becomes relevant, as will be discussed in 4.2.  

 

Figure 7: Simplified view of a kinked (left) and a straight (right) chimney. A simplified path of both H* 

and an ion are displayed in blue and black, respectively. The dashed line in the center is the path for 

which the path length is determined. 

4.1 Wall recombination of species 
Both hydrogen radicals and ions recombine on surfaces. However, these processes are different in nature. 

Ions recombine with an electron upon wall collision to result in a neutral species, i.e. a molecule or a 

radical. As the ion flux in the conditions of this research, using the same source, is around two orders of 

magnitude smaller than the radical flux [25], this recombination effect has negligible influence on the 

measurement. Radicals can recombine with other species upon wall adsorption. The effective difference 

between the two processes lies in the coefficient of recombination, γ. For ions, this approximates unity, 

whereas it can lie between 10-5 and 0.1 for radicals depending of the wall material [46]. The recombination 

of a radical requires a third body, as two-body recombination is not favorable due to conservation of 

energy and momentum. This is why wall recombination is more efficient than bulk recombination in the 

investigated pressure regime: the wall acts as the “third body” and effectively quenches the residual 

energy. Therefore, H+H recombination is highly likely on walls, whereas its reaction cross-section in bulk 

is low. [46] As a result, we neglect bulk recombination in the chimney. 
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Before the radical recombination process is explained in more detail, it is of importance to note that the 

recombination coefficient 𝛾 is merely a statistical value, not a physical one. The amount of variables it 

intrinsically depends on, is too great to practically take into account. [46] Gaining insight into the process 

does allow for understanding of behavior on different types of materials and for different temperatures, 

which are the parameters subject to change in this research. These are described in more detail in [47]. 

This section gives a summary of the relevant processes and their behavior. 

When a gas phase hydrogen radical arrives at the surface it can adsorb, i.e.: it can form a bond with the 

surface. There are two types of adsorption that can be distinguished: physical and chemical adsorption. 

Physical adsorption is the result of the Van der Waals interaction between the H* and the surface. From 

there, the radical may diffuse freely along the surface. Chemical bonds are only formed on chemisorption 

sites, which are limited. In contrast to physisorbed radicals, these chemisorbed radicals cannot move 

along the surface. It is in these chemisorbed radicals that the high recombination of metals lie: these 

facilitate more and stronger chemisorption, as well as catalytic properties, whereas glass-like ceramics 

only depend on physisorption. As the Van der Waals interaction is very weak, it easily breaks through 

thermal fluctuations. Therefore, the mean time an species is bound to the surface is shorter than if it were 

chemisorbed. In addition, for an atmosphere with radicals at several Pa of pressure, the surface coverage 

of the chemisorption locations with radicals can be regarded as unity. [46] 

The second step is the actual recombination of the species. There are two proposed mechanisms: the 

Eley-Rideal (ER) and the Langmuir-Hinshelwood (LH). [48] The ER process postulates that an adsorbed 

species recombines with a gaseous species, whereas LH involves the surface recombination of two 

adsorbed species. Thus, LH requires a physisorbed radical to recombine with another physisorbed or with 

a chemisorbed radical. As the Van der Waals interaction is a relatively weak one, it is highly subjected to 

thermal breaking of the formed bond, more than chemisorption is. One can therefore argue that the 

recombination is expected to be lower for higher surface temperatures. 

The two materials used in the chimneys are ANSI 304 stainless steel and Macor, an easily machinable 

ceramic. Macor is a mixture of Pyrex, Quartz and Al2O3 , which all have a low recombination coefficient 

for H*. The recombination coefficient of Macor itself has been found to be 5.95·10-4. [20] 

4.2 Knudsen regime diffusion 
As mentioned earlier, due to the sizes of the chimney, Knudsen diffusion has to be considered. Whether 

it’s important depends on the so-called Knudsen number. This is a dimensionless number, defined as the 

ratio between de species’ mean free path λ𝑚𝑓𝑝 and the characteristic length scale of the system, the 

cylinder diameter 𝑑 in this case: 

 
𝐾𝑛 =

λmfp

𝑑
. 

(15) 

The Knudsen number allows us to differentiate between three different flow regimes: 

1) For 𝐾𝑛 ≫ 1 we speak of a free molecular flow. As the mean free path of the species is greater 

than the radius, the gas dynamics are dominated by wall collisions. The diffusion constant for this 

regime then given by [49]: 

 
𝐷𝑘 =

𝑑𝑣

3
, 

(16) 

with 𝑑, the diameter of the tube and 𝑣 the thermal velocity of the molecule. 
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2) The case of 𝐾𝑛 ≪ 1 is described as continuum flow. The intermolecular collisions are more 

frequent than wall collisions, as the mean free path is much smaller than the characteristic length 

scale. The diffusion in this regime is referred to as bulk diffusion with the bulk diffusion coefficient 

[50] 

 

𝐷𝑏 =
3𝑘𝑏𝑇

8𝑝σ𝐻−𝐻2

2 √
𝑘𝑏𝑇

2π
(

1

𝑚𝐻
+

1

𝑚𝐻2

) . 

(17) 

Here, σ𝐻−𝐻2
is the H-H2 collisional cross section, 𝑚𝐻 and 𝑚𝐻2

 the molecular masses of a hydrogen 

atom and molecule, respectively, and p the gas pressure. 

 
3) When the characteristic length scale and mean free path are of similar value, we arrive in the so-

called transitional flow regime. The diffusion is in this case described by the Bosanquet relation, 

which takes both bulk and wall diffusional components into account [51], [52] 

 
𝐷𝑒𝑓𝑓 = (

1

𝐷𝑏
+

1

𝐷𝐾
)

−1

. 
(18) 

 

For a broader regime, including that of this study, the Bosanquet relation has been shown to correspond 

with Direct Simulation Monte Carlo outcomes. In addition, it only shows minor differences with Particle-

In-Cell (PIC) simulations, which is likely to be caused by differences in chosen cross-sections. [20] 

4.3 Back-of-the-envelope calculation 
As the diffusion regime and the process behind wall recombination have been clarified, this knowledge 

can be used to make a simple back-of-the-envelope (BOE) model of the transmission in a chimney. Even 

though this will be oversimplified, it will broaden the understanding of the process before assessing the 

results from the COMSOL model in chapter 4.4 and measurements in chapter 6 and 7.  

The goal of this and forthcoming calculations is to relate the measured H* density to that of the H* density 

in bulk. The ratio between these two is referred to as the transmission, or 

 𝑇 =
𝑛𝐻∗,𝑝𝑟𝑒

𝑛𝐻∗,𝑝𝑜𝑠𝑡
. (19) 

As wall recombination is dominant over bulk recombination, the latter is assumed to be negligible in this 

calculation. In addition, the path of a radical is assumed to be that of a ballistically bouncing ball between 

the chimney walls as an approximation to a Knudsen regime. Then, as there is no preferred angle of 

incidence or exit, the mean angle of travel through the chimney is 45°. The mean distance traveled along 

the z-axis of the chimney per bounce is 𝑑 𝑡𝑎𝑛(45°) = 𝑑. Thus, the number of wall-interactions is ℎ/𝑑 with 

ℎ the height of the chimney. In figure 8, a graphical representation of this model is found. 
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Figure 8: Graphical representation of the BOE model. Here, ϕ0 is the flux of radicals from the bulk. For 

every wall interaction, the mean radical flux that has penetrated decreases as exaggerated by the fading 

of the arrow. As the mean angle of incidence is 45°, the mean penetration depth between interactions is 

equal to the diameter of the chimney. 

The transmission of a chimney in this approximation is given by 

 𝑇 = 1 − 𝑙𝑜𝑠𝑠 = (1 − γ)(ℎ/𝑑). (20) 

Here, γ is the recombination coefficient of H* on the surface of the wall. The outcomes of this model are 

shown in figure 9 for both Macor (a) and stainless steel (b) chimneys.  
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(a) (b) 

Figure 9: Back-of-the-envelope model outcomes for Macor (a) and stainless steel (b) chimney 

transmissions for different chimney heights and diameters. 

