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1 Introduction

1.1 Nanostructuring of surfaces

The ability to manipulate matter on the nanoscale offers an unprecedented potential

for new technological applications in fields such as energy harvesting and storage, opto-

electronics and medicine. Compared to bulk materials, nanomaterials exhibit enhanced

optical, electrical and magnetic properties that arise due to nanoscale quantum and

surface phenomena [1–3]. Already in 1959 Richard Feynman discussed the concepts of

nanotechnology in his famous lecture ’There’s Plenty of Room at the Bottom’ [4]. Two

decades later, after the invention of the scanning tunneling microscope in 1981 [5] and

the discovery of the "buckyball" in 1985 [6], nanotechnology started to advance, and

since then it has rapidly been expanding towards various research fields. In particular,

carbon-based nanostructures have attracted a lot of the research attention because of

the many allotropes that exist due carbon’s flexible bonding nature. Examples of these

include carbon nanotubes [7], nanosheets [8, 9], nanocones [10], nanodiamond films [11],

nanowalls [12, 13], and graphene [14] of which some are depicted in Fig. 1.

Fig. 1 | Illustration of several carbon allotropes. a) polycyclic aromatic hydrocarbon, b) graphite,
c) amorphous carbon, d) C60 "buckyball", e) single-wall carbon nanotube, f) nanodiamond. Adapted
from Ref. [15]

Two main approaches are currently being applied to synthesize nanomaterials: I) the

top-down approach, in which larger structures are etched or milled down to the desired
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nanoscale shape, and II) the bottom-up approach, in which materials are engineered

from atoms or molecular components by assembly or self-assembly [16]. While most

contemporary technologies such as lithography rely on the top-down approach, bottom-

up techniques have received increased interest because of its higher processing speed and

lower cost [17].

Among the various bottom-up techniques [17], plasma-aided nanofabrication is a

commonly applied method [18]. In this fabrication process the plasma transfers significant

amounts of energy and matter to local sites on the surface, driving it out of equilibrium.

This enables the material to be redistributed over the surface where it can be consumed

in the formation of meta-stable structures. If the formation rate of these structures is suffi-

ciently fast, the plasma-surface system is inhibited to fall back into its thermodynamically

defined equilibrium (basic) state. These non-equilibrium structures can then be retained

(i.e. ’frozen’) in their desired metastable state due to (advantageous) effects caused by the

plasma. These effects include the reduction of the number of back-reactions into lower

order structures (the local heat transfer allows for a lower surface operating temperature

than for physical vapor deposition methods), and effective means for surface passivation,

e.g. through hydrogenation [18]. The plasma nano-assembly is thus a self-organizing

process driven by non-equilibrium conditions. The higher the non-equilibrium, the

more options arise for growth of unusual, exotic structures. These materials may posses

properties that can be exploited for future applications, which warrants its exploration.

1.2 Extreme high-flux plasma condition

An example of an extreme non-equilibrium environment is energetic particle bombard-

ment at high-flux. This condition typically exists when gas or plasma of sufficient temper-

ature and density is exposed to a surface. Typical environments are the exhaust section

(the so-called divertor) of fusion reactors [19], the heat shield of spacecrafts during re-

entry [20], the acceleration channel of plasma thrusters [21, 22] and the sample surface of

plasma-assisted chemical vapor deposition (PE-CVD) setups used for diamond synthesis

[23, 24]. Whereas, for the latter three applications the power deposition mainly occurs

through neutrals or electrons, in the divertor of fusion reactors this is mainly caused by

energetic ions. The particle flux of the latter can exceed �1023 m�2s�1 in steady state

operation [25]. At first sight, it might be hard to believe that such an aggressive environ-

ments would result in the synthesis of delicate nanostructured materials, rather than lead

to destruction by sputtering, melting and evaporation of the surface material. However,

many different types of nanostructures have been found experimentally [26–36].
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Fig. 2 | Ion bombardment environments as a function of ion flux and energy. Image from Ref.
[37].

This high-flux plasma exposure can lead to two important effects [38]. First of all,

due to the high plasma density the plasma is strongly coupled to the surface. The typical

distance which eroded species travel before collision (the so-called mean free path) is

much smaller than the plasma size. This means that most eroded species undergo many

collisions (i.e., chemical/physical reactions) on the surface and in the plasma before they

eventually are lost to the system1.

Secondly, due to the extreme ion fluxes (% 1024 m�2s�1), each surface atom is visited

every 10µs or less by a bombarding ion, which is shorter than the (thermal) residence

time of weakly chemisorbed species, and in the range of relaxation times for vacancy

and interstitial diffusion, phase transformations and chemical reactions [37]. In addition,

the incoming low-energy ions (<10 eV) particles have a kinetic energy in the range of

inter-atomic bindings energies and can therefore transfer their energies very efficiently to

surface ad-atoms, thus enhance surface diffusion and reactivity [18].

The combination of both effects drive the surface far out of equilibrium, and may

thus provide a productive environment for the synthesis of nanostructures. The effect

of the ion flux increase on the synthesis of nanostructures was demonstrated - although

1In addition, due to the strong confinement of the eroded and recycles species, synergisitic effects can
become important, i.e. where the combined exposure of multiple species leads to enhanced etching [39–42]
or deposition [43] as compared to the sum of individual yields of each species.
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at significant lower base flux density - in experiments with magnetically enhanced arc

discharges. It was shown that by increasing the plasma density and temperature through

magnetic fields [44, 45], the length of single-walled carbon nanotubes was increased [46]

and it provided conditions for one-step synthesis of large-scale and high-quality graphene

flakes [45, 47]. The effect of the ion flux was also shown in numerous plasma processing

of other (non-carbon) films and structures [48].

Investigation in the range of high-flux plasma remained largely unexplored, however,

predominantly due to the lack of experimental devices which can produce such high

fluxes. The last decade, however, an unique plasma surface interaction (PSI) facility has

been established at the Dutch Institute for Fundamental Energy Research (DIFFER), which

includes the experimental devices Pilot-PSI [49, 50] and Magnum-PSI [51], so-called linear

plasma generators, that can produce plasma fluxes in excess of 1024 m�2s�1 (for further

details, see section 3.1). Dedicated experiments have demonstrated and led to a fairly

good understanding of controlled nanostructure synthesis on various metal materials (W,

Mo, Fe, Ti, Al, Cu) by high-flux plasma processing [52–55]; however, for nanostructuring of

carbon surfaces several underlying processes have to be clarified [56–59]. Studying these

carbon nanostructuring processes is the goal of this thesis.

1.3 Complexity of the H plasma-carbon system

In order to understand the carbon nanostructure formation by high-flux plasma process-

ing we have to introduce its basic interactions. To start with, the source of building units

is provided by emission of carbon (and hydrocarbons) by bombardment of ions from the

plasma.

Carbon emission processes

A vast amount of knowledge on the release of hydrocarbon and carbon species by energetic

particle bombardment has been gained from wall material studies in fusion research [60].

Dedicated experiments were performed on tokamaks [25] and ion beam setups [61, 62],

in conjunction with development of theoretical models [62–65].

Early work by Horn et al. [65] and Küppers [63] on exposure of thermal hydrogen

neutrals on graphite samples shows that these neutrals can chemisorb at the surface

which will consequently result in significant hydrogenation. Eventually, weakly bound

hydrocarbon groups emerge on the developing amorphous carbon (a-C:H) network which

can thermally desorb if the surface temperature is sufficiently high (> 100 oC), resulting

in so-called chemical erosion. On the other hand, this process is mitigated at high tem-
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peratures (% 300 oC), where hydrogen desorbs through surface recombination, leading

to a reduction of the concentration of hydrocarbon groups (i.e. a shift from sp2 to sp3

hybridization states) at the surface. Hence, the erosion rate peaks at a surface temperature

of around 300 oC. Moreover, at even higher surface temperature, i.e. in excess of 1800 oC,

thermal sublimation occurs, independent of the flux of hydrogen neutrals [66, 67].

In the case when surface is bombarded with ions, the situation becomes more complex.

Ion impact results in irradiation damage to the lattice, resulting in enhancement of the

yield of chemical erosion, so-called ion-enhanced chemical erosion [60]. Additionally, the

release of weakly bound hydrocarbon by nearby ion impact provides another erosion

mechanisms, referred to as near-surface sputtering [60]. For energies exceeding 30 eV

physical sputtering becomes significant, which is the release of carbon atoms due to direct

momentum-transfer to a surface C atom from an impinging ion. Based on the input of

various experiments and theoretical models, the latter three processes could be corre-

lated with quantities such as the ion energy, ion flux, isotope mass, surface temperature

and surface state [62, 25], and analytically described by the semi-empirical Roth-Garcia-

Rosales model [64, 65]. Furthermore, under the same ion energy condition Eion % 30 eV

but additionally a surface temperature of% 1200 oC, sublimation was found to occur below

aforementioned threshold, and is referred to as radiation-enhanced sublimation (RES)

[66].

The Roth-Garcia-Rosales model of chemical sputtering corresponds well with experi-

ments up to an ion flux of about 1 �1021 m�2s�1. For higher ion fluxes, however, a strong

decrease of the gross erosion was observed. To quantity this effect, Roth et al. [25] col-

lected sputtering yield data from several tokamaks and linear plasma generators up to an

ion flux of 6 �1023 m�2s�1 and normalized the data to the maximum erosion temperature

(300–700 oC) corresponding to each ion flux, and to an ion impact energy of 30 eV. This

data is depicted in Fig. 3. The correction equation:

Ycor�E , Ts,Γ�� Y �E , Ts,Γ�
1� �Γ©Γ0�0.54 (1)

was derived to adjust for the lower yield at higher flux, based on the uncorrected sputtering

yield Y �E , Ts,Γ� and constant Γ0 � 6 �1021 m�2s�12. The underlying reason for this flux

effect remained unresolved, however [25], although several causes have been suggested

[69–71, 68, 25].

To summarize, depending on the ion energy, surface temperature and ion flux, dif-

ferent carbon release mechanisms are dominant. The domains where each contribution
2Although the correction equation was initially derived for surface temperature Tmax, it was proposed

to be valid for all temperature [25, 68].
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Fig. 3 | Gross sputtering yield of graphite as a function of ion flux. The yield was measured at
different experimental devices for an ion energy of 30 eV and surface temperature at Tmax (the
optimal erosion temperature). Image from Ref. [25]

dominates the overall yield is depicted in Fig 4. The yields were determined using the

equations set presented in Ref. [72], and the ion flux was assumed to be 1 �1024 m�2s�1.

For most devices operating at high-flux plasma conditions, the ion energy is typically

1-100 eV, while the surface temperature is usually $ 2000 oC, hence the primary carbon

emission process for high-flux plasma exposure is chemical sputtering (i.e. near-surface

sputtering and chemical erosion).

To verify the underlying processes of the carbon sputtering processes at the nano/micro-

scale remained very challenging. In this regard, atomistic simulations by Molecular Dy-

namics (MD) have proven to be indispensable. In these simulations pure graphite or

pre-constructed a-C:H samples (to which graphite samples are found to evolve [60]) are

bombarded with energetic hydrogen, to provide insight into the elementary reactions and

emission processes at the atomic level [73–83]. Unfortunately, due to severe time-scale

limitations, the flux in these simulations typically exceeded the flux range of experiments

by at least four orders of magnitude, i.e. the simulated time between impacts was thus

very short (typically 1 ps, instead of % 1 ms), and similarly this was the case for the overall

simulated time. Hence, these these simulation are restricted to very fast processes, such as

adsorption, reflection and ion-induced sputtering. Longer time-scale (thermal) processes

such as desorption of weakly bound species [84], hydrogen surface diffusion [85] or re-

laxation phenomena [86, 87], are commonly inaccessible. Several approaches have been

developed to speed up the simulations, such as accelerated MD [88–91]. At the outset of

this work, these methods had however not been applied to hydrogen ion-graphite inter-
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Fig. 4 | Carbon emission type as a function of ion energy and surface temperature. Includes
near-surface sputtering, ion-enhanced chemical erosion, physical sputtering, radiation enhanced
sublimation (RES) and sublimation (equations set is taken from Ref. [72], and the ion flux was set to
1 �1024 m�2s�1). Low erosion is here defined as a yield below 10�4. The dashed box shows the typical
range of high-flux plasma devices.

actions yet, mostly because they are not trivial to implement. Such extended timescale

simulations might however be able to shed light on the aforementioned flux effect [68].

Despite the mentioned research on chemical sputtering, investigation in the range of

high-flux plasma remained ill-explored, mainly due the aforementioned lack of adequate

plasma devices. Recently, however, several experiments were performed on the linear

plasma generator Pilot-PSI up to an ion flux of ΓH � 4 � 1024 m�2s�1. Westerhout et al.

[92] has performed a systematic study of the sputtering yield as a function of flux. The

sputtering rate was determined by two methods. In the first method, the gross erosion was

measured by means of the emission intensity of the CH A-X Gerö band around 430 nm,

a method commonly applied in fusion reactors [93]. This emission originates from the

dissociation reaction chain of sputtered hydrocarbon molecules in the plasma, where the

sputtered hydrocarbon molecule is first ionized by a charge exchange reaction with a H

ion, and then undergoes a dissociative recombination (DR) reaction with an electron [94].

The latter exothermic DR reaction can result in an excited CH radical3, whose emission is

3This is a different mechanisms as in fusion reactors, where Te % 3 eV, and electron-impact excitation is
dominant [95].
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a measure of the number of sputtered hydrocarbons in the plasma for a given integration

time at a given time, i.e. this provides the gross erosion rate. The calculated gross erosion

yield was found to range from 0.006 to 0.06 around ΓH � 1024 m�2s�1. While a dependence

on the ion flux was suggested, the correlation with the surface temperature (ranging from

300–700 oC) could not be excluded independently, and was likely one of the factors causing

the variation. Additionally, it was found that the upper bound of Ytot � 0.06 was an order

of magnitude higher than expected based on the Roth-Garcia-Rosales model. The second

method was post-mortem surface profilometry, used to determine the net erosion yield.

It was found that under certain conditions (Te % 1 eV) the net-erosion and gross erosion

deviated, which was explained by local re-deposition. The effect of redeposition by high

density plasma and a shift in plasma chemistry towards enhanced ionization at higher

electron temperatures (% 0.5 eV) were suggested to play a role, but this was not further

quantified.

Re-deposition and carbon migration

In a follow-up work by Bystrov et al. [96] the re-deposition fraction was determined as

a function of ion energy using the same method as described above. The redeposition

was found to increase sharply for low energy ions in the eV range, and then saturated in

the energy range 20–60 eV. In the saturation region the re-deposition was found to be

locally up to 90%, demonstrating that carbon escape was significantly limited. Strong

erosion and redeposition leads to enhanced transport of carbon over the surface, hence

an experiment was performed where methane gas was injected in the plasma through

a pinhole in the center of a Mo sample [58]. By 2D imaging, it was shown that the axial

and radial dimensions of the plume (the typical travel range), were on the order of a

millimeter, consistent with the post-mortem observed deposition radius. This length scale

corresponds to the charge exchange mean free path of the hydrocarbon molecules.

The redeposition and transport was also studied in more detail by van Swaaij et al.

[97] using a 3D Monte Carlo simulation code named ERO, which was initially developed

for the JET tokamak [98, 99]. In this code the trajectory of sputtered test particles was

followed through the given hydrogen background plasma, and the collisions with the

other plasma species was calculated4 [100]. The results show that the average number of

recycling events before a hydrocarbon molecule leaves the surface strongly increased with

electron density up to 19 cycles at ne � 4 �1020 m�3.

4In contrast to previous versions of the ERO-code, electron-impact de-excitation (so-called quenching),
which is important for high density plasma, was included as well



1 Introduction 11

The described sputtering and re-organization phenomena led to a variety of rede-

position patterns, which morphology was found to primarily depend on the surface

temperature [96]. Using above mentioned injection experiments it was shown that at

surface temperature below 230 oC hydrocarbon films were formed, while above 530 oC re-

deposition concurred with the formation of fractal-shaped carbon microparticles (MPs).

The same microparticles structures were also observed in the case of plasma exposure

on graphite samples. The formation of the MPs was attributed to gradients in the plasma

and surface conditions: the periphery has a surface temperature close to the surface

temperature for maximum erosion, while the center has a low erosion rate due to the

high surface temperature in combination with a peaking ion flux density. Hence, the

gradients effectively causes carbon to migrate from the erosion dominated periphery to

the deposition dominated center of the sample.

The surface morphology was also studied in more detail by postmortem analysis using

scanning and transmission electron microscopy. The results show that besides spherical

carbon microparticles, several other nanostructures can grow as well, including carbon

nano-onions and hemispherical carbon microparticles. Nevertheless, due to the majority

of spherical MPs, it was suggested that growth occurs predominantly by homogeneous,

volumetric growth. The interior of the MPs comprises carbon nanowall (CNWs), which

are commonly observed in plasma enhanced chemical vapor deposition (PECVD) setups

operated with a Ar/CH4 gas mixture [101, 102]. The exact growth processes of CNW

is on-going research, in particular it is currently being debated whether the formation

occurs by direct aggregation of hydrocarbon radical flux from the plasma [103] or via

surface diffusion of radicals [104, 105]. In order to clarify this issue, future research

using accelerated MD could again be insightful as it can demonstrate possible growth

mechanisms on atomic scale.

Plasma chemistry and clustering

Despite the indication of bulk growth in the gas-phase, it remained unclear what are the

mechanisms of initial nucleation (i.e. the seed of the particle) and its conditions. Yet,

nucleation of small particles in plasma has extensively been studied in lower density

plasmas.

The studies on plasma chemistry show that in hydrogen plasmas a wide variety of

collisions can take place between the electron, neutrals, and positive and negative ions

[106, 107], and this number increases even further (quite dramatically) in the case when

hydrocarbon species are added. The reactions can be categorized in two groups: dis-
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sociation and attachment reactions5. Various of these attachment or so-called cluster

reactions were listed by De Bleecker et al. [110] (later extended by Mao et al. [111]) for

low-temperature acetylene plasmas. It was shown that initially electron-induced reactions

(ionization, dissociation, attachment, and vibrational excitation) decompose the acety-

lene feed gas into reactive precursors. Step-wise addition of C2H2 with these precursors

can consecutively lead to the formation of large molecules. While both neutral, positive

and negative precursors pathways were identified, it was pointed out that the growth of

large clusters would most likely occur via the anions. Due to their charge they are not lost

to the walls as is the case for positive species, and their reaction rate is much higher than

for neutrals. This was found to be consistent with the mass spectroscopy measurements

performed by Deschenaux et al. [112], and confirmed by later work in Hong et al. [113]

and Winter [114]. These studies did not however consider the formation of polycyclic

aromatic hydrocarbon (PAH) molecules, which can be significant at elevated gas tempera-

ture of 600–800 oC [115]. More recently, these PAH molecules reactions were implemented

in a numerical model developed by Hassouni et al. [116], which simulates the plasma

chemistry associated to dust growth in Ar/H2/CH4 discharges used for diamond synthesis

[117]. However, the exact plasma chemistry pathways at high density, low temperature

plasma remains to a large extent unexplored.

It is widely known that formation of large clusters eventually results in nano/micro-

scaled ’dust’ particles. In fact, dusty plasmas has been an active topic of research since

its discovery in the thin-film industry [118, 119, 117, 120]. Dedicated experiments have

mainly been conducted in low-pressure RF and DC discharges [121, 122, 112, 123, 113, 124–

127]. According to the review by Bouchoule [128] dust particles are commonly grown in

four phases: 1) formation of large ion or neutral precursors, 2) nucleation into protoparti-

cles of �1 nm, 3) agglomeration of protoparticles into larger particles, 4) further growth

by surface accretion of radicals and ions. Despite this general volumetric gas-phase

nucleation pathway, it was found that dust particles can also grow in the harsh plasma en-

vironments of tokamaks through alternative mechanisms, for instance by [114]: flaking of

redeposited layers through thermo-mechanical fatigue after multiple plasma shots, brittle

destruction of graphite during transient heat loads, and agglomeration of supersaturated

vapor in the case of significant sublimation and RES. Dust formation in low temperature,

high density plasma environments is still ill-explored, however, and the questions remains

what growth mechanisms are prevailing.

5Noteworthy, attachment reactions are typically not included in the established database for plasma
chemistry reactions in hydrocarbon and hydrogen plasmas for fusion research [108, 109].
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Particle dynamics

Another point to address is on the dynamics of the particles in the plasma, e.g. how

they deposit on the surface. Particle dynamics have been been widely studied both

theoretically as well as experimentally [128–131]. A variety of forces were found that work

on the particles, which includes the neutral and ion drag force, the electrostatic force, the

dipole force, the thermophoretic force, the Lorentz force and the gravitational force. In

the derivation of these forces, it is often assumed that the local Debye length (typically

λD � 1–0.01 mm,) is considerably larger than the particle radius (typically a $ 1µm),

which permits the use of the orbit-motion-limited (OML) theory [132–134]. For the case

of low-temperature high-density plasma, however, the local Debye length is significantly

smaller (�1µm), while the particles are of similar size (�10µm [59]). Accessing this

regime can have a significant effect on the screening of the particle and hence the particle

floating potential and particle charge Q. Screening is however non-trivial to include

adequately due to the so-called absorption radius effect [135, 136]; for large particles

the particle potential profile exhibits barriers. These barriers results in reflection of a

fraction of the incoming ions, which affects the charge distribution and thus the screening

length of the particle. Therefore, screening is typically neglected, which can result in

an underestimations of the charge by an order of magnitude [135] and a deviation of

the amplitude of related forces [128, 137]. This can be especially of significance near

the sample, where particles are repelled by the sheath electric field [67]. The partial

reflection of the ions also alters the ion drag force. Lastly, particle forces which are typically

neglected - the polarization and dipole force - become significant in the a % λD regime.

These forces have not often been studied, because they are typically neglected, even in

the dust transport codes for high-density plasmas such as magnetic fusion energy devices

[138–143].
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2 Goal of the thesis and outline

High-flux plasma processing has a high potential to be used as fabrication tool of unusual,

thermodynamically meta-stable nanostructures. Due to its flexible bonding nature, car-

bon nanostructures are particular interesting as test material to explore the possibilities.

However, high-flux plasma processing of carbon nanostructures lacks insight in several

key mechanism, as is apparent from the discussion above. Therefore, the main research

questions is:

What are the mechanisms of nanostructuring of carbon under high-flux hydrogen

plasma exposure?

This questions can be cut-down to several sub-questions. First of all, it is unknown to

what extent elementary PSI interactions alter under the non-equilibrium surface state

induced by high-flux plasma exposure. This may for instance provide insights into the

observed gross erosion drop with ion flux, Fig. 3. Hence the question:

What are the fundamental surface processes induced by high-flux plasma exposure?

Furthermore, it is unclear what processes lead to initial nucleation of the nanostructured

microparticles and its subsequent growth. This leads to the question:

What are the nucleation and growth mechanisms of nanostructured microparticles?

Lastly, the dust charging and transport dynamics in the a % λD regime is unexplored and

hence requires revision. This knowledge can then be applied to understand the process of

particle deposition. Therefore, the last question is:

How do particle fluxes and forces alter in a plasma where the particle size exceeds the

local Debye length?

In order to answers the first sub-question we performed atomistic simulations us-

ing Molecular Dynamics in collaboration with the PLASMANT group at the University

of Antwerp. A multilayer graphene sample was pre-constructed and bombarded with

hydrogen ions. To accelerate the time-scale, a recently developed acceleration method

was implemented, Collective Variable-Driven Hyperdynamics (CVHD). In this way, the

inter-impact time was extended by 6 orders of magnitude, so that thermal processes and

their effect on the chemical sputtering could for the first time be studied using atomistic

simulation. This work is elaborated in Chapter 1 and 2 of Part B. To answer the second

sub-question we performed experiments in the linear plasma generator Pilot-PSI. Along
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with its successor Magnum-PSI, these globally unique devices are the only machines6

currently capable of reaching the regime of high flux plasma, i.e. where the ion flux ex-

ceeds 1024 m�2s�1. In order to find the key processing parameter for nanostructuring,

highly-oriented pyrolytic graphite (HOPG) samples were exposed by a hydrogen plasma

under varying conditions, which were in-situ diagnosed with a variety of techniques

such as optical emission spectroscopy (OES), Thomson scattering (TS), infrared (IR) to-

mography and multi-wavelength pyrometry. Subsequently, the samples were extensively

studied post-mortem using multiple analysis tools, including (cross-sectional) scanning

and transmission electron microscopy (SEM/TEM), X-ray photoelectron spectroscopy

(XPS), Raman spectroscopy, energy-dispersive X-ray (EDX) spectroscopy and selected area

electron diffraction (SAED). This led to deeper insight into the nucleation and growth

mechanisms of the observed nanostructures, which is described in detail in Chapter 3 of

Part B. Finally, to answer the last sub-question the charging and force equations for the

specific regime a % λD were revised and modified. The conditions in the plasma sheath

were modeled, and the new charging and force equations were then used to find the

equilibrium position where the particle forces were balanced for each particles size, i.e.

with time. In this way the deposition process could be studied, which is further discussed

in Chapter 4 of Part B.

6With the exception of high-field, high-density Alcator C-Mod, which is recently permanently shut-down
[144].
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3 Overview of the research

3.1 Introduction to unique high-flux plasma processing

The unique regime of high-flux plasma exposure has mainly been motivated for the

investigation of plasma-surface interactions (PSI) in tokamak fusion reactors. PSI research

in these machines is very challenging due to poor in-situ plasma and surface diagnostic

access, and limitation of sample exchange or in-vacuo transfer to an ex-situ surface

analysis facility. Therefore, dedicated laboratory experiments were developed which can

reproduce the conditions in front of a specific part of the tokamak wall, in particular near

the exhaust region referred to as the divertor. A common feature is that the plasma is

produced separately from the region where it strikes the surface, which allows proper fine-

tuning of the plasma without undesirable feedback from the surface region far upstream.

Magnetic field coils are used to confine the plasma in a high-density linear plasma beam,

hence they are referred to linear plasma generators. The most notable devices are PISCES-

B [145, 146], NAGDIS-II [147], PSI-2[148], Pilot-PSI [49, 50] and Magnum-PSI [51].

Until recently, the maximum produced plasma flux in these linear plasma generators

was up to 1023 m�2s�1 for hydrogen, which is one order of magnitude lower than plasma

flux expected in the upcoming world’s largest fusion reactor, ITER. In 2007 however,

Pilot-PSI [49, 50] demonstrated a plasma flux in excess of 1024 m�2s�1 paving the way

to explore this new regime of high-flux plasma while bridging the gap with ITER [149].

In other plasma devices it is difficult to retain such a high-density plasma, especially in

the case of non-noble gasses such a hydrogen where charge transfer collisions of H ions

with molecular hydrogen followed by dissociative recombination (so called molecular

assisted recombination, MAR) results in fast plasma extinction [150, 38]. In Pilot-PSI and

Magnum-PSI these collisions are minimized to the edge of the beam by confinement of

the plasma using a strong magnetic field (<2.5 T for Magnum-PSI, <1.6 T for Pilot-PSI) in

combination with the use of a high density, high ionization degree (close to unity [151])

cascaded arc plasma source [152, 153]). In this plasma source the potential difference

between the cathode tip and the hollow anode plate is spontaneously adjusted depending

on the plasma resistivity, and the electric field guided towards the nozzle using several

electrically-insulated plates in the arc channel.

For the experiments of this dissertation, solely Pilot-PSI was used. A schematic diagram

of the machine showing the location of the main diagnostics used is depicted in Fig. 5.

In this device, the generated plasma expands supersonically into the vacuum vessel due

to a strong pressure drop as it exits the source (�100 to few Pa) and is confined along

the magnetic field in a beam, directed towards the sample. The plasma parameters
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are measured using a Thomson scattering system [154] installed 2.7 cm in front of the

sample. The typical peak values show a low electron temperature (1–2 eV), a high plasma

density (% 1020 m�3), and a Gaussian radial beam profile with a FWHM of �10 mm. The

plasma parameters can be tuned by varying the gas flow and discharge current in the

plasma source, the magnetic field strength and the background pressure. Ultimately, the

plasma strikes the water-cooled, electrically-biased or floating sample. Depending on the

applied bias voltage, the ion energy can be controlled, typically from�3 eV using a floating

substrate to 60 eV using an external DC biasing. The sample surface temperature resulting

from the subjected heat flux is measured in 2D by using a fast infrared camera and by a

multi-wavelength emissivity-independent pyrometer, pointing at the sample center. The

physics that governs the processing conditions – the ion energy, ion/heat flux and surface

temperature, is detailed in Appendix A. The plasma impurity content is (qualitatively)

determined using a single channel broadband spectrometer. This spectrometer is also

used to diagnose the gross carbon erosion by optical emission spectroscopy (OES) of

the CH radical [59, 95, 155, 156]. The absolute gross erosion equals the absolute CH A-

X emission intensity φCH
A�X divided by the photon efficiency of the CH molecules Πphot

(which depends on ne and Te):

ΓCH4
�

1
Πphot

φ
CH
A�X. (2)
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Fig. 5 | Schematic overview of experimental setup Pilot-PSI. The plasma is generated by a cas-
caded arc source (left), confined by a magnetic field and directed towards a water-cooled sample.
Several diagnostics are installed for in-situ plasma characterization and surface analysis.

3.2 Atomistic simulation of hydrogen-graphite processes

During the exposure of samples by high-flux plasma in Pilot-PSI, the surface is driven far

out of equilibrium due to the very short time interval between consecutive ion impacts.

In order to investigate the change in behavior between this high-flux regime and common

plasma exposure conditions, we conducted atomistic simulations using the Molecular

Dynamics (MD) method. This is a simulation technique which follows the trajectory of

atoms in a predefined system, using iterative integration of Newton’s equations of motion,

where the forces between the particles and their potential energies are calculated using

inter-atomic potentials. In this way the dynamic evolution of the system can be studied at

atomic level.

