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İrem Tanyeli

geboren te Keçiören, Turkije
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Anneme ve babama

Summary
Several applications, such as energy harvesting, energy storage, optoelectronics
etc., demand nanomaterials and/or nanostructured surfaces for an enhanced activity. Various approaches exist to nanostructure metal surfaces, including wet
chemistry methods, lithography and plasma processing methods etc.. Some of
these methods bring several drawbacks, such as poor contact between features,
long process time and high cost, when the nanostructured surfaces that are produced by one of these methods are used in various applications. Plasma systems
provide a well-controlled treatment and leave no residuals on the surface after processing. In this thesis, nanostructure formation on metals was investigated under
high fluxes of low energy helium ion irradiation. Metals with different crystal
structures, such as iron (body-centered cubic (bcc) metal), titanium (hexagonal
close-packed (hcp) metal), aluminum (face-centered cubic (fcc) metal) and copper (fcc metal), were irradiated by low energy (<100 eV) helium ions in a linear
plasma generator. The main focus of this thesis was to get a better understanding on the underlying mechanisms of helium ions induced surface modifications by
studying the dependence on surface temperature, ion energy, ion flux, ion fluence
and crystal structure of metals.
To investigate the morphology changes, scanning electron microscopy (SEM) was
used. The samples were prepared by focused ion beam (FIB) milling method to
be able to take cross section images with SEM. Various surface modifications were
observed on these metals. This study presents for the first time that nanostructure formation on iron surface can be controlled using surface temperature and
ion fluence. These results are consistent with the studies in the literature conducted on tungsten and molybdenum. Fine nanostructures, which are around 50
nm in diameter and 500 nm in length, are formed on iron surfaces. In contrast, on
aluminum and copper surfaces, the structures look more like nano-pillars, whereas
on titanium only voids were observed. Despite of the differences in the surface
modification for all metals, the effect of helium ions was clearly traced by the
voids which were detected just underneath the surface of all metals in cross sectional SEM images. The mass loss of our samples were measured after plasma
exposures. This indicated the contribution from physical sputtering to the surface
modification especially for copper and aluminum.
Nanostructured surfaces have great potential in various applications. This thev

sis focuses particularly on the photocatalytic activity of nanostructured metal
surfaces after oxidation treatment, since metal oxides are known to be good candidates to be used as photelectrodes in photoelectrochemical (PEC) cells. The
nanostructured photoelectrodes provide an enhanced activity in solar driven water splitting due to their larger active surface area than the flat photoelectrodes.
Nanostructured tungsten and iron surfaces were oxidized to the desired phases
and their solar water splitting efficiencies were tested in photoelectrochemical
setup. Chemical composition of the surfaces after oxidation processes was identified by Raman spectroscopy, X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). First results on using nanostructured WO3 in photoelectrochemical cell revealed a promising photocurrent density of around 1 mA/cm2 .
The photo-response from helium ion induced nanostructured hematite was not
so high, although it showed an improvement in photocurrent density compared
to flat hematite. Hematite is known to have several drawbacks which directly
limits its photo-response, such as poor charge conductivity, slow oxygen evolving
reaction kinetics and high density of surface states.
In conclusion, the experimental studies conducted in this thesis show that high
fluxes of low energy helium ions can lead different surface modifications on various
metals and morphology changes are dependent on surface temperature, ion energy, plasma exposure time and crystal structure of metals. The results presented
here provide a qualitative insight on the underlying mechanisms of these surface
modifications and can shed light for further theoretical calculations, which is devoted to investigate the behavior of metal surfaces under helium ion irradiation.
Additionally, the usage of helium ion induced nanostructured metals in PEC cells
has been demonstrated.
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Chapter 1

Introduction
1.1

Nanostructure Production Techniques

Enormous research interest has been attracted to the usage of nanostructures
in many applications, such as energy harvesting, storage, optoelectronics and
medicine. Materials at nanoscale can show enhanced optical, electrical and magnetic properties due to the involvement of quantum effects and increase in their
active surface area compared to the bulk material. Basically, nanostructure production techniques can be categorized into two approaches: top-down and bottomup. Top-down techniques are based on the idea of etching or milling a block of
material down to the desired shape and size, whereas bottom-up techniques take
the growth direction from sub-units to larger structures. These two approaches
have both advantages and disadvantages. According to the specifics of the application, the most optimum technique has to be chosen. Conventional top-down
techniques, such as lithography methods, provide the production of arbitrary patterns on the substrate with high precision. Bottom-up techniques are known to
be a faster, cheaper and larger area process compared to the standard top-down
techniques. However, poor contact between features is usually the problem for
the standard wet chemistry based bottom-up techniques. A necking treatment
is needed to overcome this problem. Several examples from both approaches are
presented briefly in the next section.