The outcomes of this simple model, as depicted in figure 9, give very clear insight in the influence of 

chimney walls to the final flux at the carbon surface. The final H* sensor will only measure the carbon 

etched from its surface. By increasing the H* flux at the surface, the time it takes for enough carbon to be 

etched for a measurement decreases. Therefore, it is of major importance for the sensitivity to have a 

maximized H* density at this surface. In addition, a higher flux thus also yields a shorter measurement 

time, increasing temporal resolution.   

4.4 COMSOL model 
For the COMSOL model, similar assumptions are taken as in the back-of-the-envelope model as described 

in section 4.3. First of all, as the recombination cross-section of H* in the bulk is small and its mean free 

path lies in the same order of magnitude as the path it travels through the chimney, volume 

recombination is assumed to be negligible. Secondly, it assumes that the recombination coefficient of the 

chimney material is constant over the length of the chimney and the duration of the measurement. 

The used COMSOL package is the Heavy Species Transport (hs) package. This allows both diffusion of 

gaseous species to be modeled, as well as wall recombination. For diffusion, the diffusion constant as 

calculated using the theory of section 4.2 is implemented. This constant is thus different for every used 

chimney diameter. The recombination process is implemented in COMSOL as the wall reaction 𝐻 ⇒ 0.5𝐻2 

with the recombination coefficient as the “forward sticking coefficient”.  

Table 3: Forward sticking coefficients (i.e. recombination coefficient) as implemented in the COMSOL 

model. 

Surface material Forward sticking coefficient in COMSOL model 

Macor 6 ∗ 10−4 
Stainless steel (SS) 1 ∗ 10−1 
Carbon 1 ∗ 10−2 
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The model supposes H* diffuses into the chimney through an inlet at the top of the chimney, where a 

fixed density is located. This fixed density represents the bulk, as the loss in the structure is negligible with 

respect to the bulk quantity of H*. As the model was not computationally heavy, the mesh used was the 

“calibrated for plasma: fine”, with 20000 domain elements and 900 boundary elements. This is most likely 

not an optimized computational setting, but runs only lasted a few seconds. There was thus no incentive 

to coarsen this mesh. 

The main addition of the COMSOL model with respect to the BOE model is that the diffusion coefficient is 

taken into account. As there is loss of radicals at the final end of the chimney, namely at the carbon 

surface, there will be a gradient in the radical density over the length of the chimney. This gradient is what 

drives the diffusion. As the only way for radicals to reach the surface is through the chimney, the diffusion 

coefficient of the chimney is the limiting factor for the inbound flux. One could therefore see the chimney 

as the bottleneck for the measured H* density at the farthest end of the chimney. 

4.4.1 Chimney transmission 
In figure 10 we find the transmission for chimneys made from Macor and 304 stainless steel. As expected, 

these values are lower than those of the BOE model as the diffusion process and loss at the carbon surface 

were taken into account in the BOE model. Simulations with kinked chimneys for the same path length 

showed results within 3% of straight chimney results. This small error is most probably only an artifact of 

discontinuities in the grid at the kink of the chimney. Therefore, the transmission for kinked and straight 

chimneys is regarded equal. 

  
(a) (b) 

Figure 10: Hydrogen radical transmission for Macor (a) and stainless steel (b) chimneys, as modeled in 

COMSOL. 

4.4.2 Sensitivity for wall recombination coefficient 
The transmission also depends on the wall recombination coefficient. This probability might vary due to 

contamination on the chimney walls, which can either already be present at the start or accumulated 

during the experiment. In addition, irregularities in the material can also give rise to different γ throughout 

the chimney. Therefore we studied the sensitivity of the transmission on the recombination probability. 

The simulated results for 5mm diameter chimneys with different heights and recombination coefficients 

are shown in figure 11.  
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(a) (b) 

  

Figure 11: Chimney transmission for different wall recombination coefficients. The results for different 

diameters is depicted in (a), whereas (b) shows the transmission for different chimney heights with a 

fixed diameter of 5mm. 

In figure 11a and b, we see the chimney transmissions for different recombination coefficients. There are 

two regions on both graphs. The first is the diffusion-governed transmission loss, for γ<10-4-10-3 

depending on the chimney diameter. Thereafter, for greater recombination coefficients, the losses 

associated with wall-recombination are dominant. In addition, the higher the recombination coefficient, 

the higher sensitivity to change in this parameter.  

Different diameters, as shown in figure 11a, give different transition values for γ, whereas different 

chimney lengths, figure 11b show the same transition value. However, from this transition point on, at 

γ<10-4
 for 5mm diameter chimneys, the reaction is more prominent for longer chimneys, as expected as 

a longer chimney results in more wall interactions. 

4.4.3 Translation to density at QCM surface 
On the path of a radical from the bulk to the carbon coating, there is another region besides the chimney: 

the cavity between the carbon surface and the chimney, as shown in figure 12. This cavity is an artifact of 

the mounting method of the chimney on the QCM holder. It does not only introduce a wall of 304 stainless 

steel, it also disperses the radical density of the chimney over a larger surface area where H* can 

recombine. Therefore, the H* flux onto the carbon surface will be different then if the chimney were 

placed directly on top of this layer.  
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Figure 12: A simplified drawing of the total chimney setup as used and modeled in COMSOL. As becomes 

clear in this drawing, the cavity is an artifact of the placement of the straight-bottomed chimney on top 

of the QCM holder. A more detailed description of the QCM holder can be found in section 5.1.1.1. 

The modeled geometry with a 2D density simulation plot is depicted in 13. For calculation of the diffusion 

constant in the cavity, a mean diameter of the structure (12mm) was taken. To understand the etch rate 

of the QCM, transmission of the cavity is shown in figure 14. 

 

Figure 13: A 2D density plot with rotational symmetry around r=0m for the cavity with a Macor chimney 

diameter of 10mm and an imposed, constant surface density at the inlet of 1020m-3. The labeled arrows 

indicate the different boundary conditions implemented in the model. 
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Figure 14: The transmission of the cavity as simulated with COMSOL for both Macor and stainless steel 

(ANSI 304) with different chimney diameters. 

As clearly shown in figure 14, there is a major loss of transmission in the cavity for small chimneys. It is 

therefore of importance to take this into account when comparing chimney measurements.  

4.4.4 Assembly transmission for used chimneys 
As has become apparent, both the cavity and the chimney impose their own loss. It is important to note 

though, that both transmissions cannot simply be multiplied because of two reasons. First of all, a major 

contribution in decline if H* density through the chimney is that due to low diffusion, driven by the loss 

at a carbon surface at the end of a chimney. In the actual setup, this is not an end plate, but the start of 

the cavity. Therefore, this loss will be different. Secondly, the modeled cavity loss is calculated using an 

imposed constant number density at the entrance of the cavity. Physically, this means a chimney with a 

diffusion coefficient approaching infinity without any wall losses. Experimentally, this can be 

approximated by a very thin plate on top of the cavity with a hole corresponding to the diameter of a 

chimney. As the used chimneys are not flat and thus do impose a low diffusion coefficient and wall-losses 

on the influx of the cavity and the cavity loss is higher than that of a carbon plate, the transmission loss in 

the total assembly is much greater than the combination of the two losses as modeled before. The results 

are shown in figure 15.  
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Figure 15: The transmission of used assemblies. “Full” refers to a COMSOL model taking into account 

both the whole assembly with both the cavity and the chimney. The “simple” model is the multiplication 

of the chimney and cavity loss modeled separately. 

The full assembly model has one major limitation: the diffusion coefficient of the chimney is imposed on 

the cavity as well. This diffusion coefficient increases with chimney diameter, as explained in section 4.2. 

The mean characteristic length of the cavity is 12mm, so a chimney with a diameter smaller than 12mm 

gives a lower diffusion coefficient in the cavity than it has in reality, yielding a lower transmission. By 

implementing two coupled geometries, one for the cavity and one for the chimney, this can be improved. 

For now, it is important to note that the losses of chimneys smaller than 12mm are overestimated, 

whereas those of larger chimneys are underestimated. The multiplication of separately modeled chimney 

and cavity losses gives inconsistent deviations from the full model. This simplification does not properly 

take into account the losses in the cavity, as the chimney transmission is modeled as if the end plate is 

made from pure carbon. As the cavity loss is different, there is already a different gradient expected 

throughout the chimney than modeled in this case. For Macor chimneys, this leads to an overestimation 

of transmission, whereas stainless steel is inconclusive. This could be explained by a transition between 

wall-dominated and end-dominated losses in the chimney region, leading to these deviations.  
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5 Experimental setup and method 
In this section, the experimental setup, method and diagnostic tools are introduced and discussed. 