As already mentioned in the introduction, common MD simulations suffer from severe

time-scale limitation which restricts them to very fast processes while long time-scale

(thermal) processes such as desorption [84], diffusion [85] and relaxation [86, 87] are

commonly inaccessible. In our simulations, these time-scale limitations were solved

by implementing an acceleration method, Collective Variable-Driven Hyperdynamics
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(CVHD), which was recently developed in the PLASMANT group at the University of

Antwerp by Bal and Neyts [157, 158]. This is a generic implementation of the hyperdynam-

ics method,[90] where the waiting time between minima-to-minima transitions (e.g. the

breaking of a C-C bond) is reduced by adding a bias potential (∆V) to the global potential

energy surface (PES) of the system. This effectively boosts the simulated time with a factor�eβ∆V �, in which β � 1©�kBT � [90]. In contrast to the original hyperdynamics method

[90] where the design of a adequate ∆V is non-trivial, in CVHD this bias potential is built

on the fly and in a self-learning fashion. Basically, a small repulsive Gaussian potential is

periodically added to the local PES until the distortion of C-C or C-H bond lengths from

their equilibrium values causes a bond length to exceed the maximum length rmax (i.e.

the point where the bond is about to dissociate) for longer than a critical time. Hereafter,

the bias is removed and the procedure re-initiated.

The simulation was set up as follows. A graphite sample of 4 layers of size 20 Å x 20 Å

was defined, and periodic boundary conditions were imposed in the x,y-direction to

mimic a semi-infinite surface (see Fig. 6). The surface temperature was controlled using a

Nosé-Hoover style thermostat [159], which adjusts the time-averaged temperature to a

set constant, while allowing for fluctuation of the temperature. The surface temperature

constant chosen in this work was 730 oC, which is the optimal erosion temperature of

the maximum ion flux currently achieved in experiments [59, 25]. To mimic the plasma

exposure, hydrogen ions7 where directed to the surface with 5 eV. After each single impact,

the motion of the atoms was followed for 1 ps in the microcanonical (NVE) ensemble

to capture the physics of the hydrogen-surface interaction. Hereafter, the natural heat

conduction out of the cell was mimicked by a 1 ps canonical ensemble (NVT) phase,

where the substrate was cooled to its original temperature by the thermostat. In previous

etching simulations that were conducted using MD, it would now be assumed that nothing

happens before the next impact (�µs–ms). In our simulation, however, we added an CVHD

phase to reach the full inter-impact time. In this manner, a 6 order of magnitude increase

of the simulated time was achieved, reaching ∆tinter-impact � 1µs, corresponding to a

flux of �1023 m�2s�1. Noteworthy, since the experimental data is only available up to

6 �1023 m�2s�1, we are now able to investigate surface processes at the same time-scale as

experiments, i.e. we are able to bridge the gap between models and experiments.

7The positive ion charge was not taken into account because it was assumed that neutralization occurred
by Auger neutralization or other processes [160, 161].
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Fig. 6 | Simulation box of the graphite etching experiment. Hydrogen is injected at a random (x,y)
position with 5 eV at z � 50 Å towards the graphite surface. The lower graphene layer is fixed. Eroded
species are removed from the simulation once they enter the “removal zone”. The “freezezone” is
introduced to prevent particle loss; in this region particle are not integrated, i.e., the velocity and
forces are effectively zero.

In order to compare the MD simulation with experiments, we employed the semi-

empirical Roth-Garcia-Rosales model of chemical sputtering. More specifically, we applied

this model to predict the fraction β, the rate ratio of thermal (long-time scale effects) to

ion-induced (short-time scale) processes, as a function of ion flux and surface temperature.

In this way, we could plot the domain where thermally-induced interaction dominate

(β % 1) and its transition zone (1©9 $ β $ 9), see Fig. 7. It shows that if the ion flux is

increased, the dynamics is increasingly more dominated by ion-induced mechanisms.

Intuitively, we can understand this by considering a more simplified version of the model

above, where we equate the hydrogen influx Γin � σadsΓi (σads is the adsorption cross

coefficient) and outflux Γout � σionΓiθH � kthermθH (θH is the surface concentration of

hydrogen, and ktherm and σion are the cross-section of thermal and ion-induced H release,

respectively), which results in:

θH �
σadsΓi

σionΓi�ktherm
�

1©τinter-impact

1©τres
. (3)

Hence, for Γi 9 ktherm©σion, ion-induced processes dominate and θH � σads©σion, i.e.

the surface saturates, while for Γi 8 ktherm©σion the dynamics is governed by thermal
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processes and θH � 0, i.e. all H atoms desorb. Alternatively, θH is determined by ratio of

the inter-impact time (τinter-impact) and the surface residence time (τres). The erosion yield

exhibits the same shift from thermal Ytherm � kxθH©Γi to ion-induced Yion � θHσx sput-

tering (kx and σx are the rate constant and cross-section for ion and thermally-induced

sputtering, respectively).

Fig. 7 | Type of H-surface interaction as a function of ion flux and surface temperature. The
regions of ion and thermally-induced interactions are featured with the blank and red areas, re-
spectively, and the transition region is marked with hatch lines. The selected ion energy was 5 eV .
The conditions of current CVHD simulation is depicted as well (c). For comparison, the data from
previous MD simulations of H ion bombardment on a-C:H (Y [81],� [73],V [162]) and graphite
(� [163, 74]) are included, as are the typical flux ranges of common plasma and high-flux PSI devices
[51].

The simulation results show the occurrence of a multitude of possible surface reactions,

which are depicted in Fig. 8. By determining the point when the H atom was released from

the surface, the type of process and its probability could be estimated. The results are

shown in Fig. 9. At a 1µs inter-impact time, 37% of the incoming H ions were reflected and

the remainder chemisorbed on the surface. From these latter H atoms, a majority of 82%

desorbed, either by direct H desorption, hydrocarbon etching, surface recombination,

or Langmuir-Hinshelwood recombination. The situation was quite different in the case

when the ion flux density was increased towards extremely high fluxes. The dominant

mechanism shifted towards Eley-Rideal recombination (77%), while thermal desorption

reduced to 9%. This shift towards ion-induced processes is consistent with the Roth-
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Garcia-Rosales model, although the tipping point was higher than expected (at a flux of

�1026 m�2s�1) and the transition region wider. In contrast to the Roth-Garcia-Rosales

model where it is assumed that the surface reaches an saturation level, our simulation

shows that with decreasing inter-impact time (i.e. increasing flux) from 1µs to 3 ps,

the surface concentration can further increase from 40% (similar to the experimentally

measured maximum H/C saturation ratio of 0.4 in bulk a-C:H [63, 164–166]) towards

110%, i.e. more than one hydrogen per carbon atom. Hence, the surface at high flux can

be considered supersaturated [69].

Fig. 8 | Illustration of H ion-surface interactions. The label ij or tj reflects whether it is a thermal or
ion induced effect. At first, basic interaction with the surface can occur; the impinging H ions either
i1) reflects, i2) chemisorbs on a surface C atom, or i3) penetrates through the top graphene layer. If the
H atom is chemisorbed, multiple other mechanisms can occur. A consecutive impacting H ion can i4)
sputter the H ad-atom or i5) cause H2 recombination (Eley-Rideal recombination). The chemisorbed
H atoms can also be released thermally by t6) H desorption, t7 ) direct surface recombination, or t8)
diffusion-induced surface recombination (Langmuir-Hinshelwood recombination). Lastly, the H
atom can be released due to chemical sputtering of a hydrocarbon group either induced by i9) an
ion-impact or t10) thermal fluctuations.

The simulations may also give some insight into possible reason for reduction of

the chemical sputtering yield as a function of flux. For this purpose we compare two

simulations, one with only C-C bond biasing (to exclude the effect of thermal desorption)
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Fig. 9 | Probability of H ion-surface interactions as a function of ion flux. Includes reflection, H
sputtering, Eley-Rideal recombination, ion- and thermally-induced erosion, surface recombination,
Langmuir-Hinshelwood recombination and H desorption, for varying inter-impact times: 3 ps, 1 ns
and 1µs. Hatched lines indicate thermally induced processes, while those without hatching are
ion-induced processes.

and the other with both C-C and C-H bond biasing (closest to the experiment). In both

simulations sufficient bombardment of hydrogen led to hydrogenation, CH2/CH3 group

formation, and eventually sputtering of the graphene layer, either ion- or thermally-

induced. The obtained sputtering yields are shown in Fig. 10 (dashed curves for C-C bond

biasing, and dotted curves for C-C/C-H bond biasing8) where the ion- and thermally-

induced contribution are additional displayed in green and blue, respectively. Along

these datapoints, the results from the semi-empirical Roth-Garcia-Rosales (RGR) model

are depicted, both with (grey solid surve) and without (black solid curve) flux-effect

correction (using Eq. 1), and for the latter case, the individual ion- and thermally-induced

contributions are again separated (in green and blue). These separate contributions are

calculated by basically multiplying the surface concentration of hydrocarbon groups by

the rate of ion-induced release and thermal desorption, respectively9. Based on the RGR

8The simulation with C-C/C-H bond biasing only ranges down to a flux of 1023 m�2s�1 due to computa-
tional limitations, i.e. the time boosting is less effective because the C-H bond energy is lower than for the
C-C bond, hence the bias voltage cannot be as high.

9More specifically, in the RGR model thermal-induced sputtering is assumed to occur if a hydrocarbon
group in the carbon network neighbors a carbon atom in the intermediate radical state spx [63, 60]. The
associated yield is calculated by: Ytherm � n0cspx kx©Γi, where n0 is the number density of carbon surface
sites, cspx the concentration of spx states, and kx the rate constant for thermal desorption of the hydrocarbon
group. Ion-induced sputtering can occur if an incoming ion breaks the covalent C-C bonds of a hydrocarbon
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model without flux-effect correction, three zones can be distinguished. In zone I the

effective desorption of hydrogen reduces with increasing flux, resulting in a higher surface

coverage of hydrocarbon groups, and hence a rise of the sputtering yield. At higher flux,

zone II, the surface coverage saturates and thermally-induced release of hydrocarbon

groups (Ytherm) dominates. At even higher flux, zone III, the yield for thermally-induced

sputtering drops because of the rate-limiting hydrocarbon desorption step, and it is

replaced by ion-induced sputtering (i.e. Ysurf) which yield is constant with flux. However,

if the experimentally observed flux effect is incorporated (Ytot,experiment), the sputtering

yield sharply drops with increasing flux at Γi % 1022 m�2s�1.

The first observation from the simulation results of the sputtering yield is that this

strong flux effect of the yield is not reproduced. The flux appears to affect the sputtering

yield in these simulations, yet relatively weakly. In the case of only C-C biasing, the erosion

rate decreases with flux. This is related to the lower contribution of thermally-induced

hydrocarbon release (consistent with the RGR model above), and the additionally lower

rate for hydrogenation due to less frequent thermally-induced C-C bond breaking (not

included in the RGR model). Note that we did not observe a rate-limiting hydrogenation

process, as was proposed in Refs. [68, 92]. In the case of both C-C and C-H bond biasing,

the same mechanisms apply as for the C-C bond biasing simulation, but due to increasing

H desorption rate at lower flux (due to the increased inter-impact time), a net opposite

trend is observed with flux, a rise in yield with increasing flux. This trend in yield is in

contrast to the RGR model where it is found that at a flux in excess of 1022 m�2s�1 the

hydrocarbon group concentration is saturated and the associated ion-induced sputtering

yield is constant. Furthermore, the simulated sputtering yield values at high flux deviate

quantitatively by an order of magnitude from the RGR model. This can be on the one hand

related to limitations of the interatomic potential or factors which are not considered in

the current work (e.g. microscopic morphology), or on the other hand to the absence of

the continuous rise of the hydrocarbon group concentration (i.e. supersaturation) in the

RGR model. Notably, at a flux of 1023 m�2s�1, closest to the range of experiments (which

range up to a flux of 6 �1023 m�2s�1), the simulation with C-C/C-H bond biasing shows

very similar results as the uncorrected Roth-Garcia-Rosales model.

The absence in trend of a dropping sputtering yield with increasing flux suggests that

the cause for this drop is not related to properties inherent to the material, but more likely

related to external factors. It may be caused by for instance varying conditions at higher

flux such as the ratio of ion-to-neutral flux [167], effects related to redeposition [70], or

group bound to the carbon network. The associated yield in the model is calculated by: Ysurf � n0csp3σx,

where csp3 is the concentration of sp3 states and σx is the cross-section of ion-induced release of the
hydrocarbon group.
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Fig. 10 | Simulated erosion yield as a function of ion flux. The surface temperature is 1000 K . The
dashed curve corresponds to the simulation with only C-C bond biasing, the dotted curve to the
simulation both C-C and C-H bond biasing, and the solid lines to the Roth-Garcia-Rosales (RGR)
model. The total yield is depicted in black, and the separate thermally- and ion-induced sputtering
contributions in blue and green, respectively. The gray solid line corresponds to the RGR model
including the flux correction factor. Three zones are separated, dominated by: I) desorption, II)
thermally-induced sputtering, and II) ion-induced sputtering

shielding of the surface by eroded hydrocarbon molecules and neutrals (i.e. detachment

[168, 169]). Alternatively, the flux effect may be artificially caused by limitation of the

measurement, e.g. due to a shift towards higher hydrocarbons [71] or other factors that

lead to an uncertainties in the inverse photon-efficiency [71, 170]. The measured one

order of magnitude higher erosion yield in Pilot-PSI compared to the flux-corrected Roth-

Garcia-Rosales model points towards a similar direction [92, 96].

3.3 Synthesis of nanostructured microparticles

In order to investigate the growth of nanostructured microparticles, several experiments

were performed, with two objectives. First of all, we performed a series of plasma expo-

sures to find the optimal settings for microparticle growth. Secondly, the mechanisms

underlying the growth were investigated. In contrast to previous experiments, we used

highly oriented pyrolytic graphite (HOPG) samples, i.e. multilayered graphene, rather
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than fine-grain graphite used in previous experiments [56], because the smooth surface

allowed us to reduce the role of initial surface morphology in the formation of structures

[171].

We found that the occurrence of nanostructured microparticles was strongly corre-

lated to the gross erosion, which again depended on the surface temperature. The exposed

samples at different surface temperatures were further investigated using scanning elec-

tron microscopy (SEM), images of which are shown in Fig. 11. It was found that the

optimum growth condition for the MPs (24–61% surface coverage) was around a surface

temperature of 1100–1200 oC. These MPs were similar to those found in a previous work in

Pilot PSI, that used fine-grain graphite as sample material [59]. The particles were found

to be relatively well attached to the surface, but could be removed by scratching them

off or using a hand air blower. The surface after removal of the MPs revealed that the

particles are positioned on hill-like structures. Next, the MPs were analyzed further by

cross-sectional imaging after they were cut with focused ion beam (FIB) etching. This

analysis revealed that the MPs comprise of a spherical core surrounded by elongated lay-

ers, which number corresponding to the number of shots the surface was exposed to. The

spherical shape of the core indicates gas phase growth, while the outer rings are consistent

with further accretion of hydrocarbon molecules. To investigate its interior composition,

we prepared a slice of the middle section of one of the MPs and employed transmission

electron microscopy (TEM), see Fig. 12. Inside the MPs a spherical core particle (on the

order of �1µm) was found, supported on a pillar ‘base’ comprising HOPG (consistent

with the hills found with SEM). Zooming in on the core with higher resolution, revealed an

agglomeration of onion-shaped carbon nanoparticles (CNP), which clearly indicates that

the core was grown in the gas phase [172]. The presence of the CNPs was also supported

by selected area electron diffraction (SEAD) analysis. The periphery surrounding the core

mainly consists of wavy carbon nanowall structures (CNW), in agreement with the CNWs

found on the exterior of the MPs with SEM.

Based on this analysis, the following growth model was identified, depicted in Fig. 13.

It contains similar phases as those described by Bouchoule [128]. The H plasma exposure

on HOPG leads to a significant hydrocarbon concentration in the plasma very close to

the surface (λi-n � 1 mm). These hydrocarbon molecules experience several chemistry

reactions that result in larger molecules, incl. polycyclic aromatic hydrocarbons (PAHs),

[113, 114, 110, 111, 116] and eventually nucleation of carbon nanoparticles, for instance

by addition and condensation of PAHs [172, 173]. The CNPs of only few nanometer can

agglomerate fast into bigger particles because of the long-range Coulomb interactions

induced by stochastic charge fluctuations. After they gained sufficient size, the net charge
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Fig. 11 | Microscopic morphology as a function of surface temperature. The imaged were ob-
tained using a scanning electron microscope from the top and the side. The cross-section was made
using focused ion beam cutting.

Fig. 12 | Detailed TEM analysis of a carbon microparticle. a) STEM image of a slice of the middle
section of a MP. The columnar structure on the left side is where the particle was connected to the
substrate. b) TEM images show that the center of the particle consists of relative dense carbon core,
while the surrounding comprises of crumpled graphitic layers. c) a zoom-in on the interior of the
core, revealing an additional contribution of onion-shaped carbon nanoparticle. d) HRTEM image
of graphitic layers in the region outside the core.
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becomes negative and agglomeration is replaced by further growth of CNW layers through

surface accretion of radicals and/or ions. At a critical size the particle deposit onto the

surface (explained in the next section), where the particles continues to grow further by

surface accretion. The poor thermal conductivity of the particles and their weak thermal

connection to the substrate leads to a surface temperature higher than their surrounding,

thus lower gross erosion, and therefore they becomes effectively a site of net-deposition.

In fact, they shadow their surrounding, which results in the aforementioned hill structures.

Fig. 13 | Illustration of the microparticle growth model. Sputtered hydrocarbon molecules migrate
into the plasma and through complex chemical reactions form large molecules and/or ions. These
nucleate into protoparticles which agglomerate into larger particles. Growth proceeds with surface
accretion. After deposition on the sample surface, further growth occurs by a second phase of surface
accretion.

From this model it is apparent that the main requirement for the MP growth is that

the hydrocarbon molecule concentration is significant, inferring that a) the gross erosion

is high, i.e. the surface temperature is close to the maximum erosion temperature and

the ion flux is substantial, and b) the plasma density is sufficient to confine the released

hydrocarbons. The second requirement is that gas temperature should be effective for the

formation of larger molecules and ions from the sputtered hydrocarbons.

Besides nanostructured microparticles we also found several other nano- and mi-

crostructures, the growth of which was dominant at lower surface temperatures. At a

sample temperature of �1050–1080 oC we observed a small concentration of MPs, but

more strikingly, the full surface was covered with columnar-shaped structures consisting

of CNWs. According to our knowledge, this type of CNWs growth has not been reported in

literature, and its growth rate (40 nm/s) is a factor 2 higher than any other methods we are

aware of [174]. At surface temperatures below 600 oC again only a few MPs are observed,
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but these particles were found to contain of an unintentional impurity seed in the core,

likely the catalyst of their growth as is usual for various other plasma-synthesized carbon

nanostructures [175].

3.4 Particle transport in the plasma sheath

To understand the deposition of the particles from the plasma towards the surface the

particle dynamics has to be known. However, as mentioned in the introduction, in the

case when the size of a particle in a plasma approaches the Debye length, the dynamics of

the particle charging and its associated forces can no longer be described by the common

particle charging and force equations. Hence, for these cases we had to derive several

modifications for the analytical equations.

First of all, let us consider what exactly changes in a simplified picture. In a typical sce-

nario (a 8 λD) the volume that is electrostatically screened around a particle is relatively

large. Inside this screening (Debye) sphere, charge neutrality does not hold, and hence the

ions are attracted towards the negatively charged particle by Coulomb’s law. Depending

on the impact parameter i.e. the perpendicular distance between the trajectory of the ion

and the center of the particle, the ion is either propelled towards the surface (where it is

collected) or scattered. Hence, this results in a significant flux of ions towards the surface

which is balanced by an equal flux of electrons. Due to the larger mobility of the electrons,

the particle obtains a negative floating potential (i.e. to retard the electrons). This picture

changes however if the screening length becomes smaller with respect to the particle size,

however. The fraction of ions that have an impact parameter ρ larger than the Debye

length no longer ’feel’ the Coulomb attraction of the particle, hence the ion collection

flux reduces. If one considers the full self-consistent model, the situation is somewhat

more complex: the ions do still experience a Coulomb force, but are inhibited to reach the

particle because of the emergence of a barrier in the particle potential at ρ % ρmax (where

ρmax is proportional to λD) [136, 176, 177]. The potential barrier effect (or absorption

radius effect [178]) reduces the ion current towards the surface, hence makes the floating

potential of the particle less negative. Moreover, it increases the relative number of ions

that strike the particle heads on [179]. These ions are continuously accelerated, and as

an effect, the ion density near the particle reduces (due to flux conservation) and the

associated screening length is elongated. These two strong non-linear coupling effects

between the ions and particle in the a % λD regime is not taken into account in the deriva-

tion of the potential using the linearized Poisson equation, the so-called Debye-Hückel

(DH) potential. Nevertheless, recent work by Semenov et al. [180] shows that the exact

non-linear solution of Poisson equation near the particle can still be approximated by the
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linear DH potential if the linearized Debye length λD is replaced by an effective screening

length λs. We showed that if implemented in the charge equation, satisfactory results for

the value of the charge are obtained compared to the Particle-in-Cell (PIC) simulation

performed by Delzanno et al. [135]. Moreover, the additional effect that ions cannot par-

ticipate in the screening at suprathermal flows can be taken into account using a similar

approach as in Ref. [181]. While in this way the screening length (and charge) is well

approximated, the reduced current, which affects the floating potential, is not take into

account. In Ref. [135] it is shown that this underestimation is however marginal (12%) for

our plasma condition, Te � Ti. Hence, using this method it is thus possible to approximate

the potential distribution around a particle for a % λD analytically, i.e. without numerical

modelling.

Fig. 14 | Schematic overview of the dust particle forces near the wall. The particle screening
length is relatively small compared to the particle size, and results in reflection if the screening factor
β exceeds the critical value βcr . Moreover, the particle forces are displayed, which includes the electric
field force (FE), the ion collection and scattering force (Fcol/FCoul), the pressure force (Fp) and the
dipole force induced by the electric field (Fdip,E), sheath deformation (Fdip,sh) and directed charging
(Fdip,ion).

The above mentioned effect of reflection for ions with impact parameter ρ % ρmax also

has a direct consequence for the ion drag force; the force due to momentum-transfer

of the ions to the particle. It comprises two contributions [177]: momentum-transfer

due to collection (for ρ $ ρc), and Coulomb scattering for close and far collisions [177].

Here close and far collisions, are defined by an impact parameter ρc $ ρ $ ρmax and

ρ % ρmax, respectively. Analogous to what was described above, if the screening length

reduces compared to the Debye length, the fraction of ions that can contribute to the

scattering part of the ion drag drops. For an even further decrease of the screening length,
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the collection part of the ion drag forces is affected. Ultimately, in the limit a 9 λD,

the ion drag becomes equal to that of geometrical collection. We showed that similar

approximations can be made and equations used as in the regime of strong ion-particle

interaction, presented by Khrapak et al. [177].

Moreover, several particle forces, including the electric field force [137], pressure force

[182], and dipole force [137] were derived using the Debye-Hückel approximation. If the

screening length λD in those force equations is substituted for λs, the equations may still

be used as an approximation, yet with some additional modifications:

• Electric field force This forces arises due to electrostatic interaction between the

negative charge of the particle and the (sheath) electric field. In the equation of

this field force additional terms which are typically neglected for a 8 λD, have to

be included. These terms arise due to polarization of the surface charge due to an

external (sheath) electric field and due to a density gradient in the plasma (which

deforms the particle sheath).

• Pressure force The pressure force arises due to the pressure gradient of the ambient

plasma (electron and ions) around the particle. As for the electric field force, we

included the higher order �a©λs�3 terms10.

• Dipole force The dipole force arises due the interaction of the the polarized particle

in the anisotropic electric field of the sheath (Fdip � �p a

∆

z �E0[137]), and becomes

important for large particles sizes as the dipole moment scales as a3. In contrast

to Ref. [182] where it was found that the dipole force is zero for a point particle,

this was calculated to be non-zero if the finite particle size is taken into account. In

fact, by performing this calculation, we derived an extra contribution to the dipole

moment induced by the sheath deformation. Moreover, an additional contribution

of surface charge polarization due to a preferential direction of the ion flux, derived

in Ref. [183] was included as well, although not self-consistenly (i.e. in principle

it should also be included in the derivation of the electric field force, but this was

outside the scope of current work). The total dipole moment was assumed to be a

superposition of the separate contributions �ptot �< �pi).

By including these approximations and modifications, we could calculate all forces

which are significant on the particles in the plasma sheath before they deposit on the

surface. We used a numerical model to calculate the axial dependent values for the

10In some works [182, 128], the so-called polarization force is defined, which is the sum of the additional
terms of the electric field force and the pressure force. However, this was not done in our work, as its
definition becomes ambiguous as a result of the extra higher-order terms.
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parameters in the plasma sheath of the sample, which includes the ion density, electron

density, ion velocity, potential and electric field (and gradient). The floating potential of

the particles φ was determined by equating the incoming ion and electron flux Γi�φ��
Γe�φ� (at the upstream electron temperature), and the charge was computed using Q �

4πϵ0a�1� a©λD�φ. For each axial position the particle forces were calculated based

on the local parameters and it was assumed that the particles did not alter these local

parameters11.

The results are shown in Fig. 15a. The force due to the sheath electric field force was

initially dominant, but for increasing size (hence time) it will compete with the ion drag

force, pressure and dipole force, which will start to push the particle towards the target.

This effect was quantified by tracing the equilibrium particle position, i.e. the minimal

axial position where the repulsive forces exceed the attractive ones (min�z�<Fi $ 0��).

Around Rc � 1.1µm the particle deposits on the surface, see Fig. 15b, which was found

in fair agreement with the experimentally obtained size (�1–5µm) of the spherical core

in the microparticles, Fig. 12. An additional sensitivity analysis was performed to study

the dependence of Rc on key parameters (i.e. particle charge, and plasma density and

temperature) and showed no strong variance of the derived deposition particle size.

11In principle, the particle sheath is located inside the sample sheath, which may lead to additional
complexities. This falls however outside the scope of current work.
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Fig. 15 | Particle forces and equilibrium position as a function of particle size. a) The forces
acting on the particle at z � λs as a function of the particle size, including the FE the electric field
force, Fcol the ion collection force, FCoul the Coulomb scattering force, Fdip the dipole force and Fp

pressure force. The ‘+’ and ‘–‘ prefix indicate the direction of the force, pointidng away from and
towards the surface, respectively. b) The equilibrium position (in z-direction) of the particle as a
function of the particle size. The black solid and dashed-dotted vertical lines indicate at which
particle size the particle deposits on the surface (for the unrevised and revised cases, respectively).
Note that the particle is considered to deposit if the distance to the surface equals the particle radius:
z � a (dotted line).
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3.5 Detailed MP characterization

The microparticles were further analyzed post-mortem using several surface analysis

techniques to assess their properties for potential future applications (see Appendix B for

examples of applications).

First of all, the size distribution was determined based on SEM overview images. Two

log-normal distributions were observed, see 16. The dominant one had a mean value of

�15µm. These particles were synthesized in 75 s, which means that the average growth

rate is 0.2µm/s. This is two orders of magnitude faster as those for particle grown in

conventional RF Ar©C2H2 discharges (growth rate of $ 2 nm/s [184]). The rate is how-

ever comparable to amorphous carbon deposition by expanding cascaded arc plasma

(Ar/CH4) [102], although that technique does not result in similar nanostructured mi-

croparticles. The other size distribution has a mean value of �60µm, and is likely a result

of agglomeration of smaller particles.

Fig. 16 | Typical histogram of the microparticle size. Two size distributions are observed. The
black lines are the fits with a log-normal distribution function.

The chemical composition and structure of the surface of the microparticles was

determined by X-ray photo-electron spectroscopy (XPS). The typical spectrum of the

MPs is depicted in Fig. 17 and reveals the main species are carbon and oxygen (likely

due to oxidation in air). This is consistent with additionally performed energy-dispersive

X-ray (EDX) spectroscopy measurements. The shape of the C1s peak is very similar to the

reference HOPG, indicating that the MPs are essentially graphitic (i.e. 100% sp2) within an

error bar of �10% [185]. This implies that the composition is in between pure graphite

(0–5% sp3©sp2) and sputtered a-C(:H) films (10–40% sp3©sp2) [186, 187].
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Fig. 17 | XPS spectra at different locations on the sample. The overview spectrum shows that the
surface predominantly consists of carbon. The oxygen peak can be attributed to the post-plasma
sample exposure to air. The insert shows the C1s peak separately.

Lastly, the specific surface area and pore characteristic of the structures were measured

using the N2 sorption isotherm method. These properties are essential for potential

future applications as they largely determine the quantity of charge or gas that can be

stored and whether there are sufficient channels available for fast mass transport. The

typical isotherm is shown in Fig. 18. The relative rapid uptake of N2 from 0 to 0.01 p©p0,

the continuous increase of adsorption between 0.05 and 0.3 p©p0 and sharp rise of the

adsorbed volume near the saturation pressure, indicate the co-existence of micro-, meso-

and macropores [188–190]. This is also consistent with the electron microscopy analysis

shown in Fig. 11 and 12. The specific surface area was determined to be 150�30 m2g�1

using the Brunauer–Emmett–Teller (BET) method. This value is similar as the graphene

microspheres presented in Ref. [191], but an order of magnitude lower than the current

record [192]. We note that the actual surface area is probably significantly underestimated,

because the MP sample material was obtained by scraping off the samples, hence contains

small chunks of bulk graphite (which leads to a mass overestimation). By applying the

Barrett, Joyner, and Halenda (BJH) model (cylindrical pore geometry) the pore size was

found to range from 5�60 nm and the the cumulative pore volume was 1.0�0.2 cm3g�1.
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Fig. 18 | N2 sorption isotherms of carbon microparticles. The adsorption and desorption are
shown in black and red, respectively. The insert depicts the BJH pore size distribution of the mi-
croparticles.
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4 Conclusions and outlook

4.1 Conclusions

The work presented in this thesis addressed the key mechanism of carbon nanostructures

synthesis by high-flux plasma processing. At the start of this chapter we formulated several

research questions, the answers to which will be elaborated on in this section. The main

research questions was:

What are the mechanisms of nanostructuring of carbon under high-flux hydrogen

plasma exposure?

In order to answer this general question, three sub-question were raised which broke-

down the nanostructuring process into several aspects.

What are the fundamental surface processes induced by high-flux plasma exposure?