1.1.1

Bottom-up techniques

The sol-gel method is a cost efficient method and has two approaches: aqueous and
nonaqueous sol-gel. Aqueous sol-gel process can be defined as the conversion of
a precursor solution into an inorganic solid. The most widely used precursors are
inorganic metal salts and metal alkoxides. First, the precursor is dissolved in an
organic solvent, which is miscible with water, and the solution is converted into a
‘sol’ after treatment with water. The substrate is coated with sol by various tech1
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niques, such as spinning, dipping or spraying. Further condensation transforms it
to a ‘gel’. After drying the gel, a thermal treatment is applied on the surface for
either oxidation or sintering. Aqueous sol-gel method has a complex chemistry
and could result precipitation at the end of the hydrolysis reaction due to the
reactivity of some precursors with water [1]. Nonaqueous sol-gel method could
be used to overcome these problems [2, 3]. Nonaqueous sol-gel method provides a
simpler process than the aqueous one and control over reaction pathways.
Self-assembly methods bring experimental simplicity and are applicable in various application fields. This method can be sub-divided into three approaches:
self-assembly of particles into nanoaggregates, self-assembly of nanoparticles on
quasi-1D templates and self-assembly of nanoparticles on 2D planar or non-planar
substrates. Different from the latter two approaches, nanoparticle aggregation
cannot manage periodic ordering. Detailed information on this method can be
found in the book chapter ‘Methods of Self-Assembling in Fabrication of Nanodevices’ written by Shklover and Hofmann [4].
Another important nanostructure production technique is vapor deposition,
which can be either chemical or physical. In physical vapor deposition (PVD), the
source material is vaporized and then condensed on the target material. Nanoparticles, nanowires or films are deposited by vapor-liquid-solid nucleation process. In
chemical vapor deposition (CVD), gas precursors undergo dissociation and chemical reaction with other molecules to form nanocrystals under specific conditions.
CVD is usually considered as an important technique in growth of carbon based
nanomaterials [5, 6].
Atomic layer deposition (ALD) is a well-known vapor phase thin film deposition technique. Since ALD is a highly surface chemistry dependent process,
area-selective ALD is obtained by chemical modifications of the surface [7, 8].
Area-selective ALD has become an alternative to conventional lithography-based
surface patterning techniques, since it is free of etching and lift off steps during
the process. Detailed information on the use of ALD in nanopatterning can be
found in the review of Mackus et al. [9].

Figure 1.1: Schematic illustration of a) plasma enhanced chemical vapor deposition, b) thermal plasma processing with liquid and solid precursors, c) thermal
plasma evaporation and condensation.
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Plasma-assisted techniques are used for nanostructure fabrication besides their
broadly usage in thin film deposition. A plasma brings high reactivity to the
system since it consists of various excited species. Plasma-assisted bottom-up
techniques for nanostructuring can be grouped under three approaches: plasma
enhanced chemical vapor deposition (PECVD), thermal plasma processing with liquid and solid precursors, thermal plasma evaporation and condensation, schematic
illustrations of these techniques are shown in Figure 1.1a,1.1b, 1.1c, respectively.
Recent developments in these techniques can be found in the review of Zheng et
al. [10].

1.1.2

Top-down techniques

A large sub-group of top-down techniques is composed of lithography methods.
Several types of lithoghraphy methods exist, such as photolithography, electron
beam (e-beam) lithography, soft lithography, nano-imprint lithography, block
copolymer lithography and scanning probe lithography with high precision. The
process steps for surface patterning by conventional lithography techniques are
shown in Figure 1.2. The material that needs to be patterned is deposited on the
substrate. A spin coated resist layer is patterned by using one of the lithography
techniques and a development step is followed. The pattern is transferred to the
underlying film via an etching process and the remaining resist layer is stripped.
These steps are fully involved during photolithography and e-beam lithography,
whereas there are some differences in pattern production step for other lithography techniques.

Figure 1.2: Process flow of surface patterning via conventional lithography techniques.
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Photolithography was first introduced in 1960s to fabricate integrated circuits
and frequently used in microelectronics [11]. A quartz plate is used as a mask
on the photoresist coated surface. The surface is patterned by collimated light
through the quartz plate. Depending on the type of resist material (negative photoresist or positive photoresist), the illuminated region will have higher (in the
case of positive photoresist) or lower (in the case of negative photoresist) solubility in the developing solutions. Regions with high solubility are etched away after
the process with developing solution. Amongst all types of photolithography techniques, extreme UV (EUV) lithography is considered as the leading technology
for patterning of sub-10 nm features in the next decade [12].
E-beam lithography is one of the most widely used lithography methods. The
main advantages of this method compared to conventional photolithography are
that this method provides arbitrary patterning and overcomes the diffraction limit
of light, hence can create features in nanoscale. The surface is coated with a
resist material. Poly-methylmethacrylate (PMMA) is the most commonly used
resist material. The pattern is written on the surface by exposing the surface
to the electron beam. The polymer chains at the exposed regions are broken by
the electron beam and dissolved in a developer after the exposure. The pattern
formation is finalized by coating the surface with a thin metal layer and lift off
process. Recently, Manfrinato et al. has achieved to create arbitrary patterns at
sub-5 nm scale [13].
Soft lithography can be considered as a less demanding alternative. This
method is based on replicating a pattern on substrates by elastomeric stamp or
mold (a patterned polydimethylsiloxane (PDMS) block) [14]. This process provides lower cost and smaller structuring scale than the photolithography method.
Nanoimprint lithoghraphy was introduced in 1995 as a simple, low cost and
high throughput alternative to micro and nanofabrication [15]. The process is
based on a simple idea: a prefabricated mold is pressed on a resist coated substrate. Since it relies on mechanical deformation, optical constraints such as light
diffraction or beam scattering factors, do not limit the process different from
the other nanolithography methods [16]. There are two types of nanoimprint
lithography (NIL): thermal NIL [15], which uses thermally softened thermoplastic polymer resist, and ultraviolet (UV) NIL [17], which uses liquid photopolymer
resist. More detailed information can be found in the review paper of Kooy et
al. [18].
Block copolymer lithography can be considered as an alternative method, which
combines bottom-up self-assembly with top-down lithography processes. Selfassembled polymeric nanodomain patterns are transferred on the substrate surface
or replicated in an inorganic material and by this method structures at nanoscale
with high precision can be obtained [19].
Scanning probe lithography can be proposed as a high resolution patterning
technique, which is based on tip (usually the tip of an atomic force microscope
(AFM) or scanning tunneling microscope