Throughout all measurements, a similar vacuum vessel is used 

5.1 Setup 
For all measurements involving the etching of carbon, a vacuum vessel setup is used. A simplified 

representation of the vessel itself can be found in figure 16. For clarity, some more trivial components are 

left out.  

 

Figure 16: A schematic, simplified representation of the vessel setup for HRG exposures, left, and plasma 

exposures, right. Trivial components like a pressure sensor, temperature control bath, door for loading 

samples and lab PC have been left out for clarity. 

The HRG (Hydrogen Radical Generator), a hot tungsten filament, powered by a DC power source (Delta 

Elektronika, ES 030-10), is used to create a flux of solely radicals. The working of the HRG is explained in 

section 5.1.3. The ECR source, (SAIREM AURA-WAVE), creates an Electron Cyclotron Resonance (ECR) 

plasma. The gas system is used for H2 during measurements, but can supply N2 when venting the setup. 

The H2 flow is controlled using software on the lab PC connected to the flow controller (Bronckhorst 

F201CV 1KS ABD88V) and pressure sensor (MKS PR4000). This pressure sensor was specifically used for 

H2 pressure measurements, a Granville-Phillips Micro-ion atm was used for background pressure 

measurements. A carbon-coated QCM is placed in its holder in de center of the setup. The holder serves 

for readout and temperature stabilization purposes. The design and workings of the QCM and its holder 

are explained in more detail in section 5.1.1. 

Due to the nature of the experiments, which take 5-72 hours per measurement, stability and real-time 

monitoring is required. Therefore, all components except the pump system, which runs at full power for 

all experiments, are controlled and read out by a lab PC. 

5.1.1 Quartz crystal microbalance 
Quartz crystal microbalances (QCMs) are used in various industrial processes and research, as they allow 

the user to detect mass changes in the order of nanograms. This opens opportunities for, for instance, 

measuring processes such as etching and deposition in the order of atomic monolayers, the binding of 

proteins to a surface and penetration of atoms into a material. [53] [54] [55] Quartz is used in these 
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oscillators as the dissipation per oscillation is very low, below 0.0001% per oscillation. In addition, their 

low cost, ruggedness, low defect concentration and chemical inertness give rise to a wide field of 

implementations. [56] In the following section, the working principles and inherent restrictions of these 

devices are discussed.  

A crystal in eigenoscillation can change eigenfrequency for several reasons. A QCM takes advantage of 

one of them: attaching mass to the oscillator. The change in frequency of a quartz crystal upon change of 

interfacial mass is given by the Sauerbrey formula [57] 

 
Δ𝑓 =

−2𝑓0
2Δ𝑚

𝐴√ρ𝑞μ𝑞

. 
(21) 

Here, Δ𝑓 is the change in frequency, 𝑓0 is the fundamental frequency of the oscillation, Δ𝑚 is the change 

in mass, 𝐴 is the top area of the crystal, 𝜌𝑞 is the density of quartz and 𝜇𝑞 the shear modulus of quartz. Lu 

and Lewis [58] have proposed improvements on this relation by including the density and shear modulus 

of the deposited material. However, they have also shown that these only become relevant if the 

frequency shift is larger than 1% of the fundamental frequency. In this research, the maximum thickness 

of deposited carbon is 150nm on a crystal with a fundamental frequency of 6MHz. This results in a 

frequency shift in the order of 0.01%, it is thus safe to assume the applicability of Sauerbrey’s formula. 

 

Figure 17: A quartz crystal slice with indication of both the AT and BT cut and their respective angles to 

the z-axis. [59] 

The QCM is, in most cases, made from AT cut quartz. This type of crystal is produced by cutting a quartz 

crystal as shown in figure 17. Every cut exhibits its own properties. The AT cut is chosen for QCM 

applications as its fundamental oscillating mode is the thickness shear, as shown on the right in figure 18, 

which is not affected by small local differences in thickness of layers on top. This requires the electrodes 

to be placed on the top and the bottom of the crystal. 
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Figure 18: An example of the electrode placement of a piece of AT-cut quartz and the corresponding 

deformation. The direction of oscillation is indicated with the double arrow. (Adapted from Ward 1990) 

Another reason for choosing AT cut quartz is that the QCM temperature response then primarily follows 

a third power polynomial curve with its inflection point at 25°C. This makes it naturally stable around room 

temperature. By slightly altering the cut angle, local minima and maxima arise at different temperatures. 

The temperature response of these different angles around the standard AT cut angle have been 

investigated thoroughly by Phelps [60] and is shown in figure 19. In this research, crystals with a minimal 

temperature response, as stated by manufacturer (INFICON), at 25°C and 70°C are used. 

 

Figure 19: Temperature induced frequency change for different AT cut angles, from Phelps [60] 

5.1.1.1 QCM holder and readout 

In order to read out the QCM while maintaining freedom for oscillation, it is placed in a holder (INFICON 

SL-A0E00) where it is suspended between gold-coated springs, as shown in figure 20. The bottom spring 

acts as driving electrode, the top springs are grounded through the holder itself. The top surface of the 

QCM is thus grounded. The holder itself is made from 304 stainless steel and is cooled with a fluid, either 

a coolant (Kroon Oil SP11), silicon oil (ThermoFisher Sil180) or tap water, from the temperature controlled 

bath (ThermoFisher Haake AC200). The QCM itself is driven and read out by an INFICON IC6, which then 

sends the oscillation frequency to the lab PC for logging. The exposed area of the QCM is 0.5cm2. 
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Figure 20: A schematic detailed view of the QCM in its holder and the placement 

The main method used for coating the samples in this research is microwave sputtering, performed by 

OptixFab Gmbh. This way, 150nm was coated on the QCMs. The second method is DC evaporation coating 

using a Quorum Q150TES Plus. This involves running a 20A current through a thin rod of carbon. The 

carbon then gets hot enough to evaporate and then coats its surroundings, including the sample, in a layer 

of carbon. The reference samples, as used by van Leuken [5] have a microwave sputtered a-C coating by 

Philips INnovation Labs on a Si:SiO2 wafer. 

5.1.2 Ellipsometry 
For ex-situ thickness measurement, mainly on the Si:SiO2 reference samples, ellipsometry has been used. 

This is a non-invasive optical diagnostic for investigating thin films. It can give many material properties, 

like roughness and electrical conductivity [61], [62], but the property of interest in this work is the 

thickness of the material. 

An ellipsometer consists of a source of well-defined polarized light which reflects on the sample, as shown 

in figure 21. The reflected light is then collected by a detector which compares it to an appropriate model 

that describes the interaction between the light and the film. The complex reflection ratio, ρ, of the system 

is then related to the amplitude ratio ψ and the phase difference Δ through: 

 𝜌 = 𝑡𝑎𝑛(ψ)𝑒𝑖Δ. (22) 
 

As the ratio or difference between two values, of which one represents a known value, is measured, 

ellipsometry can be a very robust, accurate and reproducible metrology. The change in polarization of the 

light can give information about the layers which are even thinner than the wavelength of the light itself. 

However, this technique does require the sample to be sufficiently reflective.  

The ellipsometer used in this research is a J.A. Woollam M-2000, which has a spot diameter of 500μm. 

Samples were measured ex-situ before and after exposure to determine change in layer thickness. 
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Figure 21: A schematic representation of an ellipsometer. Figure from Van Leuken. [5] 

5.1.3 Thermal cracking of hydrogen molecules  
At a hot surface in a gas, hydrogen molecules can be dissociated into two hydrogen radicals. Various 

sources are described in literature [63], but the simplest version was found by Langmuir: a hot tungsten 

filament in a hydrogen atmosphere. [64] This filament is heated through ohmic heating. He concluded 

from measurements that the power consumption of a tungsten wire in hydrogen increased more than 

was expected from convective and radiative heat loss. This discrepancy is explained by the power required 

for driving the dissociation of hydrogen molecules following 

𝐻2 ↔ 2𝐻. 