Decades of research on hydrogen-carbon interaction on tokamaks and linear plasma

generators led to the development of a semi-empirical model of hydrogenation and

chemical sputtering of carbon induced by hydrogen plasma. Due to the lack of experi-

mental high-flux plasma devices (%1024 m�2s�1), however, the range of high-flux plasma

remained ill-explored. On the other hand, atomistic simulations which were set up to

investigate the fundamental interactions of ion with the surface on an atomistic level

remained deficient due to their inability to incorporate long-time scale effects, hence

the simulated flux is extremely high (�1029 m�2s�1). In the work presented in part B of

this thesis we bridged this gap by accelerating the atomistic simulations, resulting in an

increase in inter-impact time of up to six orders of magnitude using a recently developed

method known as Collective Variable-Driven Hyperdynamics (CVHD).

The results show a shift in the dominant elementary interactions as a function of

flux. It was found that due to the shorter time between impacts tinter-impact, the thermally-

induced processes (which are dominant at low flux) are replaced by those that are ion-

induced. Moreover, several mechanisms were identified that were not included in the

semi-empirical model for chemical sputtering, such as Langmuir-Hinselwood recombina-

tion and hydrogen sputtering. The probability of the processes occurring were strongly

correlated to the surface H coverage. On the other hand, the type of interaction pro-

cesses had a significant effect on the H coverage, which increased from 40% at low flux

(1023 m�2s�1) - similar to experiments - to 110% at high flux (1029 m�2s�1).

With regards to the chemical sputtering, the same processes could be identified in the

simulation as in the erosion cycle described by the semi-empirical Roth-Garcia-Rosales
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model. The underlying mechanisms involved chemisorption of the H ions, hydrocarbon

group formation, and eventually sputtering. The results of the chemical sputtering yield

obtained in our simulations does not, however, show the sharp drop in the yield with flux

as was observed in the experiments. The fact that this effect is not observed suggests that

the drop is more likely caused by external factors, either due to changing conditions such

as redeposition and nanostructuring, or due to limitations of the measurements used to

construct the RGR model, which results were extrapolated to high flux.

What are the nucleation and growth mechanisms of nanostructured microparticles?

Previous work on high-flux plasma exposure of carbon surfaces led to the understand-

ing of microparticle synthesis as a process of confinement of the hydrocarbons by the

high-density plasma, and migration of the sputtered hydrocarbon molecules from the

erosion dominated periphery of the sample to the deposition dominated center. However,

it was unclear what processes led to initial nucleation of the nanostructured micropar-

ticles and its subsequent growth. In part B of this thesis we presented post-synthesis

electron microscopy cross-section results of a typical microparticle, which revealed that

the particle contains a spherical core, indicating initial gas-phase growth. This was further

supported by detailed transmission electron microscopy analysis, which showed that this

core is comprised of onion-shaped carbon nanoparticles. The exact plasma chemistry

reaction paths resulting in the formation of these nanoparticles remains unclear, however,

and requires further investigation. Surrounding the core an outer shell of wavy carbon

nanowall structures is observed which constitutes the majority of the particles volume.

By scanning the parameter domain, we found that the growth of the microparticles is

mainly correlated with the gross sputtering rate of the carbon surface, which depended

on the ion flux and surface temperature. Hence, this indicates that a sufficiently high

concentration of hydrocarbons is a requisite for growth, i.e. for nucleation.

The experiment approach to use smooth highly-oriented pyrolytic graphite samples

enabled us to observe that after the particle deposition, growth proceeded by surface

accretion. The particles have a high temperature due to the poor thermal contact with the

surface. This reduces the sputtering yield, and thus they become sites of net-deposition.

Effectively, they function as seeds from which further nanostructure growth - carbon

nanowalls - can commence. The mechanism of migration of hydrocarbon molecules

thus does not occur only on the spatial scale of the sample, but also at the scale of the

microparticles. In other words, the local temperature gradient is the driving force resulting

in nanostructuring. Besides nanostructured microparticles, several other nanostructures
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could be synthesized, including microparticles with an impurity seed, and columnar

structures composed of carbon nanowalls.

How do particle fluxes and forces alter in a plasma where the particle size exceeds the

local Debye length?

For typical environments where particles are suspended in a plasma, the particle size

is much smaller than the local Debye screening length. This allows the linearization of the

Poisson equation, the so-called Debye-Hückel approximation, and therefore the particle

charge and forces can be expressed analytically. In high-flux plasma however, these

assumptions are in principle no longer valid. The core particles we observed had a size

larger or comparable to the Debye length for example. Non-linear effects become large

if the particle size approaches the screening length due to the emergence of a potential

barrier. In part B of this thesis we showed that by substituting the Debye screening length

with an effective screening length, these non-linear effects can be taken into account and

the Debye-Hückel approach can still be used as an approximation.

Besides particle charging, several force equations are affected. First of all, the ion drag

force reduces in magnitude due to the effect of ion reflection induced by the potential

barriers, and in the limit for very large particles becomes equal to geometrical collection.

The effect of surface and sheath polarization become significant for particles that ap-

proach the Debye length, which leads to extra terms in the electrostatic force and pressure

force equation. Lastly, in contrast to what was found in literature work, the dipole force

for finite-size particles is non-zero, and is in fact dominant for particles that exceeds the

Debye length. The dipole moment was found to comprise of a superposition of several

contributions, including directed charging. We note that although the applicability of

these force equations was motivated analytically, further validation of these equations

with experiments or simulation methods such as particle-in-cell is highly desirable.

Based on the modified equations, a heuristic particle charge and force model was

developed, which showed that particles in the sample sheath in Pilot-PSI are initially

repelled by the electrostatic force, but as they increase in size, get pushed to the surface

due to relative rise of the ion drag force, pressure force, and dipole force with the particle

size. The critical particle size of deposition predicted by our model is in fair agreement

with the experimentally obtained spherical core size of the microparticles.
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To conclude, we found that high-flux plasma involves a complex dynamics between

plasma-surface interaction, plasma chemistry and non-linear dusty plasma physics,

driven by strong gradients in surface temperature, plasma density and sheath-electric

fields. This thesis work investigates and elucidates each process step from the nanoscale to

macroscale, and demonstrates that despite its complexity, processing by high-flux plasma

provides a fast one-step method for the synthesis of carbon nanomaterials.

4.2 Outlook

From the work presented in this thesis several possible future research directions can be

deducted. First of all, the carbon nanostructured microparticles presented in this thesis

can potentially be applied in various sustainable energy and storage applications. This

is because the microparticles exhibit a large specific surface area for charge/gas storage

in combination with sufficient meso- and macro-porosity for fast mass transport. For

instance, they could be used as electrode materials in supercapacitor or electrochemical

batteries, as support material for the Pt nanoparticle electrocatalyst in fuel-cells, or as gas

storage material. In particular, a high-flux plasma processing approach can be advanta-

geous since it is a fast one-step method, in contrast to alternative chemical methods which

often require multi-step procedures to fabricate similar carbon nanomaterials. The advan-

tages and disadvantages of high-flux plasma processing and the possible technological

applications are further elaborated in Appendix B.

The carbon nanostructuring process presented in this work was not fully optimized.

For future technological applications, the properties of the nanostructured materials such

as the pore size distribution and specific surface area may be tailored by altering the

process conditions. For instance, previous work shows that by diluting the plasma with

argon or by changing the ion energy using biasing, the size of the carbon nanowall in the

microparticles increases. A similar approach could be studied to investigate the effect on

the pore size distribution. Moreover, a challenge in scaling the presented high-flux plasma

processing method is that in the current experimental setup the sample exposure area

is very limited due to the narrow beam and the fixed sample position. It can be explored

whether this can be resolved by creating a wider source or by moving the sample during

the exposure, for instance in a configuration where the arc source is installed on top of

a moving stage. Because the process is relatively fast this can still be an economically

scalable approach.

This work has mainly focused on reorganization of carbon surfaces into nanostruc-

tured microparticles. Future experiments can investigated whether it is possible to synthe-

size hybrid structures using composite substrate materials or impurity gas injection. For
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instance, silicon carbide may be used as sample material; the mixing of Si may result in a

higher capacity in electrochemical applications, while the carbon material can function as

support matrix. On a similar note, impurities may be seeded into the plasma, for instance

to nucleate catalytically active metal nanoparticles that can be incorporated into the

nanostructures.

The atomistic simulation approach - CVHD - can also be used for other purposes

than to study graphite etching. For instance, it can be used to simulate the synthesis of

carbon nanowalls (of which the microparticles comprise) by directing a composition of

hydrocarbon molecules to the surface, rather than only hydrogen ions. This work may

expose whether CNW synthesis is dominated by gas-phase aggregation of hydrocarbon

molecules or by diffusion of hydrocarbon molecules that are initially adsorbed on the

surface. The simulation approach can also be used to study other processes in various

plasma-surface systems (e.g. etching of Si), or the effects of thermal/relaxation processes

during the synthesis of delicate nanostructures, such as carbon nanotubes. Note that

because the CVHD enables the extension of the inter-impact time-scale by several orders

of magnitude, realistic ion fluxes can be modeled without a significant impact on the

computation time.

The presented modifications and addition of dust particle forces in high-density

plasma is especially relevant for fusion research, since the conditions expected near the

wall of ITER are very similar to those in Pilot-PSI. In the dust transport codes currently

used for magnetic fusion energy devices, these modifications and additional forces are

not taken into account at the moment. In particular, the inclusion of the pressure and

dipole force, may significantly affect the predicted dust particle transport, e.g. the escape

fraction of dust toward the plasma core.

The last point to address is the observed behavior of self-mitigated wear of the surface

under high-flux plasma exposure. Our results show that the outflux of eroded species

is strongly impeded due to redeposition, while the gross sputtering yield additionally

decreases due to the nanostructuring. This phenomenon may potentially be employed in

other applications, for instance to protect the nozzle wall-material of plasma thrusters.
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Chapter 1

Mechanisms of elementary hydrogen

ion-surface interactions during

multilayer graphene etching as a

function of flux*

Abstract

In order to optimize the plasma-synthesis and modification process of carbon nanomate-

rials for applications such as nanoelectronics and energy storage, a deeper understanding

of fundamental hydrogen-graphite/graphene interactions is required. Atomistic simu-

lations by Molecular Dynamics (MD) have proven to be indispensable to shed light on

these phenomena. However, severe time-scale limitations restrict these simulations to

very fast processes, such as reflection and ion-sputtering, while slow thermal processes

such as surface diffusion and molecular desorption are commonly inaccessible. In this

work, we could however reach these thermal processes for the first time at time-scales and

surface temperatures (1000 K) similar to experiments during the simulation of multilayer

graphene etching by 5 eV H ions. This was achieved by applying the recently developed

Collective Variable-Driven Hyperdynamics (CVHD) biasing technique, which led to an

extension of the inter-impact time over a range of six orders of magnitude, down to a

more realistic ion flux of �1023 m�2s�1. The results show that this not only causes a strong

shift from predominant ion- to thermally-induced interactions, but also significantly

*Submitted: D.U.B. Aussems, K.M. Bal, T.W. Morgan, M.C.M. van de Sanden and E.C. Neyts. Carbon
(2018)
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affects the hydrogen uptake and surface evolution. This study thus elucidates H ion-

graphite/graphene interaction mechanisms and stresses the importance of including long

time-scales in atomistic simulations at high surface temperatures to understand the full

dynamics of the ion-surface system.
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1 Introduction

Hydrogen-graphite/graphene interactions are relevant to a wide variety of applications,

ranging from astrophysics [193], nuclear fusion [194, 195, 62], gas and energy storage

[196, 197], fuel cells [198, 199], to nano-electronics [200–205]. For instance, they occur

during the plasma-synthesis of carbon nanomaterial components that are used in some of

these applications, such as (multilayer) graphene (MLG) [167, 74] and carbon nanowalls

(CNWs) [206, 101]. An enormous amount of knowledge of these interaction phenomena

was gained in fusion energy research, in which dedicated experiments were performed on

tokamaks [25] and ion beam setups [61, 207], in conjunction with development of theo-

retical models [62–65, 165]. More recently, further insights into fundamental properties

for adsorption, diffusion and desorption have been obtained by density function theory

(DFT) [208–216] and thermal desorption experiments using hot (�0.2 eV) H atom beam

sources [217–219]. Generally, it is understood that exposure to H species (ionized or hot)

entails a dynamics of hydrogenation on the one hand, and release of hydrogen through

desorption and chemical and physical sputtering on the other hand [63, 65].

Due to atomistic length scale of the ion-surface interaction, as well as the intercon-

nected and cumulative nature of the various processes involved, it remained very challeng-

ing to verify the elementary mechanisms during the plasma exposure. For instance, it is

unclear what factors influence recombinative H2 desorption and to what extent diffusion-

induced (Langmuir-Hinshelwood) H-H recombination can occur. In this regard, atomistic

simulations using Molecular Dynamics (MD) can provide valuable insights, not only for

the interaction of hydrogen ions with graphite/graphene at high surface temperature

discussed in this work, but also for closely related materials such as amorphous carbon

coatings [220], carbon nanotubes (CNTs) [221–223], and nanocrystalline diamond [224].

With regards to common plasma processing of graphite/graphene, various elementary

ion-surface processes were investigated by Despiau-Pujo et al. [163, 74, 167]. The results

show that H ions can either reflect, adsorb or penetrate at the surface, and the probability

for each process depends on the ion energy. In the case when an H ion is adsorbed, several

additional processes can occur; it can be sputtered by a H ion impact with consecutive

reflection of the impacting H ion, recombine straight with the incoming H ion (so called

Eley-Rideal recombination), or recombine with another H atom at the surface [167].

Unfortunately, because of the severe time-scale limitation of MD, the typical inter-impact

time in these simulations was very short (�1 ps) so that the resulting simulated ion flux

is higher by at least four orders of magnitude than any experiment. Long time-scale

processes (of the order of µs–ms) that become important at elevated surface temperatures

and low fluxes can thus not be accessed. Examples of these processes are: hydrogen
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surface diffusion [85], Langmuir-Hinshelwood recombination, desorption of hydrogen

and weakly bound species [84], and other surface relaxation phenomena [86, 87].

In order to reach these desirable longer time-scales of thermal processes, we have

presented a simulation approach in our previous work [87]; the applications of a recently

developed acceleration procedure, collective variable-driven hyperdynamics (CVHD)

[157]. This is a generic implementation of the hyperdynamics method [90], in which the

waiting time between minima-to-minima transitions is reduced by adding a bias potential

(∆V) to the global potential energy surface (PES) of the system. In CVHD, the bias potential

is built on the fly and in a self-learning fashion. This allows the method - in contrast to

other hyperdynamics implementation - to be more generically applicable while little

system-specific optimization is required. In previous work, CVHD was applied to acceler-

ate processes involving the breaking of C-C bonds in the graphite lattice. The increased

inter-impact time enabled us to observe the transition from ion- to thermally-induced

chemical sputtering at lower, more realistic fluxes. The detailed (thermal) behavior of

hydrogen ions with the surface remained uncertain, however, because biasing was not

applied to the C-H bonds.

In the work presented here, these elementary H ion-surface interactions are investi-

gated in detail. First, a semi-empirical model is introduced to show under what conditions

long time-scale thermal processes are important. Then, by applying the CVHD method

with C-C/C-H bond biasing [157], the inter-impact time is extended towards a more rele-

vant time-scale, i.e. from 3 ps up to 1µs (a flux of �1023 m�2s�1). We will show that this

has a significant impact on the type of ion-surface interactions, H concentration and

surface evolution.

2 Semi-emprical model for ion-surface interactions

The type of hydrogen ion-surface interaction can be predicted using the semi-empirical

Roth-Garcia-Rosales model [64, 65] which was initially developed to describe the chemical

sputtering of graphite. In this model the graphite surface is considered to experience

a cycle of amorphization by hydrogenation (transforming sp2 C atoms into sp3 C) and

recovery back into sp2 C due to desorption of hydrogen and weakly bound hydrocarbon

molecules (via intermediate radical state spx,1 and spx,2 C). Using experimental data

as input, the model can predict the chemical sputtering yield as a function of various

quantities such as the ion energy, ion flux, isotope mass, surface temperature and surface

state [25, 62]. Yet, it can also be employed to predict the rate of various hydrogen release

mechanisms, including recombinative desorption (with rate constant k-H), ion-induced
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H release (with cross-section σs), and chemical sputtering (with rate coefficient kx for

thermally-induced erosion and cross-section σx for ion-induced erosion). The ratio of the

ion- to thermal- induced hydrogen release rates can be determined by:

σDφ�sp3��σxφ�sp3�
k-H�spx,1��kx�spx,2� � �σDφ�σxφ��kx�σxφ�

k-HkxσD©σH�kxσDφ
(1.1)

where φ is the H ion flux and σH is the adsorption cross-section of the H ion. Based on

Eq. 1.1, the surface temperature above which the thermally-induced interaction dominates

(β $ 1©9) and its transition zone (1©9 $ β $ 9, i.e., from 90% to 10% thermal processes),

was plotted in Fig. 1.1. The typical ion-flux ranges for experiments are included as well, as

are the typical conditions of other MD simulations. It shows that most MD simulations

on graphite etching (hollow scatter points) are far outside the ion-flux range of plasma

experiments by several orders of magnitude. Moreover, none of these simulation reached

the thermally-induced regime, hence detailed investigation in this unexplored domain is

required.

Fig. 1.1 | Type of H-surface interactions as a function of ion flux and surface temperature. The
regions of ion and thermally-induced interactions (as predicted by the Roth-Garcia-Rosales model
[64, 25]) are featured with the blank and red areas, respectively, and the transition region is marked
with hatch lines. The selected ion energy was 5 eV . The conditions of current CVHD simulation is
depicted as well (c). For comparison, the data from previous MD simulations of H ion bombardment
on a-C:H (Y [81],� [73],V [162]) and graphite (� [74, 167]) are included, as are the typical flux
ranges of common plasma and high-flux PSI devices [51].
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3 Simulation model

In our simulation we applied the conditions typical for high-flux plasma processing [87],

enabling us to explore the transition region towards thermal H-surface interactions. An

elaborate description of the simulation method is provided in our previous article [87],

and briefly summarized below. The simulations were performed using the LAMMPS

package [225], and modified Colvars module [226]. The interatomic potential applied was

the Reactive Force field (ReaxFF) [227] with the parameter set developed by Mueller et al.

[228]. The plasma interaction with the graphite substrate was simulated by impacting the

surface with 5 eV H atoms at random (x,y) positions at normal incidence. The graphite

substrate was composed of 4 graphene layers in ABAB stacking (size 20 Å x 20 Å, periodic

x,y boundary conditions), which was initially brought to a temperature of 1000 K. After

the H impact, the motion of each atom was followed for 1 ps in the microcanonical

(NVE) ensemble to capture the physics of the initial hydrogen impact. Hereafter, the

natural heat conduction out of the cell was mimicked by a 1 ps canonical ensemble (NVT)

phase, where the substrate was cooled to its original temperature by a Nosé-Hoover style

thermostat [159]. Next, the full inter-impact time before the next impact (�1µs) was

simulated by a CVHD phase, which is in contrast to other simulations where it is assumed

that in this time nothing happens. In order to do this, the simulated physical time was

elongated by multiplying the MD time (using 0.1 fs time step) by the boost factor �eβ∆V �, in

which β� 1©�kBT � [90]. The CVHD bias ∆V was dynamically generated by adding small

repulsive Gaussian potentials (width 0.04 and height 0.01 eV) to the local PES every 100 fs.

The bias potential is a function of the distortion functions (ri� rmin�©�rmax� rmin� of all

the C-C or C-H bond lengths ri. We used rmax,CC � 2.20 Å, rmin,CC � 1.50 Å, rmax,CH � 1.65 Å

and rmin,CH � 1.05 Å. In this way, a 6 order of magnitude increase of the simulated time

was achieved, while the calculation time was only up to a factor 9 longer. After each CVHD

phase a new impact was simulated (i.e. starting from the NVE phase). Once erosion

was initiated and eroded species entered the removal zone, they were deleted from the

simulation after each simulation phase (i.e. NVE, NVT, and CVHD).

4 Results

4.1 Short time scale simulation

The evolution of the surface during ion bombardment was first simulated with an inter-

impact time of only 3 ps, from which 1 ps was CVHD phase. Similarly to in Refs. [163,

167] we observe the following mechanisms (see Fig. 1.2): reflection, Eley-Rideal (E-R)
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recombination, H sputtering by H ion impact, H release through ion-induced hydrocarbon

erosion and direct H2 recombination of H atoms. The latter was not originally expected,

but is plausible because of the large thermal vibrations of the H and C atoms at high

surface temperatures. In contrast to Ref. [74, 167], we find that in the case of H sputtering

the incoming H ion can also chemisorb after impact rather than only reflect. Penetration

through the graphene layer was negligible as its insignificant at 5 eV ion impact energy

[163].

Fig. 1.2 | Illustration of H ion-surface interactions. At first, basic interaction with the surface can
occur; the impinging H ions either i1) reflects, i2) chemisorbs on a surface C atom, or i3) penetrates
through the top graphene layer. If the H atom is chemisorbed, multiple other mechanisms can
occur. A consecutive impacting H ion can i4) sputter the H ad-atom or i5) cause H2 recombina-
tion (Eley-Rideal recombination). The chemisorbed H atoms can also be released thermally by
t6) H desorption, t7 ) direct surface recombination, or t8) diffusion-induced surface recombina-
tion (Langmuir-Hinshelwood recombination). Lastly, the H atom can be released due to chemical
sputtering of a hydrocarbon group either induced by i9) an ion-impact or t10) thermal fluctuations.

By determining the point when the H atom was released from the surface, the type

of process and its probability could be estimated. The results are shown in Fig. 1.3. At

a 3 ps inter-impact time, 17% of the incoming H ions were reflected. The remainder

was chemisorbed on the surface. From these H atoms, a majority (64%) recombined
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by an Eley-Rideal process. Only a limited fraction (<19%) was released through surface

recombination, H sputtering and erosion. Because the probability of the different inter-

action processes depended on the exact surface configuration, and thus the number of

impacts, the surface evolution was examined by monitoring the uptake of H as well as

hydrocarbon groups on the surface (Fig. 1.4a, top). Three phases could be identified. In

phase I, the surface was quickly hydrogenated up a H uptake of 25, corresponding to a H

concentration of �20%, within 200 impacts. In phase II, hydrocarbon groups appeared on

the surface, starting from CH2 to eventually CH3 groups after 500 impacts. Lastly, in phase

III, after �550 impacts etching was initiated and continued until �1500 impacts, where

nearly all carbon and hydrogen atoms in the first layer were released. The maximum

H uptake was �130, corresponding to a H concentration of �110% (consistent with Ref.

[74]). Concurrently, the same cycle is initiated for the underlying layer after the first holes

appear in the top graphene layer (after �1300 impacts).

Fig. 1.3 | Probability of H ion-surface interactions as a function of ion flux. Includes reflection, H
sputtering, Eley-Rideal recombination, ion- and thermally-induced erosion, surface recombination,
Langmuir-Hinshelwood recombination and H desorption, for varying inter-impact times: 3 ps, 1 ns
and 1µs. Hatched lines indicate thermally induced processes, while those without hatching are
ion-induced processes.

By depicting the probability for each ion-surface process (averaged over 100 impacts)

versus the number of impacts (Fig. 1.4a bottom), its correlation with the aforementioned

erosion phases could be identified. The results show that initially in phase I, reflection was

relatively high (�60%). This is in line with Ref. [163], where a 5 eV H ion energy was found

to be close to the threshold for adsorption. Persistent bombardment of H ions, however,



4 Results 53

eventually led to significant hydrogenation in phase II, resulting in a reduced reflection

probability (<30%). This can be explained by the rise of ortho- and para-sites (e.g. H

clusters [214]) and defects [163], which both increase the effective binding energy. Hence,

we note that in contrast to what is typically assumed, the adsorption behavior (see Fig. I.1a

in the supplementary information) is not Langmuirian, i.e. the adsorption cross-section

cannot be expressed as σH � sH©n0�1�nH©n0�, where sH, nH and n0 are respectively the

sticking coefficient of hydrogen ions, the H concentration (H uptake per surface area) and

total density of surface sites [165]. In phase II, Eley-Rideal recombination became more

dominant (> 50%), which can be explained by the larger E-R cross-section for increasing

H uptake. The same applies for the increase in H sputtering, although its contribution is

relative small. In phase III, besides E-R recombination, a significant fraction (�30%) of

H was released through ion-induced hydrocarbon etching, which evidently required a

minimum H uptake before initiation.

Fig. 1.4 | Evolution of the hydrocarbon uptake and interaction probability. (top) the total hydro-
gen uptake in the system and the present hydrogen in CH, CH2 and CH3 groups and (bottom) the
probability for hydrogen ion interactions with the surface: reflection, H sputtering, Eley-Rideal re-
combination, ion- and thermally-induced erosion, surface recombination, Langmuir-Hinshelwood
recombination and H desorption. Three phases were identified: low H uptake (Phase I), rise of
complex hydrocarbon groups at the surface (Phase II) and start of chemical sputtering (Phase III).
The inter-impact time interval was a) 3 ps and b) 1µs.
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4.2 Long-time scale simulation

By moving towards more realistic time intervals, e.g. 1µs, corresponding to an ion flux

of 1023 m�2s�1, four new thermal processes occurred (see Fig. 1.2): thermally-induced

hydrocarbon erosion (which was already discussed in Ref. [87]), surface diffusion, hy-

drogen desorption, and diffusion-induced Langmuir-Hinshelwood (L-H) recombination.

The processes mutually competed: the chemisorbed H atoms either desorbed (as a sin-

gle H atom or as H2 by direct recombination with a neighboring H atoms), diffused to

neighboring C atoms, or - if the H atom was not desorbed after several hopping events

-encountered another H atom and recombined (L-H kinetics). N.b., to avoid confusion

with surface recombination, we defined L-H recombination here as an event where both

H atoms hopped at least once before recombining.

The probabilities for the ion-surface processes clearly altered due to the prolonged

time interval between impacts (Fig. 1.3). The reflection probability rose from 17 to 37%,

which is related to both the uncompleted erosion cycle over which the impacts were

averaged (resulting in overestimation of < 10%) as well as the lower mean H uptake. More-

over, E-R recombination reduced with increasing inter-impact time, while direct surface

recombination and Langmuir-Hinshelwood kinetics (Fig. 1.2ee) started to dominate. In

the case of direct surface recombination this shift is related to the higher probability for

C-H bond breaking (the rate limiting step). This is also the case for L-H recombination, but

since it additionally involves a rate-limiting (2nd order) diffusion step, the increase is more

pronounced. The prolonged inter-impact time also led to the rise of H desorption; from

virtually 0 to 5%. Overall, the fraction of H release through thermal processes increased

from 11 to 82%.

The consequence of the shift in competing interaction mechanisms is clearly visible in

the evolution of the etching process for the 1µs inter-impact time simulation (Fig. 1.4b).

It is apparent that compared to the 3 ps inter-impact time simulation, hydrogenation is

suppressed and does not exceed an H uptake of 50, which corresponds to a H concentra-

tion of �40%, similar as found in experiments [63]. The reason for the drop in H uptake

is that due to the extended inter-impact time, H atoms are more likely to desorb. This is

surely the case for loosely bound H atoms and hydrocarbon molecules. Nevertheless, H

atoms near defects and H clusters are able to continue being bound due to the higher

binding energy. Despite the reduced H uptake, formation of weakly bound CH3 groups

and erosion are initiated after fewer impacts (after �300 impacts for both cases, rather

than �500 and �600, respectively). This can attributed to a similar mechanism as was

found in previous work [87]: a higher probability for C-C bond breaking due to prolonged

exposure to thermal stress resulted in more potential binding sites [87] (this is also sup-
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ported by the observed transition towards hydrocarbon release by thermally-induced C-C

bond breaking, see Fig. I.2 in the supplementary information).

Similarly to the ps-scale simulation, the probability of the ion-surface interactions

strongly alter during the erosion cycle, mainly due to a changing H uptake. In the case

of the ion-induced processes the trends were similar as described above. Direct surface

recombination shows a strong increase with increasing H uptake (similar to E-R recom-

bination and H sputtering), which is due to the higher probability to neighbor a binding

partner. L-H recombination exhibits a clear optimum around 400 impacts (see also

Fig. I.1g in the supplementary information), at a H uptake of �15. This may be attributed

to two competing requirements: a minimum H uptake is necessary for the H atoms to find

a recombination partner, while the uptake should not be exceedingly high, because then

L-H kinetics is impeded by trapping at the defects and H clusters as well as by reduced

mobility due to holes and disconnected carbon islands [87] (this is also supported by the

rising surface residence time and dropping number of hopping events with increasing

H uptake, see Fig. I.3 in the supplementary information). Lastly, H desorption shows a

decrease with H uptake, which can again be related to the stronger binding at defects and

H clusters.

5 Discussion

Based on the semi-empirical Roth-Garcia-Rosales model, we predicted a shift from ion- to

thermally-induced hydrogen graphite interaction. Fig. 1.3 shows that with our CVHD sim-

ulation we were able to reproduce the same trend; the contribution of thermally-induced

interactions increased from 11 to 82% when the flux was reduced from 1029 m�2s�1

to 1023 m�2s�1. The tipping point was, however, higher than expected (at a flux of

�1026 m�2s�1) and the transition region wider. This could be explained by limitations

of the inter-atomic potential (resulting in deviating rate coefficients), but can also be

related to factors which are not considered in the current work, such as the microscopic

morphology. Nevertheless, the trend qualitatively agrees with the model.

The atomistic nature of the CVHD simulation also allowed us to complement the

knowledge behind the semi-empirical model by providing more detailed insights into the

dynamics of the interactions. First of all, several interactions were found which were not

explicitly mentioned in the literature on graphite etching: direct surface recombination,

H desorption, surface diffusion, and L-H recombination. In the model, these processes

are all incorporated in the rate coefficient for thermal H release (k-H). This means that

the selected activation energy for this rate is probably the mean value of a spectrum of
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energies. On a similar note, it was found that in the model the ion-induced H release

(σD) not only involves E-R recombination, but also H sputtering. Lastly, the results show

that the rate coefficients and cross-sections are not constant, but vary with time, i.e.

over the three phases of the erosion cycle (see Fig. 1.4). More specifically, their value

strongly depended on the H uptake, while the H uptake again was correlated to the rate

of desorption. These mutual dependencies indicate that the detailed dynamics of the

ion-surface system may be more complex than initially assumed.

6 Conclusion

This work shows that the type of elementary hydrogen-ion graphite surfaces interac-

tion can alter significantly by extending the inter-impact time. In line with the semi-

empirical model for graphite etching, a clear shift was observed from predominantly

ion-induced H release mechanisms such as Eley-Rideal recombination and H sputtering,

towards thermally-induced processes such as direct surface recombination, Langmuir-

Hinshelwood recombination and H desorption. In fact, these latter processes could be

reached at time-scales and surface temperatures (1000 K) similar to experiments for the

first time using atomistic simulation, which enabled us to describe the more detailed

dynamics of the system. Hence, this study demonstrates that long time-scale effects in

ion-surface simulations can be important, and in contrast to what is typically assumed

in literature these effects, may not be neglected, especially for low ion flux simulations

and high surface temperatures. The approach adopted in this work may also be used to

investigate other ion-surface systems or the effects of specific processes such as diffusion,

desorption and relaxation on the self-assembly of nanostructures in plasma.
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I Supplementary material

I.1 Probability for H ion-surface interactions versus the H uptake

Fig. I.1 | Probability for H ion-surface interactions as a function of H uptake. a) reflection, b) H
sputtering, c) Eley-Rideal recombination, d) ion-induced hydrocarbon erosion, e) thermally-induced
hydrocarbon erosion, f) surface recombination, g) Langmuir-Hinshelwood recombination and h) H
desorption, as a function of the H uptake. The data was averaged in bins of H uptake; the scatter of
the data is shown by the marked areas (1σ deviation). The inter-impact time were 1 ps, 1 ns, and 1µs.

Continued on next page
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Fig. I.1 Continued from previous page
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I.2 Probability of ion- and thermally-induced erosion versus the inter-

impact time

Fig. I.2 | Probability of erosion type as a function of inter-impact time. The erosion type is either
ion- or thermally-induced. The inter-impact times were 1 ps, 1 ns, and 1µs.
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I.3 Hydrogen surface diffusivity and residence time versus the H up-

take

Fig. I.3 | Hydrogen surface diffusivity and residence time as a function of H uptake. The diffu-
sivity - here expressed by the number of hopping events - and surface residence time are measured
between the time of adsorption and Langmuir-Hinshelwood recombination. The data was aver-
aged in bins of H uptake; the scatter of the data is shown by the marked areas (1σ deviation). The
inter-impact time was 1µs.



Chapter 2

Atomistic simulations of graphite

etching at realistic time scales*

Abstract

Hydrogen-graphite interactions are relevant to a wide variety of applications, ranging

from astrophysics to fusion devices and nano-electronics. In order to shed light on these

interactions, atomistic simulation by Molecular Dynamics (MD) has been shown to be

an invaluable tool. It suffers, however, from severe time-scale limitations. In this work

we employ the recently developed Collective Variable-Driven Hyperdynamics (CVHD)

method to hydrogen etching of graphite for varying inter-impact times up to a realistic

value of 1 ms, which corresponds to a flux of �1020 m�2s�1. The results show that the

erosion yield, hydrogen surface coverage and species distribution are significantly affected

by the time between impacts. This can be explained by the higher probability for C-C bond

breaking due to the prolonged exposure to thermal stress and the subsequent transition

from ion- to thermally-induced etching. This latter regime of thermally-induced etching

- chemical erosion – is here accessed for the first time using atomistic simulations. In

conclusion, this study demonstrates that accounting for long time-scales significantly

affects ion bombardment simulations and should not be neglected in a wide range of

conditions, in contrast to what is typically assumed.

*Published as: D.U.B. Aussems, K.M. Bal, T.W. Morgan, M.C.M. van de Sanden and E.C. Neyts. Chem.
Sci. 8 (2017) 7160-7168.
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1 Introduction

Fundamental hydrogen-graphite/graphene interaction has attracted interest in many re-

search fields including astrophysics [193], nuclear fusion [194, 195, 62], fuel cells [198, 199],

gas storage [196, 197], and nano-electronics [200–205]. In particular, research has focused

on understanding the release of hydrocarbon molecules by kinetic hydrogen ion bom-

bardment induced chemical reactions, also referred to as chemical sputtering [60]. A vast

amount of knowledge was gained in fusion energy research, in which dedicated experi-

ments were performed on tokamaks [25], and ion beam setups [61, 62] in combination

with theoretical studies [62–65]. Three fundamental processes were identified: physical

sputtering, ion-enhanced chemical erosion, and near-surface sputtering [60]. Using the

experimental data and theoretical models as input, the correlation of these processes as

a function of quantities such as the ion energy, ion flux, isotope mass, surface tempera-

ture and surface state [62, 25], were described in the semi-empirical Roth-Garcia-Rosales

model [64, 65].

It remains very challenging, however, to confirm the underlying mechanisms of the

above mentioned processes on the nano/micro-scale. In this regard, Molecular Dynam-

ics (MD) simulations have been an invaluable tool, not only for graphite/graphene as

described below, but also for closely related materials such as carbon nanotubes [221–

223], and nanocrystalline diamond [224]. In graphene/graphite etching simulations, pure

graphite or pre-constructed amorphous carbon (a-C:H) samples (to which graphite sam-

ples are found to evolve [60]) are bombarded with energetic hydrogen, thus providing

insight into the elementary reactions and emission processes at the atomic level [73–83].

For instance, Salonen et al. [69] investigated low energy H ion bombardment of a-C:H

samples at 300 K, and identified a new sputtering mechanism termed swift chemical

sputtering, which could provide a microscopic description of near-surface sputtering.

Despiau-Pujo et al. [74, 163] investigated sputtering under similar conditions, but used

multi-layered graphene samples and showed that due to the lattice structure, surface

reactions and erosion become more complex and that before sputtering can occur, ini-

tial damage by hydrogenation and vacancy creation has to be induced. MD has also

been employed to investigate the mechanisms behind the yield and species composi-

tion dependence on quantities such as the ion energy, surface temperature and ion flux

[69, 229, 230].

Unfortunately, the ion flux simulated in all of the abovementioned work exceeds the

flux range of experiments by at least four orders of magnitude, which directly brings us to

the general limitation of MD in terms of accessible time-scales. Typically, the time between

two impacts of the etchant species on the surface is in the order of a few ps, after which



2 Method 63

it is assumed that no further events occur. Practically, in terms of chemical sputtering,

this restricts MD simulations to very fast processes only, e.g. physical and near-surface

sputtering - both of the order of 10 fs. Longer time-scale processes (of the order of µs�ms)

that become important at elevated surface temperatures and low fluxes, e.g., desorption of

weakly bound species [84], hydrogen surface diffusion [85] or relaxation phenomena [86],

cannot be accessed. It is thus impossible to simulate chemical erosion, and MD studies

that aim to find quantitative agreement with experiments under conditions in the range

where chemical erosion is dominant, have to be considered with caution.

Several methods have been proposed to improve the time scale reach of atomistic

simulations, e.g. (kinetic) Monte Carlo [231–239], and accelerated MD methods [88–91].

From these methods, hyperdynamics is perhaps the most powerful. In hyperdynamics

a bias potential (∆V) is added to the global potential energy surface (PES) of the system

to fill the energy minima, which reduces the waiting time between minima-to-minima

transitions. The design of an appropriate bias potential for each system is, however, highly

non-trivial. In the recently developed collective variable-driven hyperdynamics implemen-

tation (CVHD [157]) the bias potential is constructed on the fly in a “self-learning” fashion,

allowing the method to be more generically applicable to different systems while requiring

little optimization. The flexibility of CVHD is illustrated by the wide range of processes that

have already been studied with the method, including surface diffusion, conformational

sampling, pyrolysis, combustion, and heterogeneous catalysis, demonstrating its ability

to model complex reactions with vastly different reaction rates [157, 158, 240, 241].

In this work, this method (CVHD) is employed to simulate erosion of graphite by

hydrogen plasma exposure using more realistic inter-impact times (i.e., up to �1 ms for

an ion flux of �1020 m�2s�1). As a reference, the graphite erosion is first simulated with a

relative small fraction of CVHD. Then, this inter-impact time is extended up to 9 orders of

magnitude. As we will show, this will have a significant effect on the ion-induced surface

modification and resulting etching rate.

2 Method

All simulations were performed using the LAMMPS package [225], and modified Colvars

module [226]. The interatomic potential used in this work is the Reactive Force field

(ReaxFF) [227]. In contrast to the widely used 2nd generation REBO potential [242], the

ReaxFF potential also includes long-range van der Waals (although this was also added

in Refs. [74, 243, 244]) and other terms such as Coulomb and torsional interactions. In

general, ReaxFF parameterizations are in good agreement with DFT results. In this work
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we use the parameter set developed by Mueller et al. [228], which was previously used to

model hydrocarbon desorption and decomposition on Ni nanoparticles as well as CNT

growth [86]. This validates its applicability for condensed carbon nanostructures.

The chemical erosion of graphite by the plasma interaction was simulated by impacting

the surface with 5 eV H atoms (velocity vi �
Ô

2E©mi � 3 � 103 ms�1) at random (x,y)

positions at normal incidence. The graphite substrate is composed of 4 graphene layers in

ABAB stacking, each containing 128 carbon atoms. A sample of a simulation (after 300 H

impacts) is depicted in Fig. 2.1 Periodic boundary conditions are imposed in the x and y

directions to mimic a semi-infinite surface. Employing the Nosé-Hoover thermostat, the

surface was brought to a temperature of 1000 K, which is the optimal erosion temperature

of the maximum ion flux currently achieved in experiments (� 1024 m�2s�1) [59, 25] .

After each impact, the motion of each atom was followed for 1 ps in the microcanonical

(NVE) ensemble to capture the physics of the hydrogen-surface interaction (e.g., reflection,

adsorption or penetration). The timestep throughout the simulation was set to 0.1 fs,

which was sufficiently small to conserve the total energy of the system. The integration

scheme is the velocity-Verlet algorithm. After the impact of the H ion, the kinetic energy

was dissipated into the material (with a typical time constant of 0.1 ps), which caused the

average temperature of the substrate to rise. The natural heat conduction out of the cell is

mimicked by including an additional canonical ensemble (NVT) phase for a duration of

1 ps. The substrate is cooled to its original temperature by applying a Nose-Hoover style

thermostat with a relaxation constant of 100 fs on all atoms [159].

In previous etching simulations that were conducted using MD it would now be

assumed that the system remains unperturbed during the residual time before the next

impact (1µs-ms) nothing happens. In this work, however, the CVHD procedure was

employed in order to reach the desired longer timescales. In hyperdynamics, the simulated

physical time, also referred to as hypertime, is obtained by multiplying the elapsed MD

time by the boost factor �eβ∆V �, in which β � 1©�kBT � and the angle brackets denote

the ensemble average, taken as the average over the whole simulation [90]. The CVHD

bias was generated by periodically adding a small repulsive Gaussian potential to the

local potential energy landscape at the current state of the system. The thus gradually

increasing CVHD bias is a function of a single collective variable (CV), which includes

all degrees of freedom relevant for the process(es) to be observed. A typical example

of a collective variable, which was also used in this work, is based on the distortion of

bond lengths from their equilibrium values (ri � rmin�©�rmax� rmin). Care is taken to not

add CVHD bias to the transition region, i.e., the region close to the saddle point, as this

would corrupt the correct sequence of events in the system, achieved here by choosing an
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Fig. 2.1 | Simulation box of the graphite etching experiment. Hydrogen is injected at a random
(x,y) position with 5 eV at z � 50 Å towards the graphite surface. The lower graphene layer is fixed.
Eroded species are removed from the simulation once they enter the “removal zone”. The “freezezone”
is introduced to prevent particle loss; in this region particle are not integrated, i.e., the velocity and
forces are effectively zero.

appropriate (i.e, not too large) value of rmax . We used rmax � 2.2 Å and rmin � 1.5 Å for C-C

bonds, similar to the set-up previously used for hydrocarbon pyrolysis.59 A combination

of dynamic and static biasing was used, in which the static base level of the bias potential

was set to 0.65 eV, which was found to be below the threshold for an event. On top of this

static bias potential, additional Gaussians of width 0.04 and height 0.01 eV were added to

the PES every 100 fs, until one of the C-C bonds exceeds rmax for longer than 0.1 ps, after

which the bias was removed and a new bias addition was initiated. More details about

CVHD and the employed biasing method can be found in Refs. [157, 158].The C-H bond

potential should in principle also be biased, but this led to a significant increase in the

computation time. Bearing in mind the aim of current work – to qualitatively show the

effect of long time-scales on the physics and chemistry of the simulated system - C-H

bond potential biasing will be left for future work.

In contrast to most standard hyperdynamics simulations no “fixed” time scale elonga-

tion is obtained. That is, the total magnitude of the bias potentials (and hence the overall

time scale that can be reached) is not a fixed quantity, but dependent on the requirements

of the system. In addition, each CVHD cycle only lasts as long as needed to reach a certain
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inter-impact time. Owing to this flexible biasing strategy, arbitrarily long time scales can

be simulated, allowing us to model different ion flux regimes over several orders of magni-

tude. The typical calculation performance for the simulation with the longest inter-impact

interval of 1 ms is �1 hr wall time (for parallel operation on 4 CPU cores of an Intel® Core

i7-2600K, 3.4 GHz, 8 MB cache). From this wall time only up to 66% was spent on CVHD.

After each CVHD phase a new impact was initiated (i.e. starting from the NVE phase).

Once erosion was initiated and eroded species entered the removal zone, they were

deleted from the simulation after each simulation phase (i.e. NVE, NVT, and CVHD). An

additional zone was applied to prevent species from leaving the simulation box; in this

zone the atoms were not integrated.

3 Results

3.1 Short time scale simulation

The graphite erosion was first simulated with an inter-impact time of only 3 ps, from

which 1 ps CVHD phase. Fig. 2.2 shows the time evolution of the top layer of the graphite

sample after an increasing number of impacts. From the impacting H ions, a fraction

reflected from the surface (mainly from the hollow and bridge sites). Another fraction

was chemisorbed on the surface at C-C dimer locations after sp2/sp3 re-hybridization

(Fig. 2.2;1). This is a similar behavior as in Ref. [163] and expected because the interatomic

potential curves are similarly shaped (for a DFT comparison of the interatomic potential

curves near pristine graphene, see Fig. II.1). In contrast to Ref. [163], however, some

H atoms were able to penetrate the top layer and become adsorbed on its back side,

e.g. through the bridge site, which may be related to the reduced energy barrier. The

chemisorption of the H atoms displays preference for ortho- and para-pairs – also referred

to as clustering, which can be explained by the increased binding energy of these pairs as

compared to two separately bound H atoms [163, 210, 245].

The hydrogenation process eventually led to bond breaking due to mechanical stress,

either induced by local impacting H ions or by repulsion of a hydrogen pair in the ortho

configuration (encircled in Fig. 2.2;1). The two unsaturated C atoms that were formed

after C-C bond breaking, rapidly saturated their dangling bonds by forming CH2 and

CH3 groups, depicted in Fig. 2.2;2–3. (for a DFT comparison of the interatomic potential

curves near a defected graphene see Fig. II.3). Subsequently, additional H atoms emerged

at the back side of the top layer, because of surface restructuring. Once the CH2 and

CH3 groups were formed, carbon was etched by volatile product formation, as further



3 Results 67

explained below. With increasing fluence, the C-C rupturing and etching led to holes in

the graphene layer (Fig. 2.2;4) and eventually to the formation of islands of hydrogenated

carbon atoms (Fig. 2.2;5), which were etched rapidly. Once holes – so-called etch pits

– were formed, the 5 eV H ions could undisturbedly penetrate the active layer and start

hydrogenating the second layer. This vertical ‘graphite peeling’ process continued layer

by layer, consistent with Refs. [74, 76, 83].

Fig. 2.2 | Stages during erosion of the graphite top layer. 1) hydrogenation of the top layer, 2) first
CH2 fragment (red circle), 3) first CH3 fragment (red circle), 4) holes and 5) carbon islands.

The etching process was investigated more systematically by monitoring the hydrocar-

bon groups on the surface. In Fig. 2.3a the hydrogen uptake in the system is shown as a

function of the number of impacts as well as the contribution of hydrogen in CH, CH2,

and CH3 groups. It shows that the surface was quickly hydrogenated within 500 impacts

and then saturated to an CH/C ratio of �40% in the first layer, which is in the range of

hard a-C:H films [186]. This saturation value can partly be explained by the curvature of

the graphene layer, which distorts the sp2 and sp3 hybridization states due to mechanical
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stress [198]. At valley locations this reduces the binding energy and hence incoming H ions

are more easily reflected. Once the surface was sufficiently hydrogenated, CH2 groups

appeared which led to an increased H uptake in the first layer. After �600 impacts also

CH3 groups were observed and finally after �800 impacts, etching was initiated. This is in

line with the chemical erosion model of Refs. [63, 65, 64], in which hydrogenation leads to

sp3 complexes, C-C bond breaking and eventually formation of hydrocarbon complexes at

the surface, e.g., CH3 radicals. Finally, the loosely bound hydrocarbon groups were etched,

as further explained below. Etching continued until all carbon and hydrogen atoms in the

first layer were released (at �2000 impacts). Hereafter, the same cycle was re-initiated.

The etching mechanisms were examined in more detail by observing the exact moment

of etch product release. Two possible paths were identified as depicted in Fig. 2.4. In the

first case, an ion impacted very close to a carbon chain (Fig. 2.4a), eventually causing the

release of a hydrocarbon molecule (C2H2 in this case). The release of a weakly bound

hydrocarbon molecule due to an ion impact is hereafter referred to as ion-induced erosion.

This process points towards swift chemical sputtering described in Ref. [69]. In this case,

the ions can directly break the covalent C-C bonds of surface hydrocarbon groups bound

to the carbon network, because the carbon atoms are forced apart due to the repulsive part

of the potential energy function [69]. Since this repulsion occurs very fast, the surrounding

carbon network has no time to relax.

In the second case, a loosely bound CH3 group was desorbed in a thermal fluctuation

(Fig. 2.4b). The release of a weakly bound hydrocarbon molecule due to a thermal fluc-

tuation is hereafter referred to as thermally-induced erosion. The observed mechanism

is similar to the ion-enhanced chemical erosion process that was extensively studied

in Refs. [63, 65, 64]. In that work, the erosion mechanism is thought to proceed by the

following steps. After significant hydrogenation of the surface, a fraction of the carbon

atoms will be in an intermediate radical state spx (with free/dangling bonds) which is

either caused by hydrogenation of a sp2 C radical or due to abstraction of a bound H

atom on a sp3 C atom by an Eley-Rideal type process. At elevated temperature (> 400

K), a C atom that contains a hydrocarbon group (e.g. CH3) and neighbors such a spx C

radical, can release this hydrocarbon group; the dangling bond of the C atom will form a

double bond with the neighboring free bond of the spx C radical (also called β-scission).

Alternatively, the hydrocarbon group can directly thermally desorb after the hydrogen

irradiation is stopped [64]. Remarkably, our simulation shows that this latter process may

also occur during hydrogen irradiation, because no hydrogen abstraction was observed

before the hydrocarbon complex release.
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Fig. 2.3 | Evolution of the hydrocarbon surface concentration and erosion. Time evolution of
(top) the total hydrogen uptake in the system and the present hydrogen in CH, CH2 and CH3 groups,
(bottom) the eroded number of carbon atoms as a function of the number of impacts. The inter-
impact time interval is a) 3 ps and b) 1 ms.



70 Atomistic simulations of graphite etching at realistic time scales

Fig. 2.4 | Observed erosion mechanisms. a) hydrogen ion impact induced erosion (the incoming
H ion is encircled in window 1), b) CH3 erosion due to a thermal fluctuation.

By determining the exact point at which the hydrocarbon molecule was disconnected

from the carbon network, the probability of ion- or thermally-induced release was es-

timated, as depicted in Fig. 2.5a. The results show that over 90% of the release is ion-

induced.

Lastly, the erosion species distribution is depicted in Fig. 2.5b. Surprisingly, the dis-

tribution consists of a significant fraction of large hydrocarbons (Cx%3Hy) compared to

the literature [73, 76]. These large hydrocarbons mainly originate from the carbon islands

observed in Fig. 2.2;5. Due to the weak van der Waals binding, these groups are only

loosely bound to the surface and thus could be desorbed, enhanced by energy transfer

from the incoming H ions. These carbon islands predominantly comprise the fraction of

hydrocarbons with five or more carbon atoms.

3.2 Long-time scale simulation

In the previous section the time between impacts was 3 ps. In this section, we will investi-

gate the effect of moving towards more realistic time intervals, e.g. 1 ms, corresponding to

an ion flux of 1020 m�2s�1. In Fig. 2.3b the time evolution of hydrogen uptake and erosion

is plotted for 1 ms inter-impact time intervals. It appears that for all time intervals, the

erosion process can be described by the same steps as those described in the previous

section: hydrogenation, CH2/CH3 group formation, and etching of the top graphene layer.

The maximum total H surface coverage - defined as the ratio of the total number of H

atoms to the number of C atoms in the top graphene layer - appears to decrease with

increasing inter-impact time (from�110% to�70% H/C) while the relative fraction of CH3
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Fig. 2.5 | Erosion type and species distribution as a function of inter-impact time. a) The proba-
bility of the erosion mechanism type (ion- or thermally-induced), for varying inter-impact times:
3 ps, 1 ns, 1µs and 1 ms. b) The distribution of the erosion species.
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groups increases (from �20% to �30%). More striking is, however, that the erosion stages

appear to occur earlier with increasing inter-impact time. The number of impacts before

the H uptake reaches 30% is reduced from �370% to �150%, while erosion starts already

after �80 impacts instead of �850 as was the case in the pure MD simulations. This is also

consistent with Fig. 2.6a, in which the erosion yield (number of eroded carbon atoms per

incoming ion) is depicted as a function of the inter-impact time (and ion flux). In the stud-

ied range, the erosion yield shows a monotonic increase of a factor 3.3. For inter-impact

times of % 10µs the erosion yield appears to increase more slowly. The erosion yield in the

case of 3 ps interaction time (0.07 C/H) is a factor four higher compared to Ref. 28, which

is probably related to the lower surface temperature (300 K) in that simulation.

The erosion species distribution for varying inter-impact times is depicted in Fig. 2.5b.

The CHx and C2Hx contributions appear to increase with increasing inter-impact time,

while the contribution of large hydrocarbons molecules (Cx%3Hy) decreases. Because the

majority of the large molecules are released as carbon islands, this suggests that these clus-

ters disintegrate before they can desorb due to erosion of small hydrocarbon molecules,

i.e., Cx�1–3Hy. With regard to the smaller hydrocarbon molecules, the contribution of

CHxx is initially lower than that of C2Hx, but it starts to dominate the composition for

inter-impact times above 1 ns. Moreover, Fig. 2.5a shows that between 1 ps and 1 ns a

transition occurs from ion- to thermally-induced erosion. In the case of 1 ms inter-impact

time, �95% of the eroded particles are thermally-induced.

4 Discussion

The erosion process is affected in several ways by the long time-scales between impacts.

While similar steps appear to be followed as in the short time-scale simulation, these steps

are observed to occur earlier in time, i.e., after fewer impacts. This can be understood

by considering the biasing acceleration method which has been applied. The biasing

effectively brings the C-C bond length close to the value before bond breaking occurs,

which simulates the local mechanical stress associated with thermal fluctuations in the

graphene surface. With increasing inter-impact time, the effect of these fluctuations will

be more pronounced, i.e. for the same number of impacts, C-C bonds are more likely

to break (note that this only applies however for the C-C bonds that have an already

reduced bond energy, e.g. by the presence of H atoms). The subsequent rise in the

number of broken C-C bonds leads to more dangling bonds at the surface, and hence to a

higher probability for H ion adsorption. Consequently, saturation is reached earlier while

CH2/CH3 group formation is promoted. Additionally, desorption of small hydrocarbon
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Fig. 2.6 | Erosion yield and type as a function of surface temperature and ion energy. a) The
erosion yield of graphite at 1000 K using our CVHD simulation (c). For comparison, the data from
previous MD simulations of H ion bombardment on: a-C:H at 1000 K (Y [81]), a-C:H at 300 K (u
[81],� [73],V [162]) and graphite at 300 K (� [74]). Moreover, the calculated erosion yield using
the Roth-Garcia-Rosales model3 is depicted as a function of the ion flux based on the unmodified
model. The contribution of the thermal (Ytherm), near-surface erosion (Ysurf ), and sp3 concentration
(dashed curve, right-axis as indicated by arrow) are plotted separately. Lastly, the erosion yield and
sp3 concentration is depicted in the case of negligible desorption (dotted curves). b) The transitional
surface temperature from ion- to thermally-induced erosion as a function of the flux (black curve),
where the marked area is the regime of dominant thermally-induced erosion. The red curve shows
the maximum erosion temperature.
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molecules (Cx�1–3Hy) by thermal fluctuations is enhanced. All these effects lead to a boost

in the erosion yield. For inter-impact times exceeding 10 µs, however, the yield appears to

increase more slowly. This may be explained by the depletion of the number of potential

bond breaking events due to surface relaxation.

Concerning the species distribution, a shift is observed from C2Hx to CHx release

with increasing inter-impact time, which may be explained by the transition from ion-

to thermally-induced erosion. Moreover, in contrast to other MD work [81, 69, 229, 246],

a significant fraction of large hydrocarbon molecules Cx%4Hx is observed in the case of

short inter-impact times (3 ps and 1 ns), that we attribute to release of the carbon islands

bound by van der Waals forces. The discrepancy with literature may be explained by

the difference in the sample structure. In the simulations of Refs. [81, 69, 229, 246] an

amorphous carbon sample was used instead of graphite, thus carbon islands are not

likely to form. Nonetheless, the release of carbon islands may have been boosted due

to the shape of the interatomic potential selected in this work. This could result in an

overestimation of the erosion yield by less than 60% in the case of 3 ps inter-impact time.

The trend of a rising erosion yield and shift towards thermally-induced erosion as

a function of the increasing inter-impact time can be explained by the semi-empirical

Roth-Garcia-Rosales model [195]. In this model the total chemical sputtering yield is

expressed as:

Ytot � Yphys�Ytherm�1�DYdam��Ysurf, (2.1)

where Yphys, Ytherm, Ysurf is the erosion yield due to physical sputtering, chemical

erosion and near-surface processes, respectively, and DYdam is an additional multiplicative

term that includes a radiation damage yield Ydam and isotope dependent constant D.

Fig. 2.6a shows the erosion yield calculated by this model for 5 eV ions impacting a

graphite at a surface temperature (Ts) of 1000 K as a function of the ion flux (φ), hereby

adopting the equations and parameters of Ref. [195]. The results are plotted with and

without including the empirical obtained flux effect compensation factor (C � φ
�0.54).

To gain more insight, the contribution of the thermal and surface erosion (without flux

effect) are plotted separately. Note that beyond an ion flux of Γmax � 6 � 1023 m�2s�1

no experimental data is available and the trend is unknown. The results of the current

CVHD study are included along with (for comparison) the data of MD studies in literature,

although different sample structures and temperatures were used. The yields of the

literature data were scaled to 5 eV using the ion energy dependence of Ref. [25]. Three

zones can be distinguished, dominated by: 1) desorption, 2) chemical erosion and 3)

near-surface-chemical sputtering. Apart from the large deviation between the absolute
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values of the erosion yield obtained by CVHD and the model, they show qualitatively the

same trend in terms of yield. Additionally, Fig. 2.5a shows that the transition from ion- to

thermally-induced erosion is reproduced. The order of magnitude overestimation of the

yield by the CVHD simulation compared to the semi-analytical model can be explained by

the difference in rate constants and thus by the precise shape of the interatomic potential,

but can also be related to factors which are not considered in current work, such as the

microscopic morphology. Furthermore, the results suggests that the empirically obtained

trend of rapidly decreasing erosion yield as function the flux (� φ
�0.54) is not observed

in our atomistic simulations, at least beyond Γmax, i.e. the data fitting range. In line with

Ref. [81], this suggests that this effect may not be related to the properties inherent to

the material, but is most likely caused by external factors, e.g. redeposition of eroded

hydrocarbons molecules or processes occurring in the plasma.

The transition from ion- to thermally-induced sputtering is visualized in Fig. 2.6b as

a function of the surface temperature and ion flux (calculated by the aforementioned

model). The marked area shows the regime of dominant thermally-induced erosion,

which is inaccessible by common MD simulations. In particular for low flux simulations

(Γmax �1019 m�2s�1), this regime is already entered for Ts $ 670 K. Thus, MD simulation

studies on atomic processes in this range have to be considered with caution.

In our simulations C-H bonds biasing was not included. Possibly, this led to an

underestimation of processes such as thermal hydrogen desorption and hydrogen surface

diffusion followed by Langmuir-Hinshelwood recombination. Based on the Roth-Garcia-

Rosales model it is expected that neglecting such desorption processes only leads to

a saturation of the yield for fluxes below 1022 m�2s�1 (black dotted line in Fig. 2.6a),

instead of a rapid drop (black dashed). This trend is consistent with our CVHD results.

Nevertheless, unforeseen effects may be significant.