This reaction starts at a filament temperature of 1100K [65] and increases in rate with temperature. 

However, this increase in temperature also gives rise to other processes. From around 2200K, the 

tungsten evaporation starts and for temperatures higher than 2600K, thermionic emission of electrons 

becomes significant. [66] A cloud of electrons, the space charge, will always be present around the 

filament. Typical operating voltages lie below 10V with respect to ground, thus electron energy remains 

below the ionization potential of hydrogen (13.6eV). Therefore, one can reasonably argue that no ions 

are generated with such a filament. The distance between the filament and the carbon surface is 12cm. 

5.2 Methods 
In this part of the chapter, the methods of measurement are discussed. First, the QCM and its behavior in 

the setup are discussed, as well as the typical measurement. Lastly, the measurement for etch yield 

calibration using a sample from Van Leuken [20] is described. 

5.2.1 QCM stability 
As discussed in chapter 5.1.1, the QCM is sensitive to mass changes at the surface. This not only includes 

the etching of carbon, but also the evaporation and condensation of species. Secondly, a change in 

temperature of the QCM can be mistaken for a mass change as both result in a shift in frequency and both 
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occur over a period of time. This section looks into both temperature and contamination-based 

measurement errors. 

5.2.1.1 Temperature response 

A QCM frequency shift as function of background temperature is found in figure 22. As expected from 

figure 19, the response follows a third power. For the development of a radical sensor, it is relevant to 

know the sensitivity of the QCM to temperature around the operating temperature. For this research, 

both 70°C and 25°C-rated crystals are used.  

 

Figure 22: A 25°C-rated QCM frequency shift for different background temperatures. 

This behavior also explains the temperature induced error in the measurements. Fluctuations in 

temperature can easily cause errors in the same order of magnitude of the measured results. For example, 

a rise in temperature of 0.2°C was measured by the thermocouple in the QCM block on sunny mornings 

in spring and fall, as the sun would then shine upon the setup. This is too small to affect etch rates. This 

does, however, cause a frequency change of up to 1 Hz, whereas total shifts over a measurement due to 

etching can be as low as 1.5Hz. Therefore, frequency values were only taken after this effect had resided. 

A more specific description of the measurement procedure is given in section 5.2.3. 

5.2.1.2 Stability in vacuum 

The stability of the QCM in vacuum is not only dependent on the temperature stability, but also on 

condensation and evaporation of species and intrinsic QCM drifts. The first is of interest, as the QCM is 

able to detect sub-monolayer changes in interfacial mass. The latter lies in the order of tenths of Hz’s per 

year, so this is negligible for this research. [58] 

In figure 23 the frequency drifts over time in the setup have been plotted for different QCM temperatures. 

The drifts found before and after first HRG exposure are depicted in blue and red, respectively. We can 

see clearly that there are major deviations between the points, caused by different species of 

contamination in the setup at lowest pressure obtainable (<10-4 Pa). This background pressure is governed 

by water leaking into the setup. [25] The deposition of water on a surface only occurs at pressures near 

the vapor pressure of water at the temperature of the surface. [67] The lowest temperature of this surface 

throughout all measurements was -22°C. At this temperature, the vapor pressure of water lies at 10-
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100Pa. [68] As this is several orders of magnitude higher than the background pressure of the vessel, the 

deposition and evaporation of surface species is not influenced by water. 

First of all, it can be seen in figure 23 that around 30°C the transition from mass gain to mass loss takes 

place, i.e. from negative to positive frequency drift. These changes in interfacial mass are most probably 

caused by condensation and evaporation of species. This transition temperature is to be expected, as the 

grand total of contamination fluxes in the vessel is governed by its walls, and thus by the wall temperature, 

which is slightly above room temperature due to the different warm components in the setup. Therefore, 

a QCM temperature lower than that of the vessel walls leads to a net flux of contamination to the QCM. 

For other cases, the opposite effect happens. As any species always has a both a condensation and an 

evaporation flux [67], these species can be pumped away over time or reintroduced when opening the 

setup. Therefore, before exposure to HRG or plasma, the QCM frequency can drift. 

 

  
(a) (b) 

 

Figure 23: The drift rates of the QCM under 10-4 Pa at different QCM holder temperatures in Hz/h for a 

setup not exposed to H* as generated by a HRG, “before HRG”, and after H* exposure. “after HRG” (a) 

and their respective absolute values on a logarithmic plot (b). 

The change in drift between pre and post HRG measurements is most probably caused by cracking of 

carbon-based contamination. As radicals are known to break C-C bonds, they break larger CxHy up into 

smaller hydrocarbons. These have a lower evaporation pressure and will thus evaporate and be flushed 

out by the gas flow. This becomes especially clear for lower temperatures: before HRG exposure, 

condensation is evident for temperatures <20°C and highly subject to change. After HRG exposure, the 

found drift rates are found in the range of 10-3Hz/h at 70°C and 10-2Hz/h at 35°C. This is up to two orders 

of magnitude lower than etch rates of any measurement to follow. 

After characterization of the temperature dependent behavior of a QCM, we have chosen to set the 

heated fluid bath to 70±0.02°C, resulting in a temperature at the QCM block of 67±2°C over all 

measurements. This measurement-to-measurement temperature deviation is caused by two factors. The 

first is a change in flow through the QCM’s thermal block due to the evaporation of water from the used 
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coolant. This causes the viscosity of the fluid to change and thus the flow speed, leading to more heat loss 

between the bath and the QCM block. This is a behavior that has occurred over months of setup use. As 

we can see from figure 26, this only gives a 2% deviation in etch rate, which is included in the 

measurement error. For chimney measurements with HRG, this cooling liquid was exchanged with water. 

ECR exposures were carried out with a silicon oil as fluid. Therefore, the long measurements, up to 48 

hours for the lowest transmission chimneys do not suffer from this effect. The second reason for 

temperature deviations is the temperature of the vessel itself. As mentioned in section 5.2.1.1, a low 

sunrise caused deviations, as well as the heat wave of August 2020. 

5.2.2 Start-up behavior 
It is expected that the top layer of a new carbon coating has different characteristics than the bulk below 

due to oxidation of and contamination on the surface. In addition, every time the chamber is vented, some 

contamination will enter. This will not only affect the QCM surface, but also the walls of the vessel. These 

can be contaminated or become oxidized. Therefore, it is expected that there will be a start-up behavior 

upon first exposure of a carbon coating to H*. 

 

Figure 24: The initial etching behavior for the first QCM, QCM1, and a later QCM, QCM3, at 5Pa and 67C 

surface temperature. 

As shown in figure 24, there is a difference in behavior between two QCMs. QCM1 was the first QCM to 

be in the setup. The exposure shown was also the first HRG exposure of the vessel itself. Its initial behavior 

is a faster initial etch than what is observed with QCM3. This difference is most likely caused by 

contamination and oxides more prominently present in the setup before HRG exposure. The walls of the 

setup are made from stainless steel, which has a very high recombination coefficient for H*. These are 

most probably first covered by oxides and contamination, and thus the initial recombination rate is lower. 

This then yields a higher concentration and thus a flux onto the carbon surface, resulting in a higher etch 

rate as observed. It is important to note though, that these effects are convoluted with the initial 

temperature step, which will always make the initial rise in frequency. However, as this is a QCM without 

chimney, this initial step relaxes in about an hour. The timescale of the observed initial etching behavior 

is about 10-20 hours for HRG exposure, or the first 80-100Hz. From ECR measurements, where the etch 

rate is much higher due to the presence of ions, the timescale of this behavior is about 10 minutes, which 

corresponds to 80Hz of frequency shift. Therefore, this effect seems to depend more on a layer thickness 

than on an exposure time. The general start up behavior was observed on all QCMs at their first exposure, 
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but not after re-storage in atmospheric conditions. This points to an intrinsic property of the top of the 

deposited layer. 