5 Conclusion

This work presents the effect of long time-scales on graphite erosion by hydrogen ion

bombardment using a recently developed hyperdynamics implementation. The results

show that while the type of graphite erosion processes - hydrogenation, vacancy creation

and volatile product formation - do not depend on the inter-impact time, a clear reduction

of the required fluence was observed with increasing the inter-impact time. Moreover, the

increase in inter-impact time resulted in an increased erosion yield, a reduction of the

maximum hydrogen surface coverage and a shift towards smaller hydrocarbon species

release. This could be explained by the higher probability for C-C bond breaking due
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to the prolonged exposure to thermal stress and the associated transition from ion- to

thermally-induced etching. In fact, this latter process – chemical erosion – could be

accessed for the first time by atomistic simulations due to extended time-scales and is

supported by semi-empirical modelling. In conclusion, this study demonstrates that long

time-scales can have several important effects on ion bombardment simulations and

in contrast to what is typically assumed in literature these effects may not be neglected,

especially for low flux ion bombardment simulations.
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II Supplementary material

II.1 Hydrogen on pristine graphene: classical MD vs DFT

In order to determine the ion-surface interaction dynamics we let a 25 eV H atom imping

on the top, bridge and hollow sites of a graphite sample at 0 K. The potential energy

difference of this H-graphene system and the same system at infinite separation is depicted

in Fig. II.1 as a function of the distance to the surface (defined as the difference in z-

location of the impacting H atom and the nearest C atom). Before the H atom is deposited

the energy of the system is minimized by allowing it to expand, and it was further relaxed

by integrating it for 0.4 ps in the NVE phase. The results are compared to the results of the

DFT calculations described in Ref. [163]. In these calculations, the surface is kept fixed

while the H atom was moved towards the surface. The results were obtained using a GGA

functional and it includes spin polarization. For further details we refer to the paper. Note

that in contrast to Ref. [163], here we applied the REAX-FF [227] with the parameter set

of Mueller et al. [228] The results shows that at the bridge site, an energy barrier exists

(10.7 eV), which is lower than DFT (17.4 eV). This may be related to the fixed positions of

the C atoms in DFT. Moreover, a similar plateau is observed around 1–1.5 Å, although the

magnitude in (classical) MD (4 eV) and DFT (0.5 eV) deviate. In the case of the top site, a

metastable chemisorption site can be observed around the local minimum at 1.5 Å and

with an energy barrier of 0.9 eV. This is 0.39 eV in DFT (and at 1 Å). The agreement of the

potential well position is much better predicted for lower energy H ions (1.1 Å for 1.3 eV

impact energy, see Fig. II.2). This is related to the longer interaction time, which allows

for sp2
� sp3 re-hybridization. Finally, at the hollow site a similarly shaped energy barrier

exists (7.7 eV) which is lower in DFT (3.3 eV). To conclude, the predictions of MD and DFT

are qualitatively (in shape) comparable, although the quantitative deviations.
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Fig. II.1 | Potential energy curves of H impact on pristine graphene. a) The potential energy
curves of hydrogen impact on the top, bridge and hollow sites of graphene. b) A zoom-in on the
results and display of the DFT results from Ref. [163].
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Fig. II.2 | Potential energy curves of H impact with varying energies on pristine graphene. The
potential energy curves of a kinetic H atom impacting on the top site of graphene at 0 K for varying
impact energies.
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II.2 Hydrogen on defected graphene: classical MD vs DFT

Graphite etching can eventually lead to defect formation in the graphene surface, which

can influence the interaction of kinetic hydrogen ions with the surface. Here, we solely

limit the discussion on a central mono-vacancy and compare our MD simulation results

with DFT calculation performed in Ref. [163]. The same methodology is applied as the

section above. The potential energy difference of the H-graphene system and the same

system at infinite separation is depicted in Fig. II.3. The results show that the vacant

atomic site (top) is purely attractive, which is consistent with DFT, although the potential

energy starts to drop at a shorter distance to the surface (around 1 Å instead of 2 Å in DFT).

Moreover, a similarly shaped potential well is predicted, which has a depth of 4 eV instead

of 2.1 eV in DFT. Lastly, the value for the energy barrier of the hollow site (2 eV) agrees well.

So, also in the case of damaged/defected graphene a satisfactory qualitative agreement is

found between MD and DFT.

Fig. II.3 | Potential energy curves of H impact on defected graphene. The potential energy curves
of a H atom impinging on the top, bridge and hollow sites of defected graphene at 0 K . DFT values
are from Ref. [163].



Chapter 3

Fast nanostructured carbon

microparticle synthesis by one-step

high-flux plasma processing*

Abstract

This study demonstrates a fast one-step synthesis method for nanostructured carbon

microparticles on graphite samples using high-flux plasma exposure. These structures are

considered as potential candidates for energy applications such as Li-ion batteries and

supercapacitors. The samples were exposed to plasmas in the linear plasma generator

Pilot-PSI with an average hydrogen ion-flux of �1024 m�2s�1. The parameter window

was mapped by varying the ion energy and flux, and surface temperature. The particle

growth depended mainly on the sample gross-erosion and the resulting hydrocarbon

concentration in the plasma. A minimum concentration was necessary to initiate particle

formation. The surface of the sample was covered with microparticles with an average

growth rate of 0.2µm©s, which is significantly faster than most chemical methods. The

particles were initially volumetrically grown in in the gas-phase by a multi-phase process

and after deposition on the sample their growth proceeded. Scanning and transmission

electron microscopy reveal that the core of these microparticles can be made of an ag-

glomeration of nanoparticles, surrounded by crumpled layers of carbon nanowalls. Gas

sorption analysis shows sufficient meso- and macropores for fast mass transport. In

conclusion, this processing technique could be a novel synthesis route to nanostructure

surfaces for electrochemical applications.

*Published as: D.U.B. Aussems, K. Bystrov, I. Dogan, C. Arnas, M. Cabié, T. Neisius, M. Rasinski, E.
Zoethout, P. Lipman, M.C.M. van de Sanden, T.W. Morgan Carbon 124 (2017) 403
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1 Introduction

The future demands for renewable energy, electric vehicles, portable electronics and

other high-power and high energy density applications require energy storage devices

[247]. Electrochemical energy storage has shown a great potential to meet the criteria,

but it requires further improvements in the field of high-performance electrode materials

[248, 249]. Among the potential electrochemical energy storage materials, carbon has

several advantages such as good electrical conductivity, stability within a wide range of

reactive environment, benign environmental impact, relative low cost, high availability,

and easy processability [250]. In particular, improved electrochemical performance can

be achieved from porous carbon electrode materials, which exhibits not only a high

surface area, but also improved wettability when operated in electrochemical cells [250].

This is due to the existence of sufficient meso- and macropores (% 2 nm and % 50 nm,

respectively [188]), necessary for a fast accessibility of ions [251, 252].

Several chemical processing routes exist for manufacturing porous carbon, which

includes activating compact porous materials [253], fabricating aerogels [254], or creating

porous carbon by use of hard [255, 256] or soft templates [257]. A very promising novel

approach is the use of graphene based materials, which has attracted a lot of research at-

tention [252]. This is due to the unique properties of graphene: very high surface area (over

2630 m2g�1), good mechanical/chemical stability, and high electrical/thermal conductiv-

ity [258, 259, 14]. Quite recently, nanostructured microparticles, consisting of crumpled

graphene oxide, displayed an effective combination of micro and macro structuring and

showed good electrochemical performance [191]. However, their formation required a

multi-step processing procedure, hindering the efficiency of production.

Alternatively, similarly shaped nanostructured carbon microparticles can be fabricated

in plasma environments of the thin-film industry and fusion devices, yet typically unde-

sirably [118, 119, 117, 120]. In the thin-film industry these “dust particles” grow during

plasma processing and are considered to be contaminants [120]. Dedicated dusty-plasma

experiments were hence conducted to gain more insights in their formation mechanisms

and transport using low-pressure RF and DC discharges [122, 112, 123, 113, 124–127].

Concurrently, similar nano/micro-sized carbon particles have been observed and inves-

tigated in fusion research. In these devices the particles are formed due to interaction

of the plasma with the graphite tokamak wall and can pose safety hazards in terms of

radioactivity and chemical reactivity [260, 114]. Experiments on this type of dust for-

mation have been conducted in linear plasma generators [56, 36], that can simulate the

extreme hydrogen (and isotopes) plasma conditions (ion flux of �1024 m�2s�1) close to

the tokamak walls.
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Although initially not intended for this purpose, the use of high-flux plasma exposure

in a linear plasma generator has a great potential. First of all, it is a one-step surface

modification procedure, i.e., the as-synthesized material is bound to the surface and

may hence directly be used in electrochemical cells. In view of this advantage and in

contrast to other methods, the active materials does not need to be attached to the surface

by an additional binder materials, e.g. polyvinylidene fluoride (PVDF) [191], which will

prevent reduction of the electrical resistivity of the electrochemical system [171, 261–263].

Secondly, a reactive hydrogen plasma is the only requirement, i.e., no graphite surface

pretreatment or chemical precursor gas injection is needed [56], taking advantage of

natural hydrocarbon release. This is in sharp contrast to the chemical synthesis routes,

which often require several processing steps and the inevitable use of expensive chemical

precursors [191, 254, 255, 257, 191]. Thirdly, the reported carbon microparticle processing

rate is very high, up to 0.15µm©s [56], which results in the full coverage of the sample

surface by microparticles within the timeframe of a hundred seconds, which is a critical

advantage in terms of the scalability of the process.

Despite the possible advantages, carbon micro/nano-structure synthesis by high-flux

plasma exposure is ill-explored and lacks understanding of the particle morphology as

well as insights into the growth conditions and mechanisms. This needs to be elucidated

in order to use this microparticle processing technique for applications such as electro-

chemical energy storage. In this study linear plasma generator Pilot-PSI is employed.

Although this setup is not optimized for industrial processing, is a convenient setup due

to its extensive diagnostic suite and well characterized plasma. Previous work using this

machine led to the understanding that the basic requisite of microparticles synthesis is

a very high plasma density (% 1020 m�3) [56]. This extreme condition makes the plasma

opaque for hydrocarbon molecules that are released by chemically sputtering from the

graphite sample surface, i.e. a large fraction of the sputtered hydrocarbon molecules is

redirected back to the surface. This induced recycling of hydrocarbon molecules leads

to reorganization of the plasma-exposed surface, and eventually to the appearance of

microparticles on the surface. Yet, the mechanism that led to nucleation and its con-

ditions remained unclear [56, 59] and have not been thoroughly studied in these high

density/flux conditions. Moreover, properties of the effective surface area and the pore

size distribution, which is important for future applications, are unknown.

In this work we demonstrate a one-step synthesis route for carbon microparticles in

the linear plasma generator Pilot PSI with a growth rate of 0.2µm©s. The experimental

setup of Pilot-PSI is explained in Sec. 2.1 and the post-processing analysis techniques

are explained in Sec. 2.2. The synthesis conditions are explored in terms of graphite
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surface temperature, incident ion flux and ion energy in Sec. 3.1. The materials related

to the conditions are analyzed in detail in Sec. 3.2, while the formation mechanisms

are investigated using in-situ diagnostics in Sec. 3.3. Systematic mapping of the growth

conditions in combination with the material characterization enabled us to propose a

nucleation model in Sec. 4. Finally, the conclusions and outlook are presented in Sec. 5.

2 Experimental setup

2.1 Synthesis and in situ diagnostics

The experimental setup of the linear plasma generator, Pilot-PSI, is depicted in Fig. 3.1a

and is described in more detail in [49, 50]. In our experiments, a hydrogen plasma was

generated by a cascaded arc plasma source [152] and expanded into a downstream vessel

along a magnetic field of 0.4–0.8 T generated by electromagnetic field coils. The radially

resolved plasma parameters were measured by a Thomson scattering system [154] 2.7 cm

in front of the sample and show a typically high central electron density (% 1020 m�3) and

an electron temperature of 1–2 eV. The plasma parameters were tuned by varying the gas

flow and discharge current in the plasma source, and the magnetic field. The plasma beam

has a Gaussian shape in the radial direction with a FWHM of 10 mm, which is depicted in

Fig. 3.1. The plasma flows towards a water cooled, electrically biased sample, fastened with

a Mo clamping ring. A typical ion flux (Γi � ne
Ó

Te) of 0.5–4 �1024 m�2s�1 was achieved

mainly due to the high electron density. Such an ion flux is up to four orders of magnitude

higher than in conventional plasma-enhanced chemical vapor deposition processing

[56]. The ion energies were in the range of 5�50 eV, and depended on the applied bias

voltage (for ion energies below 10 eV a floating sample was used). The sample surface

temperature resulting from the subjected heat flux was measured in 2D by using a fast

infrared camera (FLIR, SC7500-MB) and by a multi-wavelength emissivity-independent

pyrometer (FAR Associates, FMPI SpectroPyrometer), pointed at the sample center. A

single channel broadband spectrometer (Avantes AvaSpec-2048, wavelength range 378-

476) was used to measure the intensity of the optical emission of the A2
∆� X2

Π (A� X)

transition (the Gerö band) of the CH radical at the center of the carbon sample [95]. The

emission intensity was integrated from 420.0 nm to 432.0 nm and the background signal

was subtracted. Additionally, the intensity of the Balmer gamma line (Hγ) of the hydrogen

ion at 434.1 nm was monitored with the same spectrometer. This was used as a qualitative

measure of the density of the plasma (assuming Te remains unchanged).
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Fig. 3.1 | Schematic overview of Pilot-PSI and typical plasma conditions. a) In linear plasma
generator Pilot-PSI the plasma is generated by a cascaded arc source (left), confined by a magnetic
field and directed towards a water-cooled sample. Several diagnostics are installed for in-situ plasma
characterization and surface analysis. b) Typical plasma conditions show a Gaussian electron density
profile and a flat electron temperature profile.

2.2 Post-processing analysis

The samples were analyzed post-mortem using several surface analysis techniques. The

surface morphology was analyzed using two scanning electron microscope (SEM) devices

[Hitach S-4800 and Zeiss Crossbeam 540] operated at electron energies up to 5 keV. The

latter microscope was also equipped with a focused ion beam source, which was employed
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to prepare cross-sections of the microparticles, and a backscattered electron detector to

trace possible impurity particles. The backscattering electron images (BSE) were taken

at an electron energy of 4 keV. A confocal Raman spectroscopy setup (Renishaw inVia)

equipped with a 514 nm laser, a grating with 1800 lines/mm, and a CCD detector was used

to investigate the graphitic crystal structure. An X-ray Photoelectron Spectroscopy (XPS)

setup (K-Alpha, Thermo Scientific) with a monochromated Al Kα X-ray source (spot size

200–400µm) and build-in CCD camera was used to measure the surface contamination

level and the type of chemical bondings. The carbon nanoparticles (CNPs) and carbon

nanowalls (CNWs) were investigated with a transmission electron microscope (TEM)

[FEI Titan 80-300 Cs corrected] that allows for selected area diffraction pattern (SADP)

imaging. The impurity content of the particles was analyzed with another[FEI Tecnaï

G2] equipped with an energy-dispersive X-ray (EDX) detector [Oxford instruments, SDD

XMax 80]. Both TEMs were operated at an acceleration voltage of 200 kV. The surface

area and pore characteristics of each sample were determined by analyzing their N2

gas sorption isotherms (Micromeritics, TriStar II 3020). The surface area was derived

using the Brunauer-Emmett-Teller (BET) method and the pore size distributions from the

adsorption branch of the isotherms using the Barrett-Joyner-Halenda (BJH) model.

3 Results

3.1 Synthesis conditions

The initial surface morphology can play a critical role on the erosion and the formation of

surface structures as shown in previous work [171], which can make the interpretation of

particle formation complex. For this reason, we used highly oriented pyrolytic graphite

(HOPG, NT-MDT Co., 0.8–1.2 degrees mosaic spread, 1 mm thickness), which has a signifi-

cantly lower surface roughness than fine-grain graphite, to minimize this effect. The size

of the samples was 12 x 12 mm, so the total surface area could interact with the plasma

beam (10 mm FWHM).

The precursor material and the resulting growth of carbon microparticles depend on

the sample gross erosion – the number of etched carbon atoms per incoming hydrogen ion.

From previous work done in tokamaks and linear plasma devices under similar conditions,

it was found that gross erosion is mainly determined by the surface temperature, and

incident ion energy and flux [68]. Therefore, these quantities were varied within various

parameter ranges (Ts,peak � 350–1660 oC, Eion � 3–50 eV, Γi � 0.9–3.9 �1024 m�2s�1). The

contribution of recycled neutrals to the erosion could be neglected, because their flux and
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impact energy is estimated to be a factor 5 and 10 lower, respectively. The HOPG samples

were exposed to a hydrogen plasma reaching an ion fluence of the order �1026m�2. These

plasma exposures resulted in a variety of nano/microstructures, including microparticles

with an unintentional impurity seed (MP-i), further explained in Sec. 3.2), columnar

structures consisting of carbon nanowalls (C) and nanostructured spherical microparticles

(MP). Table 1 presents the sample exposure conditions and the type of particles formed

in the sample center and periphery. The regions are described in Fig. 3.2. Note that the

magnetic field used for the confinement of the plasma was 0.8 T for all samples, except for

samples H1-3, for which 0.4 T was used.

The gross erosion was diagnosed by optical emission spectroscopy (OES) of the CH

radical (i.e. the CH A-X emission band, Fig. III.1 in the supplementary data), which is

produced by a sequence of dissociative reactions with etched hydrocarbon molecules

[59, 95, 155, 264, 156]. The absolute gross erosion equals the absolute CH A-X emission

intensity φCH
A�X divided by the photon efficiency of the CH molecules Πphot (which de-

pends on ne and Te). Although our OES system was not calibrated absolutely, we can

account for the ne/Te variation of the photon efficiency. The variation with the electron

density is caused by collisional de-excitation (or also called collisional quenching) of the

CH molecule, which reduction factor fquench can be obtained theoretically [95]. The Te

dependence of the photon efficiency is weak, (range Te $ 1.5 eV [95]). Therefore, it can be

considered as constant, and the gross erosion is then expressed as:

ΓCH4
�

1
Πphot

φ
CH
A�X �

1
fquench

φ
CH
A�X (3.1)

The measured gross erosion is presented in Table 1, at the start of the plasma and at the

end. The reason for two values is that the gross erosion drops during the plasma exposure

due to plasma-induced surface modification (e.g. by film or nano/micro-structure growth),

and the resulting change in surface properties. This is further explained in Sec. 4.

In Table 1, we show that the magnitude of the gross erosion strongly determines the

type of structures that grow. Despite the difference in plasma conditions, the gross erosion

is strongly correlated to the peak surface temperature (thus this ordering is used in the

table). Samples, which were exposed with a central sample temperature below 600 oC

show only a few MPs (Fig. 3.3a). At a sample temperature of �1050–1080 oC again few

MPs (Fig. 3.3b) are observed and the surrounding surface is additionally covered with

columnar structures that consist of CNWs (Fig. 3.3c in Fig. 3.3b). At a sample temperature

of about �1140–1380 oC the center of the samples appears to be significantly covered with

MPs and agglomerates (Fig. 3.3d). At sample temperatures above 1600 oC, no MPs are

observed (Fig. 3.3e).
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Table 3.1 | Sample exposure conditions and synthesized morphology. The conditions includes
peak surface temperature (Ts,peak), ion energy (Eion), ion flux (Γi) and the initial and final gross
erosion rate (ΓCH4

) - and indication of the structures which were formed. The structures include
MP-i (microparticles with an impurity in the core), columnar structures (C), and microparticles
(MP). If the suffix ‘(l)’ is added, only a low surface coverage of these structures is observed.

Sample ID
Ts,peak Eion Γi ΓCH4

Structures

[oC] [eV] [1024 m�2s�1] [a.u.] center periphery

H1 350 3 0.9 1.0–0.4 MP-i(l) MP-i(l)
H2 400 20 0.8 1.2–0.3 MP-i(l) -
H3 600 50 0.5 0.5–0.2 - -
H4 1050 50 2.7 4.8–1.9 C/MP(l) C/MP(l)
H5 1080 7 3.8 4.8–2.4 CMP(l) MP(l)
H6 1140 20 3.9 8.7–4.3 MP(l) MP
H7 1240 20 2.3 13–2.3 MP MP
H8 1380 7 3.3 6.7–2.0 MP MP
H9 1660 6 3.3 0–0.4 - -

Fig. 3.2 | Camera image of a sample after plasma exposure. Three distinct regions are marked: the
center, periphery and edge.

3.2 Characterization of the microparticles

The nano/micro-structures were analyzed in more detail in order to explore possible

growth mechanisms. Here, we will describe the morphologies in terms of increased

surface temperature. In the case of a low surface temperatures ($ 600 oC), the coverage

of MPs is low, i.e., about �1%. The BSE image of Fig. 3.4 shows the cross-section of one

of these MPs that was cut with focused ion beam (FIB) etching. The brighter region at
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Fig. 3.3 | Microscopic morphology as a function of surface temperature. The SEM images of the
types of structures that were grown for different exposure conditions: a) low coverage of microparticles
with an impurity in the core (Sample H1), b,c) columnar structures with a low coverage of MPs
(Sample H4) d) MPs and agglomeration (circle) of MPs (Sample H7), and e) no structures (Sample
H9).

the bottom (indicated by arrows) shows that this MP has a non-carbon impurity particle

at the base. The impurity could have several origins, including W/Mo from the plasma

source, Mo from the clamping ring surrounding the sample and Si from plasma etching

of the windows The exact origin of the impurity is subject of future work. Surrounding

the impurity core is a dense carbon region from which columnar structures developed.

This particular morphology suggests an impurity seed is required to initiate the formation

and the main growth mechanism is by ballistic deposition [265, 266], where particles

arrive along straight-line trajectories. The contribution of positively charged species to

the growth can be dominant, because the fraction of ionized hydrocarbon species is high

(due to the low gross erosion), and the HOPG sample has a negative potential.

At a surface temperature of about 1050�1080 oC, the surface coverage with MPs is less

than 2%. Fig. 3.5a, shows the cross-section of a MP produced in such condition. Inside

the particle, a dense off-centric carbon seed is observed from which columnar structures

arise in the direction slightly tilted from the normal sample surface. The off-centric seed

suggests that the MP has (initially) been grown at the surface. The open region at the

left part (white circle) and the spherical shape at the bottom suggest that the particle has

been tilted. Surrounding the MP, on the sample surface, columnar structures are observed

that have a typical width of few hundred nm and height of �1µm and appears to consists
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Fig. 3.4 | BSE image of a carbon MP synthesized at T s<600 oC. The cross-sectional back-scattered
electron image reveals an impurity particle at the base.

of CNWs (Fig. 3.5b,c). The columnar structures indicate that these structures are also

grown from the surface. According to our knowledge, CNWs grown from eroded species

and reorganization at the surface has not been reported in literature. The growth rate is

40 nm/s which is a factor 2 higher than other methods we are aware of [174].

Fig. 3.5 | SEM images of carbon microparticles synthesized at T s � 1050–1080 oC. a) SEM cross-
section image of a carbon microparticle with dense off-center carbon region (marked with circle). b)
top-view and c) cross-sectional images of columnar structures surrounding the MPs that cover the
full surface.

Significant MP growth (24–61% surface coverage) occurs at a surface temperature

of �1140–1380 oC. These MPs can be seen by the naked eye (Fig. 3.6a) and are clearly

distinguished from the substrate (Fig. 3.6b). The surface comprises wavy carbon nanowalls

(Fig. 3.6c). These particles are similar to those found in a previous work in Pilot PSI, that

used fine-grain graphite as sample material [59]. The MPs can be removed either by

scratching them off or using a hand air blower. After removal, hills can be observed on the

sample surface where MPs were previously located (Fig. 3.6d). The origin of these hills is

discussed in Sec. 4. The sample surface roughness is relatively low compared to the height

(�15µm) of the MPs. In the previous work, the samples showed an erosion-dominated
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zone with spiked structures and a deposition-dominated zone with MPs [59]. These zones

are however not observed in the samples that exhibit MPs of this work. This can be related

to the smaller samples size compared to previous work, which minimizes the gradient

in the ion flux and surface temperature, resulting in more uniform erosion across the

sample.

Fig. 3.6 | Camera and SEM images of carbon microparticles synthesized at T s � 1140–1380 oC.
a) Camera image of a sample after exposure to hydrogen plasma. SEM images of b) MPs c) carbon
nanowalls on the surface of a MP. d) surface after removal of the MPs (other sample), revealing hills
where previous MP were located (indicated by arrows).

The cross-section of one of the particles was obtained by FIB etching and is depicted

in Fig. 3.7. There are three distinct regions: a central core, and two surrounding elongated

layers around the central core. The core and layer 1 are delineated by a more porous

region of carbon, while layer 1 and layer 2 are delineated by a denser region of carbon.

The number of layers correlates to the number of plasma discharges, i.e. the core particle

was formed during the first plasma and the two surrounding layers were accreted during

two consecutive plasmas exposures. The spherical core (�9µm) indicates a growth in the

gas phase while the elongated outer rings are consistent with accretion of hydrocarbon

radicals likely by diffusion-limited aggregation [267], i.e. aggregation occurs by diffusion

of the (neutral) growth species to the surface. Indeed, due to the higher erosion rate in this

temperature regime, the hydrocarbon molecule concentration is higher. This results in a

lower ionization degree, so a higher fraction of neutral radicals. Interestingly, the growth
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rate (estimated by rlayer©tshot) in the two outer layers is similar: 0.5 and 0.4µm©s for layer

1 and layer 2 respectively. The growth rate of the core (formed in the gas phase) may be

much larger than 0.6µm©s however, depending on when the particle was nucleated. These

growth rates are much higher than reported for conventional RF Ar©C2H2 discharges,

where the particle growth rate is $ 2 nm/s [184]. The rate is however, comparable to a-C:H

deposition by an expanding cascaded arc plasma (Ar/CH4) under relatively high vessel

pressure [102] (103 Pa compared to 0.2 Pa in Pilot-PSI [56]).

Fig. 3.7 | Cross-sectional SEM image of a microparticle. The diameter is �30µm. The two (white)
guidelines separate the three different growth regions. The three spikes at the bottom are an artifact
due to the FIB milling.

The interior of a MP was analyzed with transmission electron microscopy (TEM). A

slice of the middle section of one of them (�7µm diameter) was prepared by FIB milling,

which is depicted in Fig. 3.8a. The slice thickness is about �1µm. Inside, a spherical

structure can be observed. It is supported on a pillar ‘base’, which was attached to the

surface (similar base structures are visible in Fig. 3.6d). Inside this spherical structure a

core particle (black dashed circle) can be observed with a diameter of �1µm (Fig. 3.8b).

Higher resolution shows that the core mainly comprises an agglomeration of onion-

shaped carbon nanoparticles (CNPs) with a diameter of $ 10 nm as clearly shown in

Fig. 3.8c). The size and shape of these CNPs are similar as previously found inside the

graphitic layers that were scratched off from the surface [59]. This is an important finding,

since the spherical geometry of these CNPs and their internal structure is a clear indication

of a growth in gas phase [172]. The presence of CNPs is also supported by selected area

electron diffraction (see Fig. III.2 in the supplementary data). The diffraction rings inside

the core are broadened and continuous, consistent with the smaller and round crystalline

graphitic particles. In the periphery surrounding the core, graphitic layers are observed
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(Fig. 3.8b). A detailed view (Fig. 3.8d) shows fringe patterns of wavy carbon nanowall

structures, consistent with the CNWs found on the surface with SEM (Fig. 3.6c). The fringes

correspond to graphene layers. Their typical number is about 10–15; the total thickness

is about 4–6 nm and the typical length is several tens of nanometers. The inter-fringe

distance is 0.37–0.38 nm, which is slightly higher than the theoretical value of graphene

layers in (�0.34 nm) graphite, indicating structural defects. In both the SEM and TEM

images, the presence of pores is clearly visible. The apparent pore size ranges from several

to few hundred nanometers.

Fig. 3.8 | TEM images of a carbon microparticle’s interior. a) STEM image of a slice of the middle
section of a MP. The columnar structure on the left side is where the particle was connected to the
substrate. b) TEM images show that the center of the particle consists of relative dense carbon core,
while the surrounding comprises of crumpled graphitic layers. c) a zoom-in on the interior of the
core, revealing an additional contribution of onion-shaped carbon nanoparticle. d) HRTEM image
of graphitic layers in the region outside the core
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To gain more insight into the chemical composition and structure of these MPs and

their surrounding surface (easily distinguishable as shown in Fig. 3.6b), additional surface

analysis was performed by X-ray photoelectron spectroscopy (XPS). The general XPS

spectrum (Fig. 3.9a) reveals the presence of carbon and oxygen (likely due to oxidation in

air), consistent with the EDX measurements (Fig. III.3 in the supplementary data). Fig. 3.9b

shows a high-resolution C1s core level spectrum. The C1s peak position measured at the

MP and its surrounding area, is only minimally shifted (0.05 eV) with respect to the HOPG

reference sample, and the shape is very similar. From this we conclude that the sp3©sp2

fraction of the MPs and its surrounding area is approximately equal to the HOPG reference,

which is essentially graphitic, i.e. 100% sp2 within an error bar for XPS of typically 10%

[185]. With this bound for the sp3©sp2 fraction, the composition of the MPs on the ternary

phase diagram is in between pure graphite (0–5% sp3©sp2) and sputtered a-C(:H) films

(10–40% sp3©sp2) [186, 187]. The reason for the graphitic structures instead of amorphous

carbon can be explained by the higher resilience of graphite against hydrogen ion impacts

than amorphous carbon [268]; the amorphous phase is sputtered faster by the hydrogen

ions. Moreover, at elevated temperatures graphite starts to anneal, resulting in dominance

of the sp2 hybridization state (graphite) [60].

Lastly, Raman spectroscopy was performed to obtain more detailed information on

the crystal structure of the MPs as well as on the surrounding sample surface. A typical

spectrum is depicted in Fig. 3.10. Two strong peaks at 1327 cm�1 and 1580 cm�1 are

observed, and a small shoulder peak at 1620 cm�1, which correspond to the D, G, and

D’ band respectively. The G-band peak is related to graphite, while the D and D’ bands

indicate domain edges of graphene layers [101, 269]. The surface surrounding the MPs

shows a spectrum with a relative small D band peak, but unchanged width of the G-

band peak compared to the HOPG reference. This indicates that the surface is damaged

HOPG caused by the ion irradiation. The microparticle show a spectrum with an intensity

ratio between the G- and D-band of ID©IG � 2 and a G-band width of �50 cm�1. The

ID©IG ratio is similar to typical (predominately) vertical aligned CNWs grown on metal

surfaces, but the G-band width is higher, which may be explained by the larger stress and

graphitic disorder in the MPs [270]. The spectrum is very similar to a-C:H films deposited

by an expanding cascaded arc plasma (Ar/CH4) [271], which comprises similarly shaped

fractal CNW structures as observed on the MP surfaces of this study (Fig. 3.6c). The

crystallite size Lc in the MPs is estimated by using the ID©IG ratio and empirical formula

Lc�Å�� 44©�ID©IG� [270], and reveals an average value of 22 Å.

The MP size distribution is an important characteristic for future applications. This

distribution can easily be determined by using a SEM overview image of the MPs, Fig. 3.3d.
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Fig. 3.9 | XPS spectra at different locations on the sample. a) The overview spectrum shows that
the surface predominantly consists of carbon. The oxygen peak can be attributed to the post-plasma
sample exposure. b) The C1s peak.
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Fig. 3.10 | Raman spectrum at different locations on the sample. The green lines indicate the D,
D’ and G peaks fitted by a gradient-expansion algorithm for the spectrum ‘on MP’.