5.2.3 A typical measurement 
The typical response of a QCM readout to the switching on of an HRG at a holder temperature of 340K is 

shown in figure 25. Before any experiment, the HRG or ECR is switched on to clean the chamber, sample 

and chimney. For bare measurements, this was done for 2 hours for HRG and 10 minutes for ECR 

measurements. For chimney measurements, these times were increased to at least 10 and 5 hours, 

respectively, due to the lower transmission of H* and Hions into the chimney. For stainless steel chimneys, 

these times could be increased to over 30 hours, as these measurements give a low transmission of H* 

and are highly dependent on the recombination coefficient of the walls. In addition, stainless steel is prone 

to oxidation, which lowers the recombination coefficient but is only slowly removed, especially in low 

fluxes as those in the cavity.  

First, in region 1, the QCM signal is given time to stabilize QCM temperature before switching on the HRG. 

This stabilization can take several hours. In region 2 we see the response to turning on the HRG. This 

response is due to the increase in temperature by the heat flux from the HRG. Region 3 is where we can 

really see etching of the carbon surface as a linear increase. When the HRG is switched off, region 4, we 

see the cooling of the QCM before we can read out the stable final frequency in region 5. All 

measurements, including the ECR measurements as discussed in chapter 7, follow the same 

characteristics. However, the placement of chimneys changes the thermal mass of the assembly and 

(partly) blocks the radiant heat from the HRG from reaching the QCM surface. Therefore, region 1, 2 and 

4 are elongated when a chimney is placed over the QCM. In principle, a measurement can be taken from 

the derivative of region 3, but this would increase measurement error due to the convolution with the 

induced temperature effect. For this example, one could argue that it is acceptable as the total increase 

in frequency is high and the error will thus be relatively low. However, to minimize the error and to ensure 

repeatability of measurements for slower etches, as is the case for low transmission chimneys, the 

measurement is performed by taking the frequencies in region 1 and 5 and dividing the difference over 

the exposure time. This then yields the etch rate in Hz/h.  
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Figure 25: A Typical QCM response to exposure to HRG or ECR. The different regions indicate 

differentiable regimes: (1) is the stable signal before exposure, (2) is the temperature response to the 

HRG/ECR strongly convoluted with the decrease of mass, (3) is the decrease of mass with a limited 

influence of the temperature response, (4) is the relaxation of the temperature of the QCM and its 

holder and (5) is the stable region where another frequency point can be taken. 

5.2.4 QCM calibration 
To calibrate the QCM, i.e. to determine the relation between the measured shift in Hz and the remove 

carbon layer in nm, a QCM with a known carbon layer thickness was fully etched. A frequency shift of 

2631±20Hz was found for de depletion of the C coating of a sample which was coated with 150.0±0.1nm 

by OptixFab, as measured with X-Ray Reflectrometry. This frequency shift is nearly 6 times lower than  

that expected from Sauerbrey’s equation, which is explained in section 5.1.1. This is due to the electrodes 

on the crystal, which cause a significant shift in frequency. Sauerbrey’s equation applies to an uncoated 

quartz crystal, but the electrodes have a significant thickness. Therefore, the correction as proposed by 

Lu and Lewis [58] should be used with knowledge of the thicknesses of the electrodes. However, as the 

150nm of carbon is very small compared to these electrode thicknesses, we can still assume linearity of 

the response of the QCM for the used carbon layer. From this, we can deduce the relevant equivalent 

values as summarized in table 3. 

Table 3: Relevant physical mass shifts and their induced QCM frequency shift. “Exposed” refers to the 

surface area of the QCM which is not covered by the holder. 

1nm exposed carbon 17.5±0.1 Hz 

0.24nm exposed carbon “monolayer” 4.15±0.03 Hz 

Single hydrogenation of every carbon atom in one 
exposed “monolayer” 

4.15/12.01*1.008=0.35±0.01 Hz 
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For all forms of carbon other than graphene, we technically cannot speak of a true monolayer. However, 

using the mean occupied volume of a carbon atom in these structures, it is widely accepted to use 0.24nm 

as the thickness of a monolayer.  

5.2.5 Hydrogen radical flux reference measurement 
To determine the H* flux by the HRG, different DVL samples were used. These have been characterized 

before and can therefore be used to determine the H* flux through measuring the carbon etch rate when 

using the same exposure process. As prescribed in [20], the HRG was cycled for 30s on, 30s off intervals 

to limit heating of the sample. The surface temperature, as set by the QCM holder, was 35°C. The carbon 

thickness on the sample was determined by ex-situ ellipsometry before and after the 5 hour HRG 

exposure. The chimney transmission measurement depends on the initial H* density and it is expected 

that there is more H* present near the HRG. Therefore, this reference measurement was performed for 

different heights where the sample was placed on top of a chimney.  

The H* flux, ϕ𝐻∗, can be calculated through 

 
ϕ𝐻∗ =

𝐸𝑅[#𝐶/𝑠]

𝑌
= 1.13 ∗ 1016

𝐸𝑅[𝑛𝑚/ℎ]

𝑌 ∗ 3600
, 

(23) 

where ER is the measured etch rate of carbon and Y is the etch yield. The number of atoms in a-C per nm 

is 1.13∙1016 nm-1cm-2, as calculated using the molar mass of carbon, 12.01 g/mol, and its density, 

2.25g/cm2. The factor 3600 comes from the The results of this calculation for different heights for the DVL 

sample are shown in table 4. 

Table 4: Etch rates and hydrogen radical fluxes of carbon samples as measured with a DVL sample. 

Height Removed Carbon thickness in 5h H* flux from DVL sample  

0 4±1 nm (1.3±0.6)∙1017 cm-2s-1 

42 7±1 nm (2±1)∙1017cm-2s-1 

70 28±1 nm (8±4)∙1017 cm-2s-1 

 

The error in the elevated samples is expected to be very high, as the path from QCM holder to the sample 

is through stainless steel. This is not a good conductor. Therefore the temperature of the DVL sample, a 

thin Si:SiO2 wafer with carbon coating, can be strongly increased by heat of the HRG. In addition to the 

bad thermal conductivity, the sample is also placed closer to the HRG and will likely increase more in 

temperature.  

5.2.6 Etch yield calibration measurement 
As explained in chapter 3.1, every carbon layer will have a slightly different etch yield: the amount of 

carbon atoms etched per hydrogen radical. Using a sample from Van Leuken [20] (DVL samples) with a 

known etch yield, 𝑌=(2±1)∙10-5 at 35±5°C with a H* flux of 1017cm-2s-1, we can determine the etch yield of 

the coating on the QCM by comparing the two. The DVL sample showed an etch rate of 0.8±0.3nm/h, 

whereas the coating on the QCM resulted in an etch rate of 0.12±0.03nm/h at this temperature. 

Therefore, the etch yield of the carbon coating as supplied by OptixFab is 𝑌=(3±2)∙10-6 at 37°C. 
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6 Carbon etching under hydrogen radical exposure 
To investigate the etching of carbon and working of chimneys under pure hydrogen radical exposure, the 

carbon-coated QCM is placed in a vessel of hydrogen gas with a hydrogen radical generator (HRG). First, 

the behavior of the carbon etching under diverse circumstances without a chimney, such as different 

surface temperatures and HRG biases is studied. Thereafter, the chimney performance under hydrogen 

radical exposure is investigated and combined with the COMSOL model as discussed in section 4.4. Unless 

otherwise specified, the pressure in the vessel is 5.0±0.1Pa, the HRG temperature 1700±20°C and the 

temperature of the QCM thermal block 67±2°C. Exact measurement procedures are explained in chapter 

5.2. 

6.1 Surface temperature  
From chapter 3 it has become clear that the etching of carbon by H* is affected by the surface temperature 

of carbon. Many temperature dependent chemical processes are roughly described by the Arrhenius 

relation: [69] [70] 

 
𝑘 = 𝐴𝑒

−𝐸𝑎
𝑘𝐵𝑇 

(24) 

where 𝑘 is the rate constant, T is the absolute temperature in K, 𝐸𝑎 is the activation energy and 𝐴 is a 

constant that depends on the characteristics of the specific chemical reaction parameters. Rewriting this 

relation to 

 
𝑙𝑛(𝑘) =

−𝐸𝑎

𝑘𝐵

1

𝑇
+ 𝑙𝑛(𝐴) 

(25) 

shows that a plot of 𝑙𝑛(𝑘) versus 
1

𝑇
 yields a straight line with a slope of 

−𝐸𝑎

𝑘𝐵
 and offset 𝑙𝑛(𝐴). This type of 

plot is called an Arrhenius plot. 

 

(a) (b) 
 

Figure 26: Etch rates in nm/h for different carbon surface temperatures in linear (a) and Arrhenius plot 

(b) at a pressure of 4.5Pa. 

The etch rate for different temperatures is given in figure 26 on the left, with the same data in an Arrhenius 

plot on the right. On the left, the behavior seems to follow an exponential relation. The Arrhenius plot 
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shows a straight line. It is therefore clear that the etching of carbon by hydrogen radicals in this 

temperature range behaves similar to an Arrhenius relation. In addition, the Arrhenius fit allows 

calculation of the activation energy of the process. This is found to be 0.29±0.07 eV. 

It is known, however, that a maximal etch yield can be found at 800K and a decline in etch yield afterwards. 

[71] Therefore, there must be at least one more effect in place that inhibits the etching process at higher 

temperatures. From the right plot, it becomes clear that this effect is not yet significant for the measured 

temperature range. 

6.1.1 Low-temperature start-up behavior 
At low temperatures, a peculiar start-up effect takes place. This process is shown in figure 27. For t=0-1h, 

the temperature step due to switching on HRG is dominant, as known for all measurements. Then, t=1-

10h shows an increase of frequency. As the QCM had been around -20°C, this may have been due to the 

evaporation and etching of contamination. From t=10-20h a decrease in frequency is found, 

corresponding to a gain in mass. From 22h on, we see a linear increase in frequency, as observed in all 

other measurements.  

 

Figure 27: Etching behavior at -18°C holder temperature at 5Pa under H* exposure. For t=0-1h, the 

temperature step due to switching on HRG is dominant, t=1-10h shows an increase of frequency, t=10-

20h a decrease and from 22h on, we see a linear increase in frequency. As this graph also involves 

temperature-induced shifts and other behavior than carbon etching, the y-axis is in Hz, which is the 

directly measured quantity. 

Before the measurement shown in figure 27, the temperature bath was set to -35°C. However, the lowest 

temperature measured by the thermocouple in the QCM holder was -23.7°C, but major deviations in 

temperature were found around this temperature. Therefore, the measurement with HRG switched on 

was performed at -18°C, as the HRG brings another source of heat to the . As the measurement was taken 

directly after this period, with the sample held at around -23°C for 25 hours, it is plausible that there is 

some contamination built up on the sample. The removal of this contamination explains the increase in 

frequency from 1-10h. 
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This observed frequency shift in figure 27 between 10h and 20h of 0.6Hz corresponds with the uptake of 

hydrogen by the carbon surface of two hydrogen atoms per carbon atom. However, this may in reality be 

more, as etching may also take place in the meantime. In addition, from this data we cannot distinguish 

between physisorption, chemisorption and intrusion of hydrogen or actual hydrogenation of carbon. 

Similar behavior has been observed when using ellipsometry before at higher temperatures, but at 

timescales of seconds to minutes. [72] This is where the QCM output is dominated by temperature 

response, which explains why this has not been observed with other QCM measurements. By lowering 

the background temperature, it seems like not only the etching but also this initial behavior has been 

elongated. 

To gain more insight in the actual process, it would be beneficial to also include a non-intrusive 

measurement like in-situ Raman spectroscopy to distinguish between hydrogenation of carbon, which 

would lead to an increase of sp3 bonds, and surface binding through physisorption and chemisorption. In 

addition, ellipsometry may also prove to be of use. Then, the etching and uptake can be decoupled. The 

etching yields a decrease in layer thickness, as measured by the ellipsometer. Combining this 

measurement with the mass change as acquired by the QCM will give insight in the hydrogen uptake. 

6.2 HRG bias 
The HRG is known to be surrounded by a cloud of electrons: the space charge. Earlier studies have shown 

that these electrons can assist etching when the carbon surface is at a negative bias. [73] To rule out any 

electron assisted etching in the HRG setup, the HRG was placed under different biases with respect to 

ground. The whole surrounding setup, including the QCM surface, is grounded. By biasing the HRG, 

electrons from the electron cloud are either drawn into the HRG (positive bias) or repelled from it 

(negative bias). As the resulting leak currents are expected to be smaller than a mA, these could not be 

measured by the HRG power supply. As the current through the HRG is several A, this additional current 

does not influence the temperature of the HRG or number of H* generated. The found etch rates are 

depicted in figure 28. 

 

Figure 28: Carbon etch rates for different HRG biases. The bias is achieved by applying the bias voltage 

to the cathode. 
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It becomes clear from figure 28 that a negative bias repels the electron cloud to the grounded surfaces, 

including the QCM, as the etch rate is clearly higher than that of other biases. The measured etch rates at 

positive bias were increasingly higher, but within measurement error. However, the bias of 10V of the 

HRG cathode means that the anode was placed at 16.5V. Electrons influenced by this potential can reach 

16.5eV and could in theory ionize the hydrogen radicals and molecules, which could then enhance the 

etching process. In addition, the to gain more insight in this process, more measurements over HRG biases 

are required. The main message from figure 28 is that there is no significant electron- or ion-assisted 

etching under non-biased conditions in the HRG setup, as a positive bias of the HRG does not lead to a 

higher etch rate than the non-biased case. 

6.3 Chimneys 
To validate the working of the chimneys for plasma conditions, it is first required to understand their 

working under pure H* exposure. This section shows the found chimney transmissions and discusses their 

differences and similarities with the COMSOL model. There are two different approaches to validate of 

the model. The first is to relate the measured etch rate to that measured with the DVL sample on top of 

the chimney. This has the disadvantage that the measured H* flux of the DVL sample has an uncertainty 

of the similar magnitude as the found value, as explained in section 5.2.5. The second is to use the 

modeled transmission to calculate the H* density at the entrance of the chimney, 42mm above the 

surface, and compare results for different chimneys. All chimneys should give the same radical density at 

the entrance using this latter method if the model is correct. As this involves less assumptions, the second 

method is chosen for this work. 

  
         (a)          (b) 

Figure 29: The etch rates for carbon with different chimneys under hydrogen radical exposure with lines 

between groups of chimneys as a guide to the eye. Whereas (a) shows the directly measured etch rate 

from the QCM frequency shift, (b) gives the corrected by the COMSOL model etch rate, as if the QCM 

were placed on top of the chimney, thus: virtual etch rate. All kinked chimneys in this figure have a path 

length of 42mm. 

In figure 29a one can see the measured etch rates of the carbon under H* exposure with chimneys 

mounted. The difference between kinked Macor and straight Macor chimneys is small. The difference 

between the two is that with a straight chimney, there is a line-of-sight between the HRG and the QCM. 

Therefore, radiation from the HRG can reach the surface. For a kinked chimney, there is no direct line-of-
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sight between the HRG and the QCM. The temperature induced step in both cases was similar, within 1Hz 

or 0.5°C at this temperature. Therefore, the difference in etch rate is not due to the induced temperature 

difference. This may be explained by radiation-assisted etching. 

In principle, all photons with an energy above 1.35eV, or 918nm wavelength, can aid in overcoming the 

energy discrepancy between the weakest C-C bond and the H* energy, at 3.6 and 2.25eV, respectively. 

Using Planck’s radiation law, we find that the blackbody radiation peak of the HRG at 1700°C lies at 

1380nm. Therefore, a significant amount of photons at 918nm and lower are emitted by the HRG. A simple 

calculation could lead to the photon flux on the bare QCM surface. There are, however, too many 

assumptions to end up with a sound estimate for the photon flux on the carbon surface for chimney 

measurements. First of all, the chimney tubes lie shifted and at an angle of the line of sight between HRG 

and QCM. Therefore, only a minor part of the QCM is in line-of-sight with the HRG. Therefore, the 

reflectivity of the Macor surface has a dominant role in the irradiance of the carbon surface. This 

reflectivity is unknown and will most likely be different for different wavelengths. In addition, it is 

expected that the etch yield will increase more with higher energy photons, as (E)UV photons are 

suspected to significantly aid in carbon etching. This can be further investigated by placing a Macor and a 

sapphire plate between the HRG and QCM. Both will have the same effect on H* diffusion, very low due 

to their recombination coefficient, but sapphire is transparent between 150nm and 5500nm [74], whereas 

Macor will block all radiation. Comparing these etch rates will then lead to more clear results on radiation 

assisted etching. Another method would be irradiate the surface with a known wavelength during H* 

exposure while blocking HRG radiation. Then, the influence of different wavelengths on the etching 

process can be investigated. 