The obtained result is shown in Fig. 3.11 and can be described by the two log-normal

distribution functions. The first and dominant size distribution has a mean value of

�15µm, similarly to previous work [59]. Considering the total discharge duration of 75 s,

the mean size can be achieved with an average growth rate of 0.2µm/s. The second size

distribution can also be distinguished and has a mean value of �60µm, consistently with

Ref. [59]. The latter particles are less spherical and can be the result of agglomeration as

depicted in Fig. 3.3d.

The surface area and pore characteristics of the MPs were obtained by analyzing the

N2 sorption isotherms. Since the quantity required for an accurate analysis is significant,

we used MP materials from multiple samples of previous work (with graphite as substrate),

which had a similar size distribution, internal structure, sp3©sp2 fraction, and ID©IG ratio.

Fig. 3.12a shows sorption isotherms, i.e. the adsorbed quantity N2 gas in the MPs as a

function of the pressure p normalized by the saturation pressure p0. The relative rapid

uptake of N2 from 0 to 0.01 p©p0 suggests (some) microporosity (pore size $ 2 nm [188]).

The continuous increase of adsorption between 0.05 and 0.3 p©p0 indicates the presence

of mesopores. The sharp rise of the adsorbed volume near the saturation pressure suggests

the existence of large mesopores and macropores. Lastly, a step-down in the desorption

branch is observed near 0.45 p©p0, which can be explained by cavitation-induced evapo-

ration [189]. The shape of this isotherm corresponds to a type IV - typical for mesoporous
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Fig. 3.11 | Typical histogram of the particle size. Two size distributions are observed. The black
lines are the fits with a log-normal distribution function.

adsorbents - with H3 hysteresis loop, which can party be explained by incomplete filling of

the pores [190]. The co-existence of micro-, meso- and macropores can also be observed

in the electron microscopy images depicted in Fig. 3.7 and Fig. 3.8b,d. In contrast to active

carbon materials with only micropores, the abundant meso-/macropores allow for better

mass transport [192]. The specific BET surface area of the MPs obtained in the range

0.07–0.2 p©p0 is 150�30 m2g�1. This is of similar order of magnitude as the graphene mi-

crospheres presented in Ref. [191]. The pore size distribution of the mesopores (assuming

cylindrical pores) was obtained by applying the BJH model on the adsorption branch of

the isotherm, and is depicted in Fig. 3.12b (i.e., the plot shows the incremental adsorbed

volume (dV ) normalized by the pore size interval (d w) for each pore size). It indicated

that the pore size is widely distributed within 5�60 nm. The cumulative pore volume in

the range 1.7–300 nm is 1.0�0.2 cm3g�1. Noteworthy, the actual specific surface area and

pore volume may be significantly underestimated; since the MP material was obtained by

scraping off samples and thus likely contains small pieces of bulk graphite, this could have

led to a substantial overestimation of the sample mass over which the adsorbed volume is

normalized.
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Fig. 3.12 | N2 sorption isotherms of carbon microparticles. a) adsorption (black) and desorption
(red) isotherms, and b) BJH pore size distribution of the microparticles.
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3.3 In-situ observation of MP growth

Having described the morphological features of MPs above, we now elaborate on their

formation mechanism. In the previous work, it was not justified whether the MP depo-

sition on the sample surface takes place during the plasma discharge or after the end

of the plasma [59]. This is difficult to diagnose, since the particles are small ($ 15µm)

and grow very close to the sample (1–2 mm) where there is a lot of light emission. In

this work, we indirectly show when the particles are deposited, by taking advantage of

the difference in emissivity of the as-received HOPG surface (ϵHOPG � 0.2) and particles

(ϵMP � 0.9 [272]). The sample surface temperature is measured by the infrared camera

(TIR, emissivity dependent) and multi-wavelength pyrometer (Tpyro, emissivity indepen-

dent). The measured digital level (DL) of the infrared camera in the temperature range

% 1000 oC scales linearly with the surface temperature (TIR) and the selected emissivity

(ϵ): DL� ϵS�TIR�ϵ��� ϵIR�ϵ�, where S is the camera’s transfer function from photons to

digital level for a black-body surface. By choosing ϵ� ϵHOPG and considering the equality

ϵHOPGTIR�ϵHOPG� � ϵsurfTIR�ϵsurf� � ϵsurfTpyro, the emissivity of the surface (ϵsurf) can be

calculated from TIR and Tpyro. The obtained emissivity ϵsurf can be used to diagnose the

surface texture during the interaction with the plasma. Fig. 3.13a,b shows the apparent

surface temperature from both diagnostics as well as the determined emissivity during

the four plasma exposures sample H7 is subjected to, having respective durations 5, 5, 30

and 35 s. The pyrometer started recording few seconds after plasma initiation due to an

instrumental delay. After a total exposure duration of 10 s the sample emissivity/signal

strength starts to change and it saturates within 35 s to a value equal to those of the parti-

cles. The same applies for the signal strength which is proportional to the emissivity [273].

This result can be interpreted by a 2-population (particle and surrounding) model which

takes both contributions to the light emission into account (from which the temperature

is measured). The proportion of MP light contribution is:

IMP

Isurf
�

AMPϵMPσT 4
MP

AsurfϵsurfσT 4
surf

� 4.5
AMP

Asurf
� TMP

Tsurf

4

(3.2)

in which σ is the Stefan-Boltzmann constant, AMP and Asurf are the surface areas, and

TMP and Tsurf are the surface temperatures. Due to the low heat conductivity of the MPs,

TMP is higher than Tsurf. This means that while the surface coverage (AMP©Asurf $ 50%) is

still low (Tsurf � 1210 oC), the signal may already be dominated by the MPs. The gradual

increase of the emissivity indicates that the MPs are continuously deposited, rather than

being deposited at the end of a discharge. The deposition starts in less than 35 s of plasma

exposure.
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The gross erosion during the plasma exposure is diagnosed by measuring the CH

A-X emission intensity, which is depicted in Fig. 3.13c. The data shows that while the

MP are being deposited on the surface, the CH A-X emission intensity drops and so

does the gross erosion by a factor of up to 6 (Table 1). The drop can be explained by

the higher surface temperature of the MPs compared to the surrounding surface. For

surface temperatures exceeding 1000 K the gross erosion decreases monotonically with

increasing surface temperature [25], because desorption of hydrogen starts to dominate

over the release of hydrocarbons from the surface [62]. Thus, surface erosion is essentially

a self-limiting process because the deposited particles reduce the erosion locally and in

fact act as net-sinks for the recycled species.

Fig. 3.13 | Evolution of the surface during the plasma exposure. a) Apparent sample temperature
measured by the pyrometer and IR camera during the plasma shots of sample H7 (assuming a fixed
emissivity of 0.2). The signal strength of the pyrometer is depicted on the right axis, b) The determined
emissivity. c) Emission intensity of CH A-X Gerö band (black) and Balmer Hγ line (red). Two test
shots were used to fine-tune the conditions. The sharp drop in the second shot can be attributed to
lower plasma conditions (ne/Te) and thus lower ion flux and energy.
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4 Discussion

This section discusses the nucleation mechanisms and growth conditions in more detail.

Particle growth by hydrocarbon molecules in plasma is commonly understood to consist

of four phases [128]: (1) formation of large ion or neutral precursors (2) nucleation into

protoparticles (�1 nm), (3) agglomeration of protoparticles into larger particles, (4) further

growth by surface accretion of radicals and ions. In our case, a similar four-step growth

could be identified:

Step 1: ‘formation of large hydrocarbon molecules’ The hydrogen ion impact leads to

chemical erosion resulting in the release of methane and a fraction of larger hydrocarbon

molecules in the plasma [185, 186], which concentration can be determined by CH A-X

emission measurements (Sec. 3.1). The results show that a minimum concentration,

is required for MP growth and this implies that hydrocarbon molecule reactions in the

plasma are the driving force for nucleation. Several routes to the formation of large

hydrocarbon molecules in methane and acetylene plasmas have been proposed in the

literature. In the dusty plasma experiments using Ar©C2H2 and Ar©CH4 discharges [113,

114, 110] the formation of large ions is understood to occur by negative-neutral reactions

with precursor molecule C2H�, which can be formed by dissociative electron attachment

of C2Hx molecules. Let us note that the gas temperature in these experiments was T g �

300 K, which is much lower than in Pilot-PSI.

In Ar/H2/CH4 discharges used for diamond growth the gas temperature is typically

much higher: 1200–4000 K [116]. It was shown that in these conditions large molecules

and ions can be formed according to complex successive reactions: hydrogen abstraction,

linearization (acetylene formation) and cyclization (formation of polycyclic aromatic

hydrocarbons - PAHs - molecules). The same model was also extended to the possibility

of positively charged PAHs [116]. The PAHs could subsequently nucleate into particles,

which is discussed below. It was also found that the optimal temperature for nucleation in

such conditions was 1000–1500 K. This modeling could be a track for our case, since the

gas temperature in the vicinity of the sample is 1400–1500 K, assuming Tgas � Tsurf, and

hence overlaps this range.

Step 2: ‘nucleation into protoparticles’ The TEM images reveal onion-shaped carbon

nanoparticles of size $ 10 nm in the core of the MPs. The presence of such CNPs ensures

that nucleation in Pilot PSI conditions occurs in the gas phase. Moreover, we assume that

the CNP growth could occur by the addition and condensation of PAH molecules [172].

Step 3: ‘agglomeration of protoparticles into larger particles’ An agglomeration of CNPs

was observed in the MP core. The process leading to agglomeration can be understood as

follows [113]. In plasmas, nano-microparticles acquire a negative charge because of the
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higher electron mobility with respect to that of ions. CNPs of few nm have a charge close

to unity. This enables stochastic charge fluctuations to briefly produce neutral or even

positively charged CNPs [274], leading to higher collision rates. When the CNP density

reaches a critical value [113], a rapid agglomeration phase is therefore initiated enhanced

by long-range Coulomb interactions which leads to relative big particles and a decrease

of their density. While the particles grow, they accumulate a high net negative charge

proportionally to their size, which stops coulomb attraction and the growth proceeds by

surface accretion.

Step 4:’further growth by surface accretion’ The CNW structures surrounding the MPs

core indicate that after nucleation, growth proceeds by the formation of CNWs at the core

surface. This step, can lead to a core particle diameter of 2–9µm as shown on Fig. 3.7 and

Fig. 3.8a. CNWs are also grown in PECVD processing plasmas with similar gas mixtures

(CH4/H2) as in our case [101]. The elongated growth rings around the spherical core of

the particle indicates that surface accretion continues after deposition on the substrate,

which can lead to the mean particle diameter of 15µm observed in Fig. 3.11.

Ultimately, the formation of the MPs depends on the limitation of each growth step.

First of all, the plasma conditions (e.g. gas temperature) should be such that plasma

chemistry reactions lead to the formation of large molecules. A sufficient hydrocarbon

molecule density should be present, and thus the gross erosion of the HOPG substrate

should be significant. It was shown that graphite erosion strongly depends on the ion flux

and surface temperature, consistent with Ref. [68]. At low surface temperatures there is no

significant erosion, hence nucleation cannot occur in the plasma. At surface temperature

of �1050 oC, erosion is more significant but it does not lead to nucleation. Instead, CNW

structures grow at the surface, which arise due to a complex interplay between erosion

and redeposition. At a surface temperature of �1140–1380 oC, the erosion is maximum

and the conditions are adequate for nucleation and MPs growth. Most of the eroded

carbon material is consumed for MP growth. Let us again notice that, in contrast to the

previous work in Pilot PSI [59], no separate erosion-dominated region is observed on the

sample surface. In fact, the hill on which the MPs are located (Fig. 3.6d) indicate that

erosion occurs surrounding the MPs, while the MPs are effectively sites of net-deposition.

Lastly, if the surface temperatures exceeds 1600 oC, the erosion drops significantly because

hydrogen desorption is preferred over hydrocarbon release, thus no material is available

to form structures.

A complete process of the particle growth can be summarized in Fig. 14. Hydrogen

exposure on HOPG leads to erosion of the carbon sample, and to the release of hydrocar-

bon species into the plasma. The concentration of hydrocarbons will be significant if a)



4 Discussion 103

the gross erosion is high, i.e. the surface temperature is close to the maximum erosion

temperature and the ion flux is substantial, and b) the plasma density is sufficient to

confine the released hydrocarbons. Depending on among others the gas temperature, the

eroded hydrocarbon molecules undergo several plasma chemistry reactions that lead to

the formation of larger molecules and ions. These species nucleate into protoparticles

and at a sufficiently high density, the protoparticles will agglomerate into relatively large

particles. Once these larger particles are formed, they will volumetrically grow further

by surface accretion of radicals and/or ions, leading to the stacked layers of crumpled

carbon nanowalls as observed in Fig. 3.6c. The emissivity evolution in Fig. 3.13 shows

that at �35 s these particles could start to continuously fall down to the sample surface.

After deposition, the particles continue to grow by surface accretion. Because the surface

temperature of the MPs is higher than the surrounding surface, the gross erosion is lower,

and hence the particles are effectively a site of net-deposition (see Sec. 3.3). In fact, the

microparticles shield the underlying surface from erosion and while they grow, the shad-

owed area of the underlying surface expands, leading to the hill structures observed in

Fig. 3.6d.

Fig. 3.14 | Illustration of the microparticle growth model. Sputtered hydrocarbon molecules
migrate into the plasma and through complex chemical reactions form large molecules and/or ions.
These nucleate into protoparticles which agglomerate into larger particles. Growth proceeds with
surface accretion. After deposition on the sample surface, further growth occurs by a second phase of
surface accretion.

Let us notice, that as we have seen in the case of low-temperature samples (see Fig. 5),

the seed for growth can also be an impurity particle playing the role of catalyst as usual for

the growth of various carbon structure [175].
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5 Conclusions and Outlook

This study evidences the formation of nanostructured carbon-microparticles from the

chemical erosion of highly oriented pyrolytic graphite by high-flux hydrogen plasma

exposure. The growth conditions were shown to mainly depend on the erosion rate of the

surface and the confinement of the etched hydrocarbons, and indirectly on the ion flux

and plasma density and surface temperature. A minimum concentration was necessary to

initiate particle formation. The optimal growth for our setup is achieved at an ion flux of

�2 �1024 m�2s�1, a plasma density of �4 �1020 m�3 and surface temperature of �1200 oC.

The results show that the surface can be covered with particles with an average growth rate

of about 0.2µm©s and that the particle size is log-normal distributed with a mean diameter

of �15µm. Transmission electron microscopy, Raman spectroscopy, X-ray photoelectron

spectroscopy reveal that the growth occurred by a multi-phase process consisting of gas

phase nucleation of hydrocarbon molecules into onion-shaped nanoparticles, subsequent

agglomeration into core particles and further growth by accretion of graphitic layers.

Comparison of infrared tomography and pyrometry measurements show that particle

deposition occurs continuously during the discharge after a minimum exposure duration.

The use of highly oriented pyrolytic graphite instead of polycrystalline graphite samples

enabled us to identify that after deposition, growth proceeds by further accretion, i.e. the

particles are effectively a site of net-deposition of nearby etched hydrocarbons. High

resolution transmission electron microscopy shows that the graphitic structures inside

the particles are crumpled carbon nanowalls. Analysis of N2 gas sorption isotherms shows

sufficient meso- and macropores for fast mass transport. In conclusions, this one-step

fast processing technique could open a novel synthesis route for microparticle-substrate

systems that can simultaneously function as charge storing material and current collector

for electrochemical applications.
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III Supplementary material

III.1 Spectrum of hydrocarbon-hydrogen plasma

A typical spectrum of the plasma near the target is depicted in Fig III.1. The spectrum

shows the Balmer lines of the hydrogen atom, the A�X emission (Gerö band) of the CH

radical and emission of vibrational band of the C2 molecule (Swan band). These molecules

are commonly considered to be produced from larger hydrocarbons molecules (e.g. CH4

/C2Hx) by a chain of dissociation reactions.

Fig. III.1 | Optical emission spectrum of the plasma near the sample. The emission is line-
integrated and measured at the center of the sample.
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III.2 Selected Area Electron Diffraction

The crystallography of the core and the periphery were analyzed using selected area

electron diffraction (SAED). The diffraction rings are depicted in Fig. III.2a,b. A TEM

diffraction pattern intensity profile was obtained using a diffraction ring profiler tool, see

Fig. III.2c. The intensity was integrated in azimuthal direction, a beam stop correction

was applied and the background was subtracted. The figure shows peaks at a scattering

vector of 0.30, 0.51, 0.61 and 0.89, corresponding to the crystalline orientations (h,k,l) of

(002), (101), (004) and (112), respectively. It can clearly be seen that that the profile of the

core is more broadened and the 004 rings is less pronounced. Moreover, the 002 rings

in Fig. 1b (periphery) shows a discontinuity in the 002 ring, while in Fig. 1a (core) all

rings are continuous. The broadened and continuous diffraction rings inside the core are

consistent with the smaller and round crystalline graphitic nanoparticles observed with

HRTEM (Fig 3.8c).

Fig. III.2 | SAED pattern of a carbon microparticle slice. Locations are at a) the core and b) the
periphery of the microparticle. The pattern at the periphery shows discontinuity. c) The diffraction
pattern intensity profile shows that the pattern at the core is more broadened and the 004 diffraction
ring is less pronounced, which is coherent with onion-shaped particles observed with HRTEM.
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III.3 Energy-dispersive X-ray Spectroscopy

Energy-dispersive X-ray (EDX) spectroscopy was used to determine the impurity concen-

tration of the microparticles. Fig III.3 shows the EDX spectrum at the core (average of

two data points) and at the periphery (average of three data points). Carbon and oxygen

were found to be the main species, consistent with XPS (Fig. 11a). Oxygen is most likely

adsorbed by the air exposure after the plasma shot. Some impurities were detected (Cu,

Ga, Si, and Pt). The contributions of Ga and Pt are associated to the FIB preparation and

that of Cu is related to the grid to which the FIB lamella is fixed. The source of Si is unclear,

but is most likely related to the EDX detector as it is a diode made of Si. Semi-quantitative

analysis shows that oxygen percentage in the microparticle is 2-5%.

Fig. III.3 | EDX spectra of a carbon microparticle slice. The measurements were obtained at the
location of the core and periphery.





Chapter 4

An analytical force balance model for

dust particles with size up to several

Debye lengths*

Abstract

In this study, we developed a revised stationary force balance model for particles in

the regime a©λD $ 10. In contrast to other analytical models, the pressure and dipole

force were included too, and for anisotropic plasmas a novel contribution to the dipole

moment was derived. Moreover, the Coulomb logarithm and collection cross-section

were modified. The model was applied on a case study where carbon dust is formed near

the plasma sheath in the linear plasma device Pilot-PSI. The pressure force and dipole

force were found to be significant. By tracing the equilibrium position, the particle radius

was determined at which the particle deposits. The obtained particle radius agrees well

with the experimentally obtained size and suggests better agreement as compared to the

unrevised model.

*Published as: D.U.B. Aussems, S. Khrapak, I. Dogan, M.C.M. van de Sanden, T.W. Morgan. Phys.
Plasmas 24 (2017) 113702
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1 Introduction

Dust particles are observed in a various plasma environments including space (e.g. in

planetary rings and tails of comets) [275], earth’s ionosphere [276], as well as industrial and

laboratory plasmas. In the latter case, dust formation is often an undesirable side-effect.

For instance, dust particles can contaminate the synthesized thin films in plasma process-

ing devices [119], cause reduction of the image quality in EUV lithography machines [277]

and limit the performance and pose safety hazards in fusion reactors [260, 114]. On the

other hand, nano-sized dust particles have also been shown to exhibit exotic properties,

which can be used to study fundamental physical phenomena such as phase transitions

[278, 279] or be employed in innovative materials. Examples of the latter application

are biomarkers in tissue imaging [280], catalyzers for hydrogen production [281], charge

storing elements in high-capacity batteries [282] and spectrum convertors in solar cells

[283]. These nanoparticles can be synthesized by gas-phase aggregation in the plasma

[284–286]. In either case, whether desired or not, there is an strong need to predict/control

the transport of these dust particles in plasma, which requires modelling of particle charge

and forces.

In many of the abovementioned plasmas, typically the Debye length (λD) is on the

order of 1–0.01 mm, and is considerably larger than the particle radius (a) of up to a few

micron [128–131]. This permits (at least for mono-energetic ions [178]) the use of the

orbit-motion-limited (OML) theory [132–134] and neglection of particle screening [135].

For some applications, however, this particle size limit no longer hold. For example, in

magnetic fusion energy devices [287], the local Debye length is relatively small (�1µm)

due to the high density plasma (% 1020 m�3), while the typical particle size can be up to

tens of microns [288, 289, 114]. Likewise, this is the case for dust particles that are injected

in these plasmas on purpose [289, 138, 290–292]. When the particle size approaches

Debye length, the screening of the dust particles significantly affects the particle charge

[135] and forces [128, 137]. Screening is however non-trivial to include adequately. This

is due to so-called absorption radius effect [135, 136]; for large particles the particle

potential profile exhibits barriers. These barriers results in reflection of a fraction of the

incoming ions, which affects the charge distribution and thus the screening length of

the particle. Most of the dust transport codes for magnetic fusion energy applications

therefore neglect particle screening. In a recent work [135], it is shown that this can lead

to an underestimation of the dust charge by an order of magnitude and may hence result

in an incorrect description of dust transport (e.g. the escape fraction of dust towards the

plasma core [135]), especially in the sheath region near the tokamak walls, where particles
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are repelled by the sheath electric field [67]. This emphasizes the need to properly take

into account particle screening.

Besides screening, particle forces which are typically neglected can become significant

if the particle size approaches the Debye length. First of all, the dipole force may become

dominant for increasing particle sizes as the dipole moment increases with the particle

volume (� a3) [128]. Several contributions to the dipole moment can be present, e.g. due

to the presence of an external field [137], and/or directed charging [183], and can mutually

compete. Secondly, the polarization force, which arises due to deformation of the sheath

in a density gradient, becomes significant [128]. These forces have so far, not yet been

included in current dust transport codes for magnetic fusion energy devices. [138–143]

In this work we will explore the consideration for the relevant particle charge and

force equations in the situations a 8 λD and a $ 10λD in Sec. II. Next, we will apply the

obtained analytical description to one case study of interest – the growth of dust particles

in the plasma sheath [206] – where the Debye length is shorter than the particle size. In

Sec. III. the experimental setup of this case study is described and the particles growth

process discussed. With the knowledge of this experiment, a particle-plasma model is

constructed, which is employed to determine the dominant forces as well as to explain

the particle deposition mechanism and size distribution. The results are discussed and

the conclusions are drawn in Sec. IV.

2 Theory

2.1 Charge and force equations for small particle sizes

Particle charging

We review first the case where a 8 λD and then in section 2.2 indicate the changes that

are required for a $ 10λD. The Debye length we use in this work is linearized to take into

account that ions cannot participate in the screening at suprathermal flows [181]:

λD � λlin � �λ�2
D,i�1�u

2��1
�λ

�2
D,e
�

1
2

, (4.1)

where λD,e(i) �

Õ
ϵ0kBTe(i)©�ne(i)e

2�, ϵ0 is the vacuum permittivity, kB is the Boltzmann

constant, Te(i) is the electron (ion) temperature, ne(i) is the electron (ion) density, e is

the elementary charge and �u � vi©vTi
the dimensionless speed, vTi

�

Ô
kBTi©mi the ion

thermal velocity and mi the ion mass. Moreover, we assume λD 8 ∆ in which ∆ is the
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inter-particle distance. If λD %∆ collective interactions have to be taken into account, see

e.g. Ref. [293].

By applying these axioms, the charge of a dust particle in the plasma can be obtained

by using the OML theory. First of all, we have to consider the direct ion and electron fluxes,

which for isotropic plasmas ( �u � 0) can be expressed by:

Ie ��
Ó

8πa
2
enevTe

exp� eφs

kBTe

, (4.2)

Ii �
Ó

8πa
2
enivTi

�1�
eφs

kBTi

. (4.3)

in which vTe
�

Ô
kBTe©me is the electron thermal velocity, me the electron mass, and φs is

the negative floating potential.

Besides these direct electron and ion fluxes there are also other possible charging

mechanisms. There are several electron emission processes from the dust particle, includ-

ing photoelectric, secondary electron and thermionic emission [129]. Electron emission

effectively increases the net dust charge and this can under certain conditions even lead to

positive charges. Photoelectron emission and secondary electron emission are mostly im-

portant in astrophysics under the presence of UV radiation and high-energetic electrons

(% 100 eV), and are not further discussed here (see e.g. Ref. [293]). Thermionic emission

depends on the surface temperature Tsurf and work function W of the particle material

and can commonly be expressed (for φs $ 0) by:

Ith �
�4πakBTsurf�2eme

h3 exp�� W
kBTsurf


 (4.4)

where h is the Planck constant.

Lastly, charging can also be affected by phenomena such as streaming ions [294], ion-

neutral collisions [181] and electron-impact ionization [295]. For ions with high streaming

velocities �ui 9 vTi
(such as in plasma sheaths) the thermal ion energy term kBTi in the ion

current equation (Eq. 4.4) is replaced with the kinetic energy of the drifting ions mi �u2
i ©2

[294]:

Ii � πa
2
eni �ui�1�

2eφs

mi �u2
i


 (4.5)

Ion-neutral collision reduces the kinetic energy of the ions and this enhances ion

collection on the dust surface. The resulting additional current in isotropic conditions

can be approximated by [296]:
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Ii-n �
Ó

8πa
2
enivTi

0.1� eφs

kBTi

2
λD

li-n
(4.6)

swswhere li-n is the mean free path for ion-neutral collisions. In a similar manner, ion

collection can be enhanced by electron-impact ionization of neutrals close to the grain

[295]. The effect for hydrogen plasmas becomes significant when the electron temperature

is sufficiently high (% 15 eV).

The floating potential of the particle φs is determined by the flux balance condition:

Ie�φs�� Ii�φs�� Ith� Ii-n�φs�� 0, (4.7)

and the charge of the dust particle can be calculated from the Debye-Hückel potential

(valid for a $ λD):

Q � 4πϵ0a�1�
a
λD


φs, (4.8)

which is the so-called Whipple approximation [294]. In the limit a©λD� 0 particlescreen-

ing can be fully neglected and we can determine the charge by Coulomb’s law applied to

an electrically floating sphere in vacuum:

Q � 4πϵ0aφs. (4.9)

With the charge of the dust particle known, we can determine all relevant charge-

dependent forces on the particle. These are summarized in Table 1.

Gravitational force

The gravitational force can be expressed by:

�Fg �
4
3
πa

3
ρd�g, (4.10)

where ρd is the mass density of the particle, and �g is the gravitational acceleration.

Neutral drag force

The particles also experience a force of resistance from the surrounding medium – the

neutral drag force. For most dusty plasmas, the relative velocity between the particle

and neutral component �ud is much smaller than the thermal velocity vTn
of the neutrals,

and the particle-gas system is in the free molecular regime (when the Knudsen number

K n 9 1) [293]. In this situation the neutral drag force can be written as:



114 Analytical force model for dust particles with size up to several Debye lengths

�Fn ��
8
Ó

2π
3

γa
2
nnTn �ud©vTn

(4.11)

where nn and Tn are the density and temperature of neutrals, respectively, and γ is a

coefficient on the order of unity [293].

Thermophoretic force

In the presence of temperature gradient in the neutral gas, the particle will experience a

force in the direction of lower temperatures [293]. This so-called thermophoretic force

can be expressed by:

�Fth ��
8
Ó

2π
15

a
2
χn

∆

T©vT (4.12)

where χn is the thermal conductivity coefficient of gas. This coefficient can be estimated

by χn �C v̄σtr where C is a numerical factor of the order of unity, v̄ �
Ô

8Tn©πmn and σtr

is the transport scattering cross-section for gas atoms or molecules [293].

Ion drag force

An analytical expression for the ion drag force of a single particle in collisionless Maxwellian

plasmas is described in [181]. The ion drag force �Fi is the sum of the collection part �Fi,col

(ions that directly impact on the particles) and the (Coulomb) scattering part �Fi,Coul (mo-

mentum transfer to the particle from the ions which are scattered, but not collected):

�Fi,col �
Ó

2πa
2
nimiv

2
Ti
�Õπ©2 erf�u©Ó2��1�u

2
� �1�u

�2��1�2z̄τ���
u
�1�1�2z̄τ�u

2�exp��u
2©2�� (4.13)

�Fi,Coul �
Ó

2πa
2
nimiv

2
Ti
�Õπ©2 erf�u©Ó2��4z̄

2
τ

2
u
�2

lnΛ�
�u

�1�4z̄
2
τ

2
lnΛ�exp��u

2©2��,
(4.14)

in which �u � vi©vTi
is the dimensionless ion speed, τ� Te©Ti , z̄ � eφs©Te ,and where the

Coulomb logarithm is defined as:

lnΛ� ln� β�1

β� a©λD

 (4.15)

and
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β�
z̄τa�1�u2�λD

(4.16)

is the scattering parameter, which is defined as ratio of the interaction radius rint �

U0©mv2 to the screening length λD – averaged over the ion velocities, where v is the

relative velocity and

U0 � eφsae
a©λD , (4.17)

is a potential energy constant based on the Debye-Hückel potential [177]. In the limit

λD 9 a (applied in this section), U0 � eφsa (used in Eq. 4.16) and rint equals the Coulomb

radius rc [297].

Electric field force

The electric field force on a particle with charge Q can be expressed by [128]:

�Fe �Q �E , (4.18)

in which �E is the electric field vector.

Other forces including the rocket force, Lorentz force, electron drag, and radiation

pressure force are not taken into account, as they are small compared to the dominant ion

drag force [287].

2.2 Charge and force equations for large particle sizes

In the case when the particle size exceeds the Debye length, the charge equations (Eq. 4.8

and Eq. 4.9) and force equations (Eq. 4.10–4.10,4.18) are in principle no longer valid.

This is because the current collection to the particle transforms from spherical to planar

geometry. If particle size increases compared to the Debye length, this leads to a potential

barrier [136] (and reflection) for ions with an impact parameter above a critical value,

and thus an increasing fraction of ions that strike the particle heads on [179]. These

ions are continuously accelerated, and their subsequent higher velocity reduces the

ion density (because of flux conservation), and elongates the effective screening length.