For the stainless steel chimneys, the etch rate of kinked chimneys is higher than that of the straight 

chimneys. This is most probably due to the chimney design. All straight chimneys consist of a solid cylinder 

with the same width of 30mm. To create different internal widths, a hole is drilled in the center. The 

diameter thereof is thus the internal diameter. The stainless steel kinked chimneys, however, are two 

pipes with a wall thickness of 1mm welded together at an angle of 90°. This thinner structure allows for a 

larger rise in chimney temperature than a straight chimney would have. This higher surface temperature 

is expected to reduce residence time of physisorbed hydrogen radicals at the chimney surface, thus 

decreasing wall recombination. The COMSOL model outcomes in figure 11 show the high sensitivity of 

stainless steel chimneys, with γ=0.1, to this effect. Even a minor change in recombination coefficient of 

the stainless steel wall can cause a major difference in final throughput. For a 5mm diameter, 42mm path 

length, the transmission difference between a chimney with a wall recombination coefficient of 0.1 or 

0.05 is an order of magnitude according to the COMSOL model.  

In figure 29b, the etch rates as corrected by the modeled transmission are shown. As expected and 

explained in section 4.4, the virtual transmissions of the chimneys are higher for chimneys with a smaller 

diameter. The transmission is underestimated for these tighter chimneys, so the correction leads to an 

overestimation. This is consistently the case for the found values.  

A sharp eye may notice that virtual chimneys etch rates are higher than those measured by the bare QCM. 

This is of no surprise, as the H* density at 42mm, the entrance of the chimney, is higher than at 0mm from 

the surface and minimal loss is expected for this chimney with its width and Macor walls. With the DVL 

samples, a profound factor 2 increase in etch rate between base and 42mm height was found. Even with 



 

44 
 

the relatively large error margin in the DVL measurement, a higher flux of radicals is expected closer to 

the HRG. 

What does become clear from figure 29b, is that the increase in etch rate of the DVL samples at different 

heights is majorly influenced by the heating of the sample. These samples showed a 4x higher etch rate 

for 70mm with respect to 42mm height. However, as we can see from both the corrected and the 

uncorrected etch rates, the difference is much smaller. This small difference for increased heights can be 

attributed to the fact that the H* recombination coefficient of the stainless steel vessel walls is 0.1. Thus, 

90% of H* flux from the HRG is returned to the vessel. On the other hand, there is a continuous flow of 

hydrogen gas diluting the H* density. However, even taking this into account, the H* density is not 

expected to fall quadratically with distance from the HRG, as found using DVL samples. 

Using the 10mm kinked, 42mm path length Macor chimney, which is the least questionable of the used 

chimneys, we find an etch rate of 0.51±0.03nm/h. This can be related to a hydrogen radical flux of 

(2±1)·1017cm-2s-1 using the etch yield of Y=7±4·10-6 at 67°C surface temperature. From table 4 we can recall 

that with a DVL sample at this height, a H* flux (2±1)∙1017cm-2s-1 was found. 
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7 Suppression of plasma species by chimneys 
With the introduction of a plasma in the vessel, the hydrogen radical is not the only species which can 

etch carbon from the QCM. As ions are able to both etch on their own and assist in the etching process 

and electrons can aid in the removal of carbon, chimneys are required to make sure these species do not 

reach the surface.  

Unless specified otherwise, the pressure in the vessel is 5.0±0.1Pa, the ECR power is 97±1W and the 

temperature of the QCM thermal block is 67±2°C. For most of the comparison measurements, a Macor 

chimney with 42mm path length, 5mm diameter and a 90 degree kink halfway was used. This specific 

chimney was chosen as the ion and electron flux through this chimney are expected to be lowest with low 

loss of H* through recombination in the chimney. 

7.1 Results 
In figure 30a the etch rate for a bare carbon-coated QCM and one with a kinked Macor chimney of 5mm 

diameter and 42mm path length are shown. It shows clearly that the etch rate suppression with this Macor 

chimney is two orders of magnitude with respect to the unprotected carbon coating. Figure 30b shows 

the etch rates of different chimneys. The indicated length refers to the path length and the diameter is 

the internal diameter of the chimney. The figure shows that etch rate increases with chimney diameter 

and decreases with path length. Figure 31 depicts the corrected data of figure 30b, using the same 

COMSOL model outcomes and procedure as figure 29b. 

  
    (a) (b) 

Figure 30: The suppression of a chimney with respect to a bare QCM (a) and with respect to others (b). 

The chimney used in (a) is 5mm in diameter with a path length of 42. The path length of the chimneys in 

(b) is given in the legend. The lines between points serve as a guide to the eye. 
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Figure 31: Carbon etch rates under ECR exposure with different chimneys, corrected with the H* loss in 

the chimney structure as calculated by the COMSOL model. The “Virtual” ER is the result of this 

correction, as if the QCM were placed on top of the chimney, thus: virtual etch rate. 

 

7.2 Discussion of chimney performance in ECR plasma 
Figure 30a and b shows clearly that a chimney, regardless of the chosen dimensions, suppresses the etch 

rate and thus transmission of several species. The question that remains unanswered by these graphs is 

whether the etch rates are dominated by the chemical erosion by hydrogen radicals or still by other 

species like e.g. ions. The first thing we notice in figure 31 is that the differences between suppression of 

species by different chimneys is at least one order of magnitude greater than that seen for HRG 

measurements in figure 29b. In figure 30a, a reduction of 2 orders of magnitude due to the chimney is 

shown. Research in a similar setup by Van der Horst [25] has shown that the ion flux on a surface for the 

used conditions lies around 1019 ions/m2/s with a radical flux of 1021H*/m2/s. As the ion etch yield lies 

around 10-1-10-2 and the radical etch yield around 10-4-10-6, a transition from ion-dominated etching to 

radical-dominated etching is expected from a reduction in etch rate of 2 orders of magnitude. The 

observed reduction is right in this transitional region. A minor amount of ions and electrons may be able 

to reach the surface of the chimneys, which may explain the differences in etch rates. Therefore, these 

differences between chimneys need to be understood better to know whether the ion and electron flux 

is suppressed sufficiently. 

It is known that the COMSOL model overestimates the loss in chimneys smaller than 12mm diameter, 

while it underestimates the loss in wider chimneys, as explained in chapter 4.3. Therefore, a decline in 
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virtual etch rate for increasing diameter is expected. The Macor chimneys with 42mm and 70mm path 

length, exhibit this behavior as shown in figure 31.  

On the other hand, the straight stainless steel do not, as shown in figure 31. This is likely because the 

stainless steel chimneys are highly sensitive to changes in their recombination coefficient which can be 

caused by an increase in chimney surface temperature, which may be different for the 10mm and 15mm 

chimney as the 15mm chimney has thinner walls than its 10mm counterpart. The external diameter of 

these two chimneys is the same, which is where the origin of these different wall thicknesses lies. This is 

most likely the case for the kinked stainless steel chimney as well, as these are made from 1mm thick 

stainless steel tubes and are thus even more sensitive to changes in temperature. Similar observations 

were made under HRG exposure, as discussed in section 6.3. This effect can be investigated by measuring 

the recombination coefficient for stainless steel as a function of surface temperature of these stainless 

steel chimneys. While this proposed experiment will give more knowledge in the temperature dependent 

behavior, the differences can also be overcome by ensuring better temperature stability of the chimney. 

For instance, a thicker wall for both chimneys, so that their difference is negligible, would make the effect 

non-apparent. Another method would be to actively control the temperature of the chimneys.  

On the other hand, a similar effect as for these larger stainless steel chimneys is at play. The COMSOL 

simulations for different recombination rates in section 4.4.2 show that the transmission in a Macor 

chimney is not as sensitive to changing recombination rate as that of stainless steel. Therefore, this change 

is most likely not caused by this effect. A wide, straight chimney is expected to allow a higher transmission 

of directional species. Therefore, this effect in Macor chimneys may be caused by a low residual ion flux 

onto the surface. A similarly low ion flux may also be at play in the wider stainless steel chimney, but this 

effect may be convoluted with the reduction in recombination coefficient through heating as discussed in 

the previous paragraph. 

In addition, the UV photons present in the plasma could also aid in the etching of carbon. These are also 

unable to reach the carbon surface with a kinked chimney and are suppressed by a longer chimney. A 

larger diameter chimney, however, does allow these to reach the surface. This may lead to an 

overestimation of ion suppression upon interpretation of figure 31. This effect may be minor, but requires 

further investigation before drawing conclusions in ion transmission. The photon-assisted etching effect 

could quite easily be investigated in an HRG setup with a UV source. This way, no ions are present and 

only H* with UV are responsible for etching. 
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Figure 32: Normalized etch rates of carbon under HRG, ECR and chimney (Macor 5mm diameter, 42mm 

path length, kinked) for different temperatures. The HRG and chimney-covered etch rates follow the 

same trend, the ECR etch rate behaves differently. 

The temperature dependent etch rates for exposures under HRG, ECR without and ECR with chimney are 

shown in figure 32. The used chimney in this case is the 42mm path length, 5mm diameter kinked 

chimney. It is clear that the chimney covered and HRG etch rate follow the same temperature 

dependency. The bare ECR exposed sample, however, shows a different characteristic. This further 

enforces the assumption that the etch rate of the sample shielded by this chimney is governed by chemical 

etching by hydrogen radicals only. 

Using the virtual etch rate of the 42mm path length, 5mm diameter kinked chimney assembly, and data 

from a comparable setup (Castor) with the same ECR source, sensor performance in plasma can be 

compared to an established technique. This result is shown in figure 33. 

 

Figure 33: Hydrogen radical flux measurements in comparable setups with the same ECR source, H2 

pressure and power. VUV absorption was used to determine H* densities in Castor, the assembly with a 

kinked 42mm high, 5mm diameter chimney used in this setup. 
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From the result in figure 33, one could say that the sensor does not work properly. This could be a fair 

point, but the difference can be explained from three different phenomena. First of all, the geometry of 

both setups can lead to vastly different plasma parameters. Simulations show high dependencies of all 

plasma parameters on the geometry around the ECR source. [75] Secondly, the corrected virtual etch rate 

for this chimney is known to be too overestimated by the COMSOL model, as shown in figure 31. Thirdly, 

the etch yield of hydrogen radicals under lower densities can increase by several orders of magnitude, as 

shown by Donnelly et al. [76]. The combination of these three errors towards higher fluxes can thus be 

the reason for the overestimation of the radical flux. 
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8 Conclusion 
The first conclusion we can draw with reasonable certainty, is that a carbon-coated QCM shielded by a 

kinked Macor chimney with 42mm path length and 5mm internal diameter can work as a H* measurement 

device in plasma. The temperature dependency of etching with this chimney mounted is the same as that 

of a carbon sample under HRG meaning that the suppression of etch rate is sufficient to only be caused 

by H*. However, the etch yield of carbon by hydrogen radicals for different fluxes needs to be understood 

better to convert the measured etch rate to a hydrogen radical flux. 

The model behind the correction for chimney transmission needs improvement, but it is clear where this 

can be implemented. The COMSOL model in this research overestimates the losses of chimneys with a 

diameter smaller than 12mm and underestimates these for a larger diameter. This can be improved by 

applying two regions of diffusivity in the chimney model: one for the cavity and one for the chimney itself. 

This overestimation was observed for radicals in both HRG and ECR exposure. 

Under solely hydrogen radical exposure, other chimneys behave similar to what is expected from model 

outcomes, with relevant reservations. Stainless steel chimneys result in a high loss of flux and therefore 

in a high measurement error. In addition, the high recombination coefficient of stainless steel has also 

proven to be unstable and of high influence to measurement outcomes. Therefore a material with a low 

recombination coefficient (e.g. Macor) needs to be used to produce the walls of chimneys. 

Upon ECR exposure, there are some more reservations to be made. The straight chimneys with a diameter 

larger than 10mm seem to show an additional etching species. Kinked chimneys do not show this 

behavior. It is unclear whether this is due to a minor residual ion or electron flux, or if radiation enhances 

the etching of the carbon surface by hydrogen radicals.  

The cavity between the chimney and the carbon-coated QCM has an overwhelming contribution to the 

transmission loss of the structure as a whole. The diffusional flux through the chimney is limited by the 

low diffusion coefficient. The cavity causes major losses for the final flux on the carbon surface by 

dispersing the hydrogen radicals over a large surface area with high recombination coefficient. 
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9 Outlook 
The ultimate goal of this research was to develop an etching sensor for in-situ plasma diagnostics. The 

used chimneys have proven to deliver insufficient results for several practical reasons. Luckily, these can 

be improved. 

First of all, the loss in the cavity of the QCM holder in this design is very large. This loss term, combined 

with the low diffusion coefficient in the chimney leads to a low transmission of the chimney. This can 

easily be improved by coating all surfaces with a low-γ material, like glass-like ceramics. In addition, by 

eliminating the cavity as much as possible, which should be achievable with better-fitting chimneys, the 

spreading loss is also minimized. This improvement will enhance transmission by one to two orders of 

magnitude, depending on the chimney of choice. By filling the cavity with low-γ material, the transmission 

approaches that of a chimney placed directly on carbon, as modeled in section 4.4.1. 

After minimization of cavity loss, the second improvement can be made in the chimney design itself. The 

results and simulations have shown that kinks and path lengths in a chimney with a low wall 

recombination coefficient do not have a noticeable effect on the COMSOL corrected H* transmission. As 

kinked chimney designs also cover the carbon surface from radiation, this design is preferred. A kinked 

low-γ design could also involve a sapphire surface. If the whole kinked structure is chosen to be made 

from a transparent material like Pyrex or sapphire, it should be backed with a non-transparent material 

to ensure photons do not reach the surface. This is especially the case for materials which are transparent 

for high energy photons, as these are suspected to have the greatest influence on the etching of carbon 

by hydrogen radicals. 

The thermal stability under exposure was a bottleneck for measurement time. For industrial purposes, a 

pre- and post-relaxation time of several hours is simply not feasible. The heating of the chimney and direct 

heating of the QCM by exposure to HRG or plasma heat flux were the bottlenecks here. By incorporating 

water cooling in the chimney and improving the cooling of the QCM thermal block, this stability effect can 

be minimized. By using a metal, temperature controlled chimney coated with a ceramic material, low loss 

of radicals can still be ensured, while also ensuring better temperature control. In addition, using a QCM 

which is optimized for the working temperature range will also decrease temperature induced 

measurement errors. 

The etch yield by radicals, and therefore sensitivity, can be further improved by using a pre-hydrogenated 

carbon layer, like a:C-H. This will decrease lifetime. However, the footprint of a QCM (2x2cm) with respect 

to the whole structure is minor, so one could also think of multiple QCMs in a sensor setup where all but 

one are covered. This way, the sensitivity is improved while also ensuring sensor lifetime. 

Another point that has been left unaddressed in this research, is whether the etch yield of a hydrogen 

radical depends on the hydrogen radical flux. As hydrogen radical fluxes in lithography tools are expected 

to lie around 1017-1019 H*m-2s-1, which is several orders of magnitude lower than in this research, there 

may be a major difference in found etch rates and the actual fluxes when using a constant etch yield. By 

using lower transmission chimneys or a lower bulk radical density, which can be achieved by a low 

temperature HRG for instance, and a second method of radical measurement, more insight on this process 

can be achieved. In addition, the measurement performed on the etch yield of the used carbon sample 

should be improved as well. The used method, using another sample with large uncertainty for 

comparison, causes stacking of errors. A more direct measurement could involve HRG exposure with a 
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heat flux sensor, shielded form radiative heat from the HRG, or a catalytic probe to measure the H* flux. 

VUV adsorption could also be used, but the integrative nature of this method is not ideal as the QCM will 

give a very local measurement. Then comparing the etch rate as measured with the QCM, the etch yield 

of the applied carbon layer can be understood better.  
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