Furthermore, the potential barrier leads to a drop of the ion current towards the particle

and subsequent rise of the floating potential [179, 298]. These two phenomena are not

taken into account by the linearized Poisson equation which has been used to resolve the

potential distribution (i.e. the Debye-Hückel potential). Hence, in principle the full orbit

motion theory has to to be applied [136, 176]. In this section we discuss an alternative
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approach. Moreover, we carefully revise the equations for the ion drag force and electric

field force, and introduce the pressure (/polarization) and dipole force.

Modification of the effective screening length and particle charging

Recent work [180] shows that the exact non-linear solution of Poisson equation near the

particle can still be approximated by the linear Debye-Hückel (DH) potential if the lin-

earized Debye lengthλD is replaced by an effective screening lengthλs % λD. This effective

screening length depends on the screening parameter β � z̄τa©λD,i (same equation as

Eq. 4.18 if �u � 0 and λD � λD,i) and can be expressed by [180]:

λs,u=0 � λD,i

Ö
1�0.48

Ô
β. (4.19)

Although this equations was proposed for a & 0.2λD and Ti & 0.1Te, if implemented in the

calculation of the charge (λD in Eq. 4.8 substituted for λs,u=0) it shows satisfactory results

as compared to the PIC simulation results [135]. A significant improvement is achieved in

comparison to not performing the substitution of λD or neglecting screening (Eq. 4.9), see

Fig. 4.1. This implies, Eq. 4.19 still hold for hydrogen plasmas and Te � Ti. In the situation

of drifting ions (u % 0), however, λs,u=0 may deviate. We propose a similar approach as

used in Eq. 4.2, but substitute λD,i for λs,u=0:

λs � �λ�2
s,u=0�1�u

2��1
�λ

�2
D,e
�

1
2

. (4.20)

In this way, the correct values for the effective screening length are obtained for the limits

�u � 0 and �u � 8. Throughout the remainder of the text, λs was used as the effective

screening length for the DB potential.

With regards to the increase of the floating potential, based on the recent Particle-in-

Cell (PIC) simulation results of Ref. [135], the transformation from spherical to planar

current collection only results in a 12% increase of the floating potential for particle sizes

up to 10λD and Ti � Te, [135, 299], and hence will be neglected.

Modification of ion drag force

In the case shielding is taken into account, the Coulomb scattering part starts to diminish

when a approaches λD. Taken into consideration the significant particle size compared

to the Debye length, we propose a modified lower and upper integration limit, ρmin and

ρmax respectively, to calculated a revised Coulomb logarithm. As for the upper limit ρmax,

all ions are taken into account with a distance of closest approach r0 less than λs � a
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Fig. 4.1 | The normalized charge as a function of a©λD . a) neglecting screening, Eq. 4.9, b) the
Whipple approximation Eq. 4.8), c) Eq. 4.8 in combination with the effective screening length,
Eq. 4.19 d) results of a particle-in-cell simulation Ref. [135].

(illustrated in Fig. 4.2), i.e. r0�ρmax�� λs� a, rather than as r0�ρmax�� λs as in Ref. [300].

This results in the following expression for the upper limit:

ρmax � �λs� a�Õ1�2βsλs©�λs� a�. (4.21)

where βs is obtained from Eq.4.16 with λD replaced by λs:

βs �
z̄τa�1�u2�λs

(4.22)

The lower limit is the impact parameter for collection [177]:

ρmin � ρc � a
Õ

1�2βsλs©a (4.23)

Using Eq. 21 and Eq. 23 the Coulomb logarithm can now be expressed by:

lnΛ
�

� ln�β2
s �ρ

2
max

β2
s �ρ

2
mi n



1
2
� ln�βs�1� a©λs

βs� a©λs

 (4.24)

It is evident that in the limit a©λs � 8, ln�Λ� � ln�1� � 0. This gives some basis for a

similar approach which was adopted in Ref. [299] to enforce non-negativity.
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Fig. 4.2 | Illustration of a H ion interaction with a dust particle a) In the typical situation a8 λs

ions are collected with an impact parameter smaller than ρc, and are scattered in the range ρc to
ρmax, where the distance of closest approach is r0�ρmax�� λs�a. b) If the particle size becomes
a©λs ' 1 most of the ions are collected.

If βs % βcr � 13.2 the limit of strong interaction holds, i.e. here the interaction radius rC is

larger than the screening length [177]. The screening parameter is defined as [177]:

β
�

s �
z̄τaea©λs

�1�u2�λs
� βse

a©λs (4.25)

because the ea©λs factor in Eq. 17 becomes significant. In this regime, a potential barrier

emerges [297] if the ions have an impact parameter that exceeds the transitional impact

parameter ρ % ρ
�

, where

ρ
�
� λD�lnβ

�

s �1� 1
2

ln
�1
β
�

s �, (4.26)

with limiting value lima©λD� 8ρ� � a and associated distance of closest approach rmax

[177]. Due to the potential barrier the ions are reflected at much farther distances (9 λs).

For ρ $ ρ
�

no barrier exists. This separates the trajectories in two groups: far and close

collisions, respectively. The cross-section for Coulomb scattering comprises the sum of

contributions from both groups σs � σ
close
s �σ

far
s , where:
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σ
close
s � Aπρ

2
�

(4.27)

σ
far
s � Bλ

2
s�1�2 ln

�1
β
�

s � (4.28)

and A � 0.81 and B � 6.4, in case of a point-like particle [177]. The impact parameter for

collection becomes [177]:

ρc � a
Õ

1�2β�s λse�a©λs©a (4.29)

and the associated cross-section σc � πρ
2
c.

In the case of a hydrogen plasma and Te � Ti�z � 2.5,τ� 1, u % 1�, ρc % ρ� forβ�s % βcr.

Because the ions with ρ % ρ
�

are reflected due to potential barrier and not absorbed, the

impact parameter for collection reduces to ρ
�

(i.e. ρc = ρ
�

), and the associated cross-

section becomes σc � πρ
2
�

[177]. The collection part of the ion drag force for β�s % βcr can

be approximated analogous to Ref. [301]:

�Fi,Col,β�s %βcr
� σcnemivTi

vs, (4.30)

where vs �

Õ
v2

Ti
� v2

s is the mean velocity of the ions. Concurrently, the cross-section for

close collisions (σclose
s ) diminishes to zero because ions with ρ $ ρ

�
are fully collected and

not scattered. The ions with ρ % ρ
�

can, however, still lead to scattering by far collisions

and thus contribute to σfar
s . The associated scattering force can be approximated by:

�Fi,Coul,β�s %βcr,far � σ
far
s nemivTi

vs, (4.31)

If particle size a exceeds the distance of closest approach associated to the potential

barrier, rmax, ions with ρ
�
$ ρ $ ρc can still be absorbed rather than far scattered, i.e.

σc � πρ
2
c in Eq. 28. The cross-section for close-scattering remains zero and the fraction of

ions that experience far collisions is reduced. This latter effects is not taken into account

in current work, however. In the limit a©λD� 8, σfar
s becomes negligible and the total

cross-section for ion drag reduces to the geometrical cross-section σΣ � σc,a©λD� 8 � πa2.

Electric field, pressure and polarization force

In Ref. [182] it was shown that an external applied field– following the Debye-Hückel theory

– causes polarization of the plasma surrounding the particle. Moreover, in Ref. [182] it is
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shown that in the case of a density gradient (e.g. in the plasma sheath) the Debye length is

spatially dependent which causes a deformation of the sheath. Both effects – assuming

moment neutrality – induce polarization of the surface charge, which creates a field that

exerts in turn an additional electrostatic force on the particle:

�FE �Q �E0�1�
�a©λs�2

3�1� a©λs��� Q2

�16πϵ0λ
2
s��1�2a©�3λs��1� a©λs�2 �dλs

d z
(4.32)

In Ref. [182] it was shown that the external and particle field also exerts a force on the

plasma. In fact, it increases the pressure force �Fp on the particle (terms up to O�λs©L�3):

�Fp,s ��Q �E0
�a©λs�2

3�1� a©λs� � Q2

16πϵ0λ
2
s
� 2a©�3λs��1� a©λs�2�dλs

d z
�

4
3
πa

3 d p0

d z
�

4
3
πa

3
ρ0 �E0

�
2

15
πa

5 d 3p0

d z3 �
4
5
π

a5

λ3
s
ϵ0 �E 2

0
dλs

d z

(4.33)

In the common case a 8 λs higher order terms (O�a©λs�3 can be neglected, i.e. only the

first two terms are important. The sum of both contributions is than given by:

�F �Q �E0�
Q2

8πϵ0

dλs©d z�λ2
s � a2� (4.34)

The first term equals the electrostatic force given by Eq. 18. The second terms is called the

polarization force:

�Fpol ��
Q2

8πϵ0

dλs©d z�λ2
s � a2� . (4.35)

In the case a % λs, the higher order terms of the pressure force cannot be neglected and

will have to be taken into account (Eq. 31).

Dipole force

The dipole force may become important in the presence of an electric field gradient and

for increasing particle sizes (since it is proportional to the volume� a3) [128]. The dipole

moment can be induced in several ways. First of all, it can arise due to anisotropy in

charging. In Ref. [183] the dipole moment induced by ion drift (pcharge) was calculated

while neglecting screening. In the case of dielectric (ϵr j 8) particles, this can be expressed

as:
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�pcharge ��
4πϵ0a2Te

e UD�u� (4.36)

where UD�u� is the dimensionless dipole moment, obtained by solving a set of non-linear

equations. UD�u� is computed for the case of hydrogen up to u � 6 in Ref. [183] and is

applied here. For a % λs the impact parameter for collection reduces (similarly as in the

case of the ion drag force), which may affect the dipole moment. This is however not taken

into account in our work. The dipole moment of a conducting particle (ϵr 9 1) induced

by an external field (e.g. the sheath electric field) can be found by solving the Poisson

equations self-consistently (see [137]):

�pfield ��4πϵ0 �E0a
3�1�

�a©λs�2

3�1� a©λs�� (4.37)

For dielectric particles the dipole moment has to be multiplied by a factor ξ � �ϵr �

1�©�ϵr �2� [302]. In contrast to Ref. [302] we assume that the ‘apparent dipole moment’ is

equal to the dipole moment induced by an external field in vacuum:

�pfield,vac ��4πϵ0ξ �E0a
3
. (4.38)

This is consistent with assuming that the ‘apparent particle charge’ is the charge

calculated by OML, and the actual particle charge is q0 � q�1� a©λD�. The approach

adopted in this paper is what Refs. [137, 182] implicitly assumed.

Additionally, we introduce a novel induction mechanism for the dipole moment,

caused by deformation of the sheath due to the presence of a density gradient (similar

situation as in Sec. 2). In Ref. [182] it was argued that the electric field and sheath-

deformation induced dipole moment in the case of density gradient is zero. However, in

this calculation of the dipole moment the finite size (a) of the particle was not taken into

account. If this is considered (see Appendix A) the dipole moment becomes:

�psheath ��
Qa3

4λ2
D

�1�2a©�3λs��1� a©λs�2 �dλs

d z
, (4.39)

The total dipole force in the presence of anisotropic plasma (

∆�E0 j 0) and drifting ions

can be calculated by including all aforementioned contributions of the dipole moment,

and apply:

�Fdip � �p a

∆

z �E0 (4.40)
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3 Case study: Dust particles produced by high-flux plasma

exposure

Up to now, we have discussed the charge and force equations for the situation a 8 λD

and a $ 10λD. In this section we will apply these equations to one particular case study

– carbon dust particle growth under high-flux hydrogen plasma exposure of graphite.

In this situation, the source gas acting as growth precursor of the carbon dust particle

is spontaneously created by chemically etching the graphite substrate. This leads to

very rapid growth (% 0.4µm©s) of large particles (�1–5µm) that exceed the Debye length

(�1µm) close to the target. The detailed experimental results and underlying growth

mechanisms are presented in another article [206]. For clarity a short summary is given

below.

3.1 Force balance model in the plasma sheath

From the summary above, it is clear that the particles are initially formed in the gas

phase and are deposited at the surface during the discharge. Using the charge and force

equations from Sec. II we can now develop a stationary force model to identify the

dominant forces on the particle.

In the plasma we assume λD 8 li-n and λD 8∆ in which li-n is the ion mean free path

(�1 mm),∆ is the inter-particle distance and λD the linearized Debye length. Moreover, we

neglect electron-emission processes; in Ref. [142] a coupled heating-charging model for

dust particles (DUSTT) was applied which shows that the photoelectric, thermionic and

secondary electron emission are negligible in the case of our conditions (Te � Ti � 1.2 eV,

ne � 4�1020 m�3). The effect of the ion-neutral collisions on the charging can be neglected

because the mean free path of these collisions (li-n � 1 mm) is much larger than the Debye

length (λD � 1µm ). Moreover, the ion streaming effect on the charge (Sec. 5) was not

taken into account as we assumed a constant charge as a function of z, the axial distance

from the target. The effect of this assumptions is discussed in Sec. D below. From the

forces mentioned above the gravitational force (ρg � 0.2–2 g©cm3) was found to be 4

orders of magnitude lower than the ion drag force for a � 1µm. Moreover, the neutral

friction and thermophoretic force were found to about 2 orders of magnitude lower than

the ion drag force. Therefore the dominant forces are the electric field force, dipole force,

polarization force and ion drag force.
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3.2 Target sheath model

In order for the particle to reach the surface, it has to go through the plasma sheath

near the target. Therefore the sheath conditions were modelled, based on Ref. [168]. For

simplicity, we consider a neutral non-magnetized plasma with singly charged H ions in

contact with an absorbing wall at floating potential [303]. The ions are assumed to be

mono-energetic (Ti � 0) and to fall collisionlessly through the pre-sheath [168]. In that

case, the sheath is represented by the ion continuity, ion energy conservation, electron

Boltzmann factor and Poisson’s equation as follows:

niv � nsevse (4.41)

1
2

miv
2
�

1
2

miv
2
se� eφ (4.42)

ne � nse exp�� eφ©kBTe� (4.43)

d 2
φ

d z2 ��
e
ϵ0
�ni�ne� (4.44)

where ni is the ion density, v is the ion velocity, nse �
1
2

nplasma is the ion density at the

sheath-edge (nplasma is the electron density in the plasma) [168], vse �
Ô

kBTe©mi ) (Bohm

criterion) and φ is the potential difference with the pre-sheath. By substituting Eq. 4.41 in

Eq. 4.42, the ion density can be expressed by:

ni � nse�1�2φ©miv
2
se��1

2 (4.45)

and by substituting this in Eq. 4.44, the following non-linear ODE is obtained:

d 2
φ

d z2 ��
e
ϵ0

nse��1�2φ©miv
2
se��1

2 �exp��eφ©kTe�
 (4.46)

To solve the ODE, the boundary conditions of a fading potential distortion were applied

[168]:

φ, dφ©d z� 0 for z�� 8 (4.47)

and we assumed the following potential drop from the pre-sheath Vse �
1
2

kBTe©e [168]:

φ�0���3kBTe©e (4.48)
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With these conditions, Eq. 4.45 was solved with a numerical solver. Assuming that the

plasma potential is zero, the potential in the sheath becomes: Vs � φ�Vse. The sheath

potential is depicted in Fig. 4.3.

Fig. 4.3 | Potential in the sheath as a function of the distance to the target. The target is at z � 0.

The potential exponentially decays towards the target with a decay length of �10λD.

From this profile, the electric field is obtained by:

�E ��dφ
d z

(4.49)

In this way, the z-dependent parameters v ,ni,dn©d z,φ,E ,dE©d z were computed as a

function of the plasma parameters ne and Te. In order to calculate the forces on the

particles, we assume that outside the Debye length (z % λD,e) Ti � Te and ni � ne hold. In

the case of a biased target, we used the boundary condition Vs�0�� Vbi as instead of Eq.

45.

3.3 Evaluation of the force balance

All the aforementioned equations are categorized per scenario in Table I. The scenario

‘revised’ is described by the revised equations in Sec. B, while the scenario ‘unrevised’

refers to the unrevised equations described in Sec. A. In Fig. 4.4 the forces of these equa-

tions sets are depicted as a function of the particle radius at position z � λs, under plasma
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Table 4.1 Sets of applied charge and force equations. Includes the revised and unrevised sets.

Force Revised Unrevised

λ Eq. 4.20 Eq. 4.1
Q Eq. 4.8 Eq. 4.8
FE Eq. 4.32 Eq. 4.18
Fcol Eq. 4.13|4.30 Eq. 4.13
FCoul Eq. 4.14&4.24|4.31 Eq. 4.14
Fdip,field Eq. 4.37&4.40 -
Fdip,ion Eq. 4.36&4.40 -
Fdip,sheath Eq. 4.39&4.40 -
Fp Eq. 4.33 -

conditions ne � 4 �1020 m�3 and Te � 1.2 eV (typical for Pilot-PSI [49]). It is apparent that

the electric field force is initially dominant. With increasing particle size the ion drag force,

pressure and dipole force eventually competes with the electric field force. The disconti-

nuity of the Coulomb scattering force in Fig. 4.4b at z � 2µm is due to the change in the

model approach for the regime of weak and strong interaction (see Sec. 2). Consistently,

the electric field and ion drag forces converge for small a (Fig. IV.1a in the supplementary

material).

In order to find the exact point of particle deposition, the equilibrium particle position

(where min�z� �Frepulsive % �Fattractive�) was plotted as a function of the particle radius in

Fig. 4.5, for a floating target and a biased target at �30 V. The result shows that for an

increasing particle size, the particle position (initially) moves closer to the surface, because

the ion drag force becomes increasingly more significant. The discontinuous slope in the

unrevised case is due to the non-negativity condition of the Coulomb logarithm, Eq. 15.

The sharp move to the surface at a �1µm can be explained by the rapid increase of the

pressure force and the electric field and the sheath deformation induced dipole force (Eq.

35 and Eq. 37). Eventually, the particle reaches the surface when z � a (dotted line) at the

critical particle size Rc. Consistently, the equilibrium position curves converge for small

a (Fig. IV.1b in the supplementary material). The existence of a critical particle size is in

line with Ref. [59], in which a time scan of the discharge duration shows that surface is

gradually being covered, while the mean size of the particles is not increasing significantly.

The typical value for Rc under the conditions of this work is �1.1µm, both for the floating

as well as the biased target case. Neglecting the consideration on the particle screening

and charging, as well as the ion drag, pressure and dipole force, results in a similar Rc in

the case of a floating target, but to an overestimation of Rc by a factor 4.5 in the case of a

biased target at�30 V.
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Fig. 4.4 | Particle forces as a function of the particle size. The forces are shown at z � λs

(ne � 4 �1020 m�3, Te � 1.2 eV ), and include the FE the electric field force, Fcol the ion collection
force, FCoul the Coulomb scattering force, Fdip the dipole force and Fp pressure force. The graphs are
based on the equations based on a) ‘unrevised’, and b) ‘revised’ model (see Table I). The ‘+’ and ‘–‘
prefix indicate the direction of the force, pointing away from and towards the surface, respectively.
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Fig. 4.5 | Equilibrium position as a function of the particle size. The positions (in the z-direction)
are obtained using the equations sets of Table 1, and assuming a) floating potential: �3kBTe©e
and b) �30 Vbias. The black solid and dashed-dotted vertical lines indicate at which particle size
the particle deposits on the surface for the unrevised and revised cases, respectively. The particle is
considered to deposit on the surface when the distance to the surface equals the particle radius: z � a
(dotted line).
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4 Discussion

The dust particles synthesized in the experimental setup have been systematically ana-

lyzed by scanning and transmission electron microscopy in Ref. [206]. The cross-sectional

images reveal that the particles contain a spherical core/seed - i.e. grown in the gas phase

- that predominantly consists of agglomerated nanoparticles, surrounded by accretion

rings formed after deposition on the target. The typical size (radius) of the core is�1–5µm.

In comparison, the value for the critical particle size Rc found by our model under the

condition of the experiment ( ne � 4 �1020 m�3 and Te � 1.2 eV) is �1.1µm, and is thus in

agreement, i.e. Rc falls within the experimentally obtained range. Moreover, in earlier

work [56] it was found that the bulk particle size (core plus accretion rings) is equal for the

floating and biased target case, which shows better consistency with our revised model

than unrevised model. Nevertheless, we cannot exclude that this is not caused by factors

currently not considered (e.g. an ion dependent etching rate).

The experimental obtained size of the particle core by post-exposure analysis is

�1–5µm, and is equal for the floating and biased target case. The similar size for the

floating and biased target case is consistent with our model and the size range agrees as

well.

In the calculation of the particle charge and forces we made several assumptions. First

of all, we have assumed that the charge of the particle does not vary as a function of

the axial position and is equal to that at the sheath-presheath edge. Since the velocity

increases towards the target, and the charging depends on the ion velocity due to the ion

streaming effect (Eq. 5), this could have led to an overestimation of the ion current up

to a factor 2.7. Moreover, closer to the target, charge neutrality no longer holds (ni % ne),

which could result in a up to 90% underestimation of the ion current (Eq. 4.3 and Eq. 4.4).

Secondly, we have neglected the effect of the magnetic field on the particle charging.

Since under our conditions the particle size approaches the electron gyroratio length

rL,e �
Ô

mekBTe©�eB�, electrons start to move towards the particle in a straight line along

the magnetic field line due to the gyromotion. This may reduce the electron current with

a factor of up to 2 due to the transition from spherical to planar collection [134, 142, 304].

On the other hand, the ion current may also be reduced - for a©rL,e $ 10 up to a factor �2 -

due to the creation of a potential hill [305, 306]. All these effects combined and taking into

account the variation of the particle charge with the ion/electron current ratio (Fig. IV.2

in the supplementary material), the particle charge and floating potential may vary by a

factor 0.6–1.3.

The effect of the particle charge on the predicted critical particle size is depicted in

Fig. 4.6. The general trend is that if the charge increases, the electric field repulsion from
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the surface rises compared to the attractive forces (e.g. the ion drag and pressure force),

which leads to deposition at a larger critical particle size. Considering the maximum

under/over-estimation of the charge, the critical particle size can be approximated within

a variation of a factor 1.2.

Aforementioned effects such as by the magnetic field may besides affecting the value

of the floating potential and charge, also alter the shape (e.g. symmetry) of the potential

distribution around the particle. This can have a significant impact on the ion drag,

electrostatic, pressure and dipole forces, which are all based on the symmetrical form of

the Debye-Hückel potential. Due to its complexity, this work falls outside the scope of

current paper and is left for future research.

With regards to the experimental input into the model, the computed critical particle

size may significantly vary as a function of the plasma conditions (ne,Te ) during the

experiments. Therefore, the critical particle size is presented as function ne and Te in

Fig. 4.7 for a floating and biased target. The results show that the critical particle size

increases with increasing Te, which is related to the increase in particle charge and hence

relative stronger repulsion from the surface (same effect as above). The decrease of the

critical particle size with increasing ne is related to the relative increase of the attractive

ion drag force. For better comparison, we included the plasma conditions during the

experiments (scatter points), i.e. in this way the predicted particle radius for the experi-

mental settings can be determined. Given the variation in the target exposure conditions

(σTe
� 0.2 eV,σne

� 1 �1020m�3�, the critical particle size may vary less than 30%.

Finally, we have only considered the axial force balance, and did not address other

directions. From experiments we observed that the dust deposition across the target is

radially symmetric, which implies a negligible influence of lateral directed forces (i.e. the

gravitational force) and the presence of a radial force balance. Indeed, due to the Gaussian

shaped plasma beam profile in Pilot-PSI, radial electric fields and currents and density

gradients are present [151], which result in similar particle forces (e.g. electric field, ion

drag and pressure forces) as in the axial direction. However, due to the radial symmetry

these forces have no significant effect on the axial particle deposition behavior and are

hence not further discussed.
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Fig. 4.6 | Critical particle size as a function of the particle charge. a) a floating target
(Vs ��3kBTe©e) and b) a biased target (Vs ��30 V ). In all graphs, the region between the vertical
black lines shows the range of Q©Q0.
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Fig. 4.7 | Critical particle size as a function of the plasma parameters. a) a floating target
(Vs ��3kBTe©e) and b) a biased target (Vs ��30 V ). The scatter points in the plot show the central
(r � 0) plasma conditions under which the targets are subjected to during the particle synthesis
experiments.
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5 Conclusions

This paper presents a heuristic stationary force balance model of dust particles in the

plasma sheath for which the particle radius exceeds the Debye length. A correction for

the ion drag force was presented and – in contrast to other more extensive models – the

pressure and dipole force were included and for anisotropic plasmas a novel contribution

to the dipole moment was derived. Moreover, the Coulomb logarithm and collection

cross-section were modified. A case study was investigated in which carbon dust particles

are formed in the plasma sheath by high-flux plasma exposure. It was found that the

pressure force and dipole force are significant in this situation. The particles can initially

not reach the surface because they are charged negatively and are repelled by the electric

field force in the sheath. Beyond a critical particle size, the ion drag force, pressure force,

and dipole force will exceed the electric field force, however, and the particle is effectively

pushed to the surface, mainly depending on the electron density and temperature. The

critical particle size of deposition was derived by tracing the equilibrium position of the

particle. The size calculated by this model is in fair agreement with the experimentally

obtained particle size, and suggests better agreement as compared to the unrevised model.

6 Appendix: Derivation of the sheath-deformation induced

dipole force

The dipole moment of the Debye shield around a finite size (a) particle can be computed

by:

�psh �E
vol

zρdV � 2πE π

0
E 8

a
ρsh�r,θ�r

3
cosθ sinθdr dθ (4.50)

The charge is calculated using Poisson’s equation ∆Ψ�r ���ρ�r �©ϵ0 , in which [182]

Ψ�Ψ0�φ
�0�
�φ

�1�
,

Ψ0�z��Ψ0�z�� �E0z,
(4.51)

and
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φ
�0��r �� � Q exp���r � a�©λ��4πϵ0�1� a©λ�r

,

φ
�1��r �� �E0�a

r 
3�1� r©λ
1� a©λ
exp���r � a�©λ�z

�
σQλ

16πϵ0�1� a©λ��a
r 
3��1� r©λ

1� a©λ
�� r
a
3�exp���r � a�©λ�z,

(4.52)

where λ is the screening length and σ��2 1
λ3

dλ
d z

. By using the relations [182]:

∆φ
�0��r �� 1

λ2φ
�0��r �, (4.53)

∆φ
�1��r �� 1

λ2φ
�1��r ��σzφ

�0��r �, (4.54)

it follows that

ρ�r,θ�� ρ0�r,θ��ρs�r,θ� (4.55)

where ρs�r � is the charge density of the Debye shield, given by

ρs�r,θ��� ϵ0

λ2�r ��φ�0��r,θ��φ�1��r,θ�
� ϵ0σzφ
�0��r,θ�. (4.56)

Substituting this into Eq. 4.50, and performing the integration results in the dipole moment

of the Debye shield. Assuming moment neutrality ( �p0 �� �psh) [302], the dipole moment

of the particle surface is:

�p0 ��4πϵ0 �E0a
3�1�

�a©λs�2

3�1� a©λs��� Qa3

4λ2
D

�1�2a©�3λs��1� a©λs�2 �dλs

d z
, (4.57)

The first term is the same as Eq. 4.37 of this work (and equal to Eq. 4.18 of Ref.[137]) and

is attributed to the surface polarization induced by the electric field. The second term is

attributed to the sheath deformation due to the density gradient and its resulting effect on

the surface polarization. In the absence of plasma (λ� 8), Eq. 4.57 reduces to the dipole

moment for a conducting particle (ϵ9 1) in vacuum:

�p0,vac � 4πϵ0 �E0a
3

(4.58)
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IV Supplementary material

IV.1 Comparison of particle forces and equilibrium positions
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Fig. IV.1 | Particle forces and equilibrium position as a function of particle size. The forces acting
on the particle at z � λs (ne � 4 �1020 m�3, Te � 1.2 eV ) as a function of the particle size, including
the FE the electric field force, Fcol the ion collection force, FCoul the Coulomb scattering force, Fdip the
dipole force and Fp pressure force. The graphs are based on the equations based on a) ‘unrevised’,
and b) ‘revised’ model (see Table I). The ‘+’ and ‘–‘ prefix indicate the direction of the force, pointing
away from and towards the surface, respectively. b) The equilibrium position (in z-direction) of the
particle as a function of the particle size obtained by using the equations sets of Table 1. The black
solid and dashed-dotted vertical lines indicate at which particle size the particle deposits on the
surface for the unrevised and revised cases, respectively. The particle is considered to deposit on the
surface when the distance to the surface equals the particle radius: z � a (dotted line).
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IV.2 Variation of the particle charge on the electron/ion flux ratio

Fig. IV.2 | Particle charge as a function of the ion current. The vertical black lines show the
minimum and maximum variation of the electron/ion flux ratio.



Appendix A

Control of processing conditions

This section will introduce the basic plasma physics and used assumptions to calculate

the essential processing parameters.

1 Plasma sheath

The ion flux and ion-energy to the sample and the associated heat flux and surface temper-

ature, are all determined by the region between the plasma and the surface, the so-called

plasma sheath. Here the charge neutrality of the plasma is maintained (if the bias voltage

is not applied) by allowing equal fluxes of positive ions and electrons to the surface. Since

for Ti � Te the electron are much more mobile (due to lower mass) than the ions, an

electrostatic potential is dynamically established over the sheath that retards the electrons

and accelerates the ions. This potential is the so-called sheath voltage drop and is directly

related to the electron temperaturei:

Vs � 0.5
kBTe

e ln��2π
me
mi


�1�
Ti

Te

� (A.1)

hydrogen plasma with Ti � Te, Vs � 2.5 kBTe

e
. The thickness of the sheath is typically about

10 times the Debye screening length λD �
Ô
ϵ0kBTe©nee2 which is on the order of a micron

for typical Pilot-PSI conditions.

The screening in the sheath is however not perfect. A small electric field penetrates

into the plasma over the so-called pre-sheath. In this quasi-neutral upstream region the

plasma is accelerated to reach the sounds speed (according to the Bohm-criterion [168]).

Typically it is assumed that the length of the pre-sheath is determined by the re-ionization

iThe effect of secondary electron emission was neglected in this section, but can be included using the
equations presented in Ref. [168]
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Fig. A.1 | Schematic overview of the plasma sheath. The voltage drop in the pre-sheath is ∆Vps

(reference point is the plasma potential Vp) to accelerate the ions to the Bohm velocity [168]. The
voltage drop in the sheath ∆Vs is spontenously established to retard the electrons which are mobile
than the ions.

length, resulting in density drop of a factor two and potential drop of 0.7 kB Te©e in the pre-

sheath. However, in Pilot-PSI the density and potential drop may even be larger because

due to the low electron temperature (Te $ 3 eV) the re-ionization rate is negligible [107],

and hence the pre-sheath length is determined by the ion-neutral charge exchange (CX)

collision length [307, 100] (λmfp,CX �$ v % ©ni $ vσCX % [107]ii). This length is typically

about 1 cm for hydrogen and argon [307].

2 Ion flux

The ion flux (Γi) is in the end determined by the density (nse) and velocity (vse) at the

sheath-edge, and can be expressed as:

Γi � nsecs (A.2)

where cs � ��kBTe � γkBTi�©mi�1©2 and it is assumed that the flow is adiabatic with

isotropic pressure (γ� 5©3). The measurements in Ref. [92] show that the approximation

of the density drop in the pre-sheath of a factor 2 (i.e. ne©nse � 2) is in agreement with

independent methods, including measurements of the ion saturation current and the

power measurement to the target. Hence, we have used the density drop of a factor 2 in

this work.

iiHere the brackets denote integration over the velocity space of the ions and neutrals.
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3 Ion impact energy

The associated ion impact energy is defined in this work as the sum of the thermal energy

of the ions at the sheath edge Ese � 2.5 kBTe©e (assuming a drifting Maxwellian with no

backward ion flow) and the energy gained in the potential drop of the pre-sheath eVps and

sheath eVs
iii:

Ei � �2.5� eVps� eVs��1�Ri,E� (A.3)

where Ri,E is the ion reflection coefficient. Due to the uncertainty of this coefficient, it is

typically neglected and it is assumed that Ei � 5kBTe©e.

4 Heat flux

The heat flux can be computed by multiplying the ion flux with the so-called sheath heat

transmission coefficient:

qss � γkBTeΓi, (A.4)

where

γ� �2.5� eVs� eVps��1�Ri,E�� χi

kBTe
�

χr

kBTe
�1�Ri,N�ÍÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑ ÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒ Ï

ions

�2�1�Re,E�ÍÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÏ
electrons

(A.5)

in which χi is the energy gained by ion neutralization at the surface and χR the energy

of atom-atom recombination, and Ri,E, Ri,N, Re,E the coefficients for energy reflection,

particle reflection, and electron back-scatter, respectively. The factor 2.5 is due to the

average/fluid velocity of the ions (a 1D drifting Maxwellian velocity distribution without

back-flux), and the factor 2 due to random/thermal motion of the electron (an ordinary

1D Maxwellian velocity distribution) [168]. Typically, γ is about 7–8 [168, 308].

5 Radial dependence

The heat flux subjected to the target is not equal over the beam radius, because the

local electron temperature and density differ radially. More significantly, however, it is

affected by a axially varying plasma potential if the cross-field (radial) conductivity (σá)

iiiThe neutralization and atom-atom recombination energy at the surface is not taken into account, i.e.
the ion energy is here defined as the energy of the ion just before impacting the surface.
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of the plasma is small compared to the conductivity parallel to the field (σ½) [307]. This

ratio can be expressed as σá©σ½ �
Ó

1.95HeHi, where the He Hi are the electron and ion

Hall parameter respectively - the ratio of gyration frequency of these particles around

the magnetic field to the collision frequency. These Hall parameters are essentially the

measures for the magnetization/confinement of the plasma [100]), and depend on Te,

ne, nn and Bf [307]. If σá©σ½ $ 1, part of the voltage drop between the anode and the

cathode of the plasma source falls over the sheath-target system, i.e. the plasma potential

in the center and edge of the beam deviates near the target. Note that in the plasma the

path of decreasing plasma potential and current is from the anodeiv of the plasma source

towards the center of the target, to the edge of the target, back to the cathode, see Fig. A.2.

In a recent measurements the plasma potential in the center was found to be equal to

the floating potential of the target [310]v, while at the edge it can be several Volts higher.

Because the local target floating potential at the edge and center differ, a net-flux of ions

and electrons (i.e., a positive and negative current) is drawn, respectively. This results in an

internal current from the edge to the center of the sample. Using the ratio of local electron

to ion flux (Γe©Γi � fΓ) [310], the local ion energy can be approximated [311] by replacing

Vs with V � 0.5kBTe©e ln� fΓ�4πmemi�� (here assuming Ti � Te and δe � 0). Due to the

local varying electron-ion flux ratio and ion energy, the heat flux will be dominated by

electrons in the center and ions at the edge [311].

6 Target biasing

If a biasing voltage is applied, the net electron and ion flux equality over the full sample

no longer holds, i.e. a current will flow either from or towards the target. The sheath

voltage drop becomes the bias potential minus the floating potential, and the screening

thickness can expand up to several 100µm [168] (can be approximated with the Child

sheath thickness law sC hi l d �
Ó

2λD©3�2e¶Vb¶©kBTe�3©4 [309]). While the ion and heat

flux equations in this case remains the same, the ion energy modifies:

Ei � �2.5�e�Vb�Vp���1�Ri,E� (A.6)

and the sheath heat transmission coefficient becomes:

ivIn principle, the anode drop can be positive or negative depending on the arc current, anode area, and
other factors affecting the electron current arriving at the anode [309].

vThe voltage drop is lower than the commonly applied sheath theory, where a minimum sheath voltage
drop is assumed of Vs� ln 2 (due to ion saturation) [168, 151], and likely related to specific conditions that

affect the electron to the anode, see footnote vi.
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Fig. A.2 | Currents and plasma potential in Pilot-PSI. a) Schematic view of currents through the
plasma in Pilot-PSI. Modified from Ref. [307]. b) Illustrative plot of the plasma potential along the
current path from the source anode of Pilot-PSI, through the target and back to the source cathode
(the magnitude of the potential is not to scale). The numbers correspond to the positions on the
schematic view above. The plasma sheaths at the anodevi, cathode and target are depicted as well.
The two cases of low and high Hall parameter (H) are shown separately. A large part of the potential
drop falls inside the plasma source because of the low ionization degree due to the high gas-pressure.

γ� �2.5� e�Vb�Vp���1�Ri,E�� χi

kBTe
�

χr
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(A.7)

Instead of the plasma potential Vp one can also use the experimentally determined float-

ing potential Vfl by the following substitution: Vp � Vfl�Vs�Vps. Similar to the radial

distribution of the ion energy for a floating sample (subsection above), also in the case of

sample biasing a comparable radial distribution of the ion energy and heat flux is present.

viIn principle, the anode drop can be positive or negative depending on arc current, anode area, and
other factors affecting the electrons current arriving at the anode [309].
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With increasingly negative bias voltage (Vb $Vs) the edge region with a net-flux of ions (i.e.,

the ion saturation region) will shift towards the center, until the full target is ion-saturated.

7 Surface temperature

Finally, the surface temperature depends on the heat flux and the thermal heat conduction

trough the sample. In the simplest 2D approximation, one could assume that the radial

heat transfer in the target is negligiblevii, which allows the calculation of the surface

temperature by:

Ts�r �� qss�r �ds

ks
�Tc (A.8)

where ks is the heat conduction coefficient in the sample, ds the sample thickness and Tc

the temperature of the cooling plate. For the determination of ks it is particular essential

to take into account the conductivity of the interfaces (i.e. between the top layer and the

bulk sample and the bulk sample and the cooling plate), as is done in the THEODORE

code [312, 308, 313].

In summary, it is evident that the main parameters for plasma synthesis - Γi, Ei, Ts are

strongly depending on the plasma parameters Te and ne, the bias voltage and the material

properties (e.g. the heat conduction ks).

viiThis is generally true for isotropic conductivity since the perpendicular temperature gradient towards
the cooling plate is much larger than the parallel one.



Appendix B

Relevance for energy harvesting and

storage applications

Carbon nanomaterials may foster the development of various sustainable energy and

storage applications [252, 314]. This thesis work shows that high-flux plasma processing

can be a fast one-step processing method to fabricate such a nanostructured carbon

materials. Therefore, this section assesses its strengths and weaknesses compared to other

techniques and suggests several technological applications.

1 Comparison with other synthesis methods

Several chemical processing routes exist for manufacturing porous carbon nanomaterials,

including activating compact porous materials [253], fabricating aerogels [254], or creating

porous carbon by use of hard [255, 256] or soft templates [257]. For most of these methods

the formation requires a multi-step processing procedure, hindering the efficiency of

production, while some are additionally less favorable due to the use of expensive chem-

ical precursors [191, 254, 255, 257, 191]. In that regards, high-flux plasma processing of

carbon materials can offer several advantages. First of all, a reactive hydrogen plasma is

the only requirement, i.e., no graphite surface pre-treatment or chemical precursor gas

injection is needed [56], taking advantage of natural hydrocarbon release. Additionally,

the reported carbon microparticle processing rate is very high, up to 0.15µm©s [56], which

results in the full coverage of the sample surface by microparticles within the timeframe of

a hundred seconds, which is a critical advantage in terms of the scalability of the process.

The downside of the approach is the narrow beam size, the requirement of a vacuum setup,

and the energy consumption of the arc source. Hence, the method is mainly suitable in
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the case where a fast one-step process is a comparative advantage. In terms of materials

properties, the nanostructured microparticles exhibit predominant mesoporosity and po-

tentially a large specific surface area due to their prime composition of carbon nanowalls;

applications with these requirements are particularly interesting.

2 Potential technological applications

2.1 Supercapacitors

Carbon has provided a significant contribution to electrochemical capacitor (ECs) and

specifically, the electrochemical double layer capacitors (EDLCs), also referred to as super-

capacitors [315]. These charge storing media can fully charge and discharge in seconds,

and although their energy density is lower (�5 Wh/kg), their power density is an order of

magnitude higher than rechargeable batteries (�10 kW/kg). While traditional capacitors

use a dielectric medium to enable charge separation, EDLCs take advantage of the double

layer (DL) that forms between the electrode (of surface area A) and the electrolyte, see

Fig. B.1a, which has typically a thickness of few Ångströms. The nanostructured micropar-

ticles presented in this work are suitable as electrode material due to a large surface area,

hence high capacitance (i.e. C � ϵA©d). Besides surface area, their mesopores (2-50 nm)

allow for fast mass transport inside the MPs, although their interconnectivity has yet to

be verified. The performance can additionally be enhancement by taking advantage of

so-called pseudo-capacitance, which occurs due to Faradaic reactions (charge transfer)

between the electrode and electrolyte, see Fig. B.1b. Pseudo-capacitance can be created

by coating the carbon electrode material with conducting polymers such as polyaniline

and polypyrrole or metal oxides such as RuO2 and MgO2 [316–318].

2.2 Electrochemical batteries

Carbon plays also a particularly important role in the development of Li-ion batteries and

is the main anode materials for commercial Li-ion batteries [320]. In these devices carbon

is used as anode material for intercalation of Li-ions [321]. The use of graphite is attractive

because of its high in-plane electron conductivity and weak interaction with Li-ions,

giving rise to high Li-ion storage capacity and fast Li-ion diffusion. The nanostructured

microparticles presented in this work provide a potential material due to possibility of

Li-ion storage inside the carbon nanowalls and mesopore cavities, and abundance of

meso- and macropores for fast mass transport. Further advances can be achieved by

hybrid nanostructured electrodes, for instance by combining the nanostructured MPs



2 Potential technological applications 145

Fig. B.1 | Illustration of a double layer capacitor and pseudo-capacitor. Adapted from Ref. [319].

with metal oxide [322, 323], metal hydroxide [324], nanosized-Si [325, 191] or graphene-

silica assemblies [326].

Fig. B.2 | Illustration of a Li-ion battery. Adapted from Ref. [319].

As an alternative for Li-ion batteries, lithium-sulfur batteries have been subject of

research. In Li-S batteries the cathode of the battery is replaced by a porous carbon-sulfur

composite material. These batteries are advantageous because of the high theoretical

specific capacity of sulfur, low costs, abundance, and environmentally benignity [314], but

they suffer from poor electrical conductivity and fast capacity capacity degradation from
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the polysulfide dissolution into the electrolyte. Recently, however mesoporous carbon-

sulfur (MCS) composite materials were made by encapsulating sulfur in the pores of the

mesoporous carbon [327], and showed promising results. A similar approach may be used

for the nanostructured MPs of this work due to the abundant mesoporosity.

Another energy storage type is metal-oxide batteries [328]. For these batteries the

energy density is much higher than for other rechargeable batteries, because the active

materials, oxygen, is stored in the environment [329, 330]. The main challenge is to

find a material with an optimal hierarchical structure and a possible membrane that

prevents CO2 and moisture permeation while allowing fast O2 diffusion. In particular,

Li-air batteries have attracted a lot of attention [331], where the electrode comprises

primarily of carbon and a small amount of binder. Mesoporous carbon materials, similar

to the nanostructured MPs presented in this thesis - showed (again) excellent performance,

which was related to optimization of tri-phase regions for oxygen reduction, i.e. where the

electrolyte, catalyst (carbon) and oxygen intersect [332].

2.3 Fuel-cells

Porous carbon is an indispensable materials in fuel cells [333]. Most PEM fuel cells to-

day use it as support material for the Pt nanoparticle electrocatalyst. The important

requirements for PEMs are [334]: high specific surface area and high porosity, high elec-

trochemical stability, high electric conductivity, and easy Pt recyclability. Porous carbon,

such as the nanostructured microparticles of our work, intrinsically fulfill these require-

ments. Moreover, mesoporous carbon materials with a pore size range of 20–25 nm, i.e. a

similar range as the nanostructured MPs of this thesis work, were found to exhibit high

performance due to an optimal balance between a high surface area for catalyst disper-

sion, a large pore size for transport of reactants and products, and sufficient conductivity

[335]. Moreover, enhanced performance was measured for graphene materials, which

was related to the specific interaction of Pt with graphene, which modifies the electronic

structure of Pt and its catalytic activity [336, 337]. These effects may also apply for the

nanostructured MPs of this work, because they primarily consists of (multilayer) graphene

(i.e. carbon nanowalls).

Porous carbon can also be employed as electrocatalyst by itself (i.e. a non-precious

electrocatalyst) if functionalized with other elements such as nitrogen [339, 340] and

transition metals [341]. In this manner, the expensive Pt may be replaced. For instance,

porous C/Fe/Co-based non-precious electrocatalyst showed a only slightly lower activity

than a Pt-based electrode, while the stability was remarkably with very low degradation
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Fig. B.3 | Illustration of a PEM fuel cell. Based on Ref. [338]

[342]. It can be investigated whether this functionalization can also be applied on the

MPs.

2.4 Gas storage

Porous carbon has also received attention in the field of gas storage. Hydrogen is com-

monly stored under high pressure (860 bar) or ultra-low temperatures (30 K) to achieve

commercially practical storage densities [252]. This inhibits the widespread implementa-

tion, hence alternative solid state hydrogen storage materials are desired. In the case of

hydrogen, this interaction relies on the weak dispersion force with a typical binding energy

of 0.03-0.06 eV. Hence, significant hydrogen adsorption only takes place at cryogenic

temperatures. To improve the H uptake performance, nanostructures materials can be

beneficial. They not only provide a high surface area, but also causes H encapsulation and

trapping in microporous media. The storage properties are proportional to the specific

surface of the carbon material. Hence, the nanostructured microparticles presented in

this thesis can be adequate. Besides the surface area, the performance can be improved

by increasing the binding energy of hydrogen and carbon material by incorporating func-

tional groups, e.g. dopants [343]. Alternatively, the nanostructured MPs may also be used

as structural support matrix in a hydride-porous carbon nanocomposite material [344].

The nanostructured microparticles may also be used for CO2 capturing. While the

typical uptake performance is relatively marginal [345], the results are more promising for

porous carbon impregnated with potassium carbonate (K2CO3). In Ref. [346] it is shown

that carbon aerogel impregnated with K2CO3, resulted in the formation of nanocrystals in
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the pores of the carbon material. For pores in the range 7–18 nm the nanocrystals showed

a reduced desorption temperature (380 K) and an improved CO2 capture capacity [346].

This pore size is in the range of those of the MPs of our work.

2.5 Other applications

The nanostructured microparticles can also be beneficial for several other applications.

For instance, in dye-sensitized solar cells, improved conversion efficiency are obtained by

using high surface area ordered mesoporous carbon as anode material [257]. In micro-

fluidic solid-state devices they can be applied to harvest the energy from the salinity

difference between sea and river water [347–349].

In summary, this section shows that the nanostructured microparticles presented in

this thesis may be suitable for several technological applications. Particularly they may be

used in those applications where a fast one-step process is a comparative advantage and a

high surface area, mesoporous carbon materials is required. They can function either as

an active material, e.g. charge storage medium or current collector, or support matrix for

non-carbon charge and gas storage materials or catalytic particles.
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E. Zoethout, P. Lipman, M. van de Sanden, and T. Morgan, “Fast nanostructured
carbon microparticle synthesis by one-step high-flux plasma processing,” Carbon,
vol. 124, pp. 403–414, 2017.



References 165

[207] B. V. Mech, A. A. Haasz, and J. W. Davis, “Isotopic effects in hydrocarbon formation
due to low-energy H+/D+ impact on graphite,” Journal of Nuclear Materials, vol. 255,
no. 2-3, pp. 153–164, 1998.

[208] L. F. Huang, M. Y. Ni, G. R. Zhang, W. H. Zhou, Y. G. Li, X. H. Zheng, and Z. Zeng,
“Modulation of the thermodynamic, kinetic, and magnetic properties of the hydro-
gen monomer on graphene by charge doping,” Journal of Chemical Physics, vol. 135,
no. 6, p. 064705, 2011.

[209] S. Casolo, O. M. Lovvik, R. Martinazzo, and G. F. Tantardini, “Understanding adsorp-
tion of hydrogen atoms on graphene,” Journal of Chemical Physics, vol. 130, no. 5,
p. 054704, 2009.

[210] S. Casolo, G. F. Tantardini, and R. Martinazzo, “Hydrogen Recombination and Dimer
Formation on Graphite from Ab Initio Molecular Dynamics Simulations,” The Jour-
nal of Physical Chemistry A, vol. 120, no. 27, pp. 5032–5040, 2016.

[211] M. Kayanuma, U. Nagashima, H. Nishihara, T. Kyotani, and H. Ogawa, “Adsorption
and diffusion of atomic hydrogen on a curved surface of microporous carbon: A
theoretical study,” Chemical Physics Letters, vol. 495, no. 4-6, pp. 251–255, 2010.

[212] K. Young-Kyun, “Hydrogen Adsorption on sp2-Bonded Carbon Structures: Ab-initio
Study,” Journal of the Korean Physical Society, vol. 57, no. 4, pp. 778–786, 2010.

[213] V. Ivanovskaya, A. Zobelli, D. Teillet-Billy, N. Rougeau, V. Sidis, and P. Briddon,
“Hydrogen adsorption on graphene: A first principles study,” European Physical
Journal B, vol. 76, no. 3, pp. 481–486, 2010.

[214] J. Kerwin and B. Jackson, “The sticking of H and D atoms on a graphite (0001) surface:
The effects of coverage and energy dissipation,” Journal of Chemical Physics, vol. 128,
no. 8, p. 084702, 2008.
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Summary

Nanoscale manipulation of matter is a rapid expanding research direction, and is cur-

rently applied in many fields such as energy harvesting and storage, optoelectronics and

medicine for the enhancement of device performance. Among the various approaches

to synthesize nanoscale materials, plasma-aided nanofabrication is a common method.

Essentially, this method takes advantage of self-organization driven by non-equilibrium

in the plasma-surface system. The higher this non-equilibrium, the more options arise

for growth of unusual structures. One far-from-equilibrium environment is high-flux

(% 1024 m�2s�1) plasma exposure. To explore the potential of this environment, carbon

may be used as test-material due to its flexible bonding nature. Previous work shows

that high-flux plasma exposure on carbon can lead to reorganization of the surface into

nanostructured microparticles. The hydrogen-surface interactions, nucleation and growth

paths, and transport dynamics remained unclear, however. The aim of this thesis is to

elucidate these mechanisms of carbon nanostructuring by high-flux plasma processing.

First of all, in order to shed light on the fundamental interactions of hydrogen ions with

a graphite surface, atomistic simulations by Molecular Dynamics (MD) were conducted.

While common MD simulations suffer from severe time-scale restrictions, this study

implemented a recently developed acceleration method, Collective Variable-Driven Hyper

dynamics (CVHD), which enabled an extension of the simulated inter-impact time by

up to 6 orders of magnitude, down to a realistic ion flux of 1023 m�2s�1. A wide variety

of interaction mechanisms was found, of which some, such as diffusion, desorption,

Langmuir-Hinshelwood recombination and chemical erosion, could for the first time be

accessed in atomistic simulation. The simulation results show that for increasing flux,

ion-induced processes start to dominate over thermally-induced ones. Moreover, the

probability of the interaction processes were strongly correlated to the surface hydrogen

coverage, while on the other hand the type of processes significantly affected the hydrogen

coverage, demonstrating its mutual interplay. With regards to chemical sputtering, it

was found that erosion proceeds through hydrogenation, vacancy creation and volatile

product formation, either ion- or thermally induced. The sputtering yield was found to be
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affected by the ion flux through several competing factors such as the hydrocarbon release

type and hydrogen surface concentration. The net-yield was observed to increase with a

rising flux, while in contrast a sharp drop is observed in the experiments, suggesting that

latter is caused by external factors or is a result of limitations in the measurement.

Experimental work was conducted on high-flux linear plasma generator Pilot-PSI in

combination with post-synthesis analysis. By using a variety of plasma exposure con-

ditions on graphite samples and optical emission spectroscopy as in-situ diagnostic it

was shown that the basic ingredients for nanostructured microparticle synthesis are a

high erosion rate as well as sufficient confinement of eroded species. These requirements

imply a high ion flux and plasma density, and optimal surface temperature. Post-synthesis

analysis using scanning and transmission electron microscopy revealed that the formation

can occur by a multi-phase process: gas-phase nucleation of hydrocarbon molecules into

onion-shaped nanoparticles, subsequent agglomeration into core particles and further

growth by the surface accretion of carbon nanowalls (CNW). After deposition of the parti-

cles growth proceeds by another CNW accretion phase which contributed to the majority

of the particle’s volume. The surface of the sample was covered with microparticles with an

average growth rate is 0.2µm©s, which is significantly faster than most chemical methods.

Nitrogen gas sorption analysis shows the coexistence of micro-, meso- and macropores in

the microparticles volume.

Lastly, in order to understand the particle deposition process of the microparticles on

the surface, a heuristic analytical particle force balance model was developed. Because

the microparticle size is of similar or larger size as the plasma screening length, non-

linear effects are significant due to the emergence of potential barriers. To incorporate

these effects, the equations for the screening length and ion drag force were modified.

Moreover, the pressure, polarization and dipole force, which are commonly neglected

in dust transport codes, were revised and included. By tracing the equilibrium position

where the forces are balanced, the critical particle size could be determined at which the

microparticle deposits. This size agreed well with the experimental value of the observed

microparticles’ core and suggests improved agreement compared to the model where the

additional consideration and forces were not included.

To conclude, this work shows that high-flux plasma involves a complex dynamics

between plasma-surface interaction, plasma chemistry and non-linear dusty plasma

physics. This thesis work investigates and elucidates each process step from the nanoscale

to macroscale, and demonstrates that despite its complexity, processing by high-flux

plasma offers a fast one-step method for the synthesis of carbon nanomaterials. As a

future prospect, due its large specific surface area and meso/macro-porosity for fast mass
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transport, these materials can potentially be applied in various sustainable energy and

storage applications, for instance as electrode material in supercapacitor or electrochemi-

cal batteries.





Samenvatting

De manipulatie van materie op nanoschaal is een snel groeiend onderzoeksveld en vindt

zijn toepassing in de verbetering van apparaten op uiteenlopende gebieden zoals en-

ergie opwekking en opslag, fotonica en geneeskunde. Er zijn verschillende manieren

om nanomaterialen te synthetiseren. Plasma-ondersteunde nanofabricage is hiervan

een gebruikelijke methode. Deze methode maakt gebruik van zelforganisatie gedreven

door het niet-evenwicht van plasma-oppervlakte systemen. Hoe hoger de mate van dit

niet-evenwicht is, hoe meer opties ontstaan voor het vormen van ongebruikelijke struc-

turen. Hoge-flux (% 1024 m�2s�1) plasma bestraling levert dergelijke conditie. Om het

potentieel van deze omstandigheid uit te zoeken kan koolstof gebruikt worden als test

materiaal dankzij zijn flexibele bindingseigenschap. Voorgaand werk heeft laten zien

dat hoge-flux waterstofplasmabestraling op koolstof kan leiden tot reorganisatie van het

oppervlakte waarbij nanogestructureerde microdeeltjes worden gevormd. De waterstof-

oppervlakte interacties, de nucleatie en groeipaden alsmede de transportdynamica bleven

echter nog onduidelijk. Het doel van dit proefschrift was om het mechanisme achter

koolstofnanostructurering door hoge-flux plasma bestraling op te helderen.

Ten eerste, om een inzicht te krijgen in de fundamentele interacties van de waterstof

ionen met het grafietoppervlakte zijn er Moleculaire Dynamica (MD) simulaties uitgevo-

erd. Hoewel normaal gesproken deze MD simulatiesbeperkt worden door hun tijdschaal,

is er in dit onderzoek een recent ontwikkelde acceleratie methode toegepast, genaamd

Collectieve Variabel-Gedreven Hyperdynamica (CVHD). Deze methode stelde ons in staat

om de gesimuleerde tijd tussen botsingen met 6 ordes van grootte te verlengen, tot en

met een realistische ionenflux van 1023 m�2s�1. In dergelijke simulaties is een verschei-

denheid aan interacties geobserveerd, waarbij diffusie, desorptie, Langmuir-Hinshelwood

recombinatie en chemische erosie voor de eerste keer met atomistische simulaties bereikt

konden worden. De simulatie resultaten laten zien dat voor toenemende ionen flux,

ion-geïnduceerde processen dominant worden over de thermisch-gen̈duceerde. Daar-

naast waren de kansen voor de verschillende interactie processen sterk gecorreleerd met

de oppervlakte-opname van waterstof, terwijl aan de andere kant het type proces de
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waterstof opname significant beinvloedde, wat aangeeft dat er een sterke onderlinge

wisselwerking is. In het licht van chemisch sputteren hebben we laten zien dat erosie

verloopt via hydrogenering, creatie van open bindingen en de vorming van vluchtige

producten, zowel ion- als thermisch-geinduceerd. De sputter opbrengst werd ben̈vloed

door verschillende elkaar tegenwerkende factoren, zoals het sputter type en de waterstof

opname. De netto-opbrengst nam toe met een stijgende flux, terwijl er echter een sterke

afname was geobserveerd in de experimenten. Dit suggereert dat deze laatste trend is

veroorzaakt door onvoorziene externe factoren of een beperking in de meetmethode.

Het experimentele werk is uitgevoerd met behulp van de hoge-flux lineaire plasma

generator Pilot-PSI, in combinatie met post-synthese analyses. Door de plasmabestral-

ingscondities op het grafiet te variëren en tegelijkertijd met optische emissiespectroscopie

de erosie te bestuderen, hebben we laten zien dat de basisingrediënten voor nanostruc-

turering van microdeeltjes bestaan uit een combinatie van een hoge erosie snelheid en

een voldoende hoge opsluiting van de geërodeerde deeltjes. Deze condities impliceren

een hoge ionenflux, hoge plasmadichtheid, en een optimale oppervlaktetemperatuur.

Post-synthese analyse met behulp van raster- en transmissie-elektronenmicroscopie on-

thulde dat de microdeeltjes groeien door een proces bestaande uit verschillende fases:

gasnucleatie van koolwaterstof moleculen tot ui-vormige nanodeeltjes, samenklontering

van deze deeltjes tot kernen, en tot slot verdere oppervlaktegroei door middel van de

vorming van koolstofnanowanden (CNW). Na de depositie van de deeltjes gaat de groei

verder door een nieuwe CNW groeifase die in feite het merendeel van het volume vormt.

De oppervlakte van het sample werd met microdeeltjes bedekt met een gemiddelde groeis-

nelheid van 0.2µm©s, wat aanzienlijk hoger is dan meeste andere methodieken. Stikstof

gasadsorptie analyse laat de coexistentie zien van mirco-, meso- and macro-poriën in het

volume van de microdeeltjes.

Tot slot, om het depositieproces van de microdeeltjes op het oppervlakte te begrijpen,

is er een heuristisch model ontwikkeld dat analytisch de krachtenbalans van de deeltjes

beschrijft. Doordat de afmetingen van de microdeeltjes even groot of zelfs groter zijn

dan de plasma-afschermingslengte, kunnen niet-lineaire effecten belangrijk worden door

het opkomen van potentiaal barrières. Om deze effecten mee te kunnen nemen zijn de

vergelijkingen voor de afschermingslengte en voor de ionenremkracht aangepast. Daar-

naast zijn de druk-, polarisatie- en dipool-krachten die normaal gesproken verwaarloost

worden, herzien en meegenomen. Door de positie waar de krachten precies in balans zijn

te achterhalen, kon de kritische deeltjesafmeting bepaald worden waarbij het microdeeltje

neerslaat. Deze afmeting is in overeenstemming met de waarde van de experimenteel
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geobserveerde kern van de microdeeltjes en suggereert een betere overeenkomst dan het

model waarbij deze extra overwegingen en krachten niet zijn meegenomen.

Concluderend, dit werk laat zien dat een hoge-flux plasma een complex dynamisch

systeem teweegbrengt, bestaande uit plasma-oppervlakte interacties, plasma chemie

en niet-lineaire stoffige plasmafysica. Dit proefschrift beschrijft de stappen van het pro-

ces van de nanoschaal tot demacroschaal en laat zien dat ondanks zijn complexiteit,

hoge-flux plasma processing een snelle methode kan zijn om in één stap de synthese

van koolstof nanomaterialen te bewerkstelligen. In de toekomst zullen deze materialen

vanwege hun grote specifieke oppervlakte en meso/macro-poreusheid voor snel transport

van massa, de potentie hebben om te worden toegepast in diverse duurzame energie en

opslag toepassingen, zoals bijvoorbeeld electrodes voor supercondensatoren of elektro-

chemische batterijen.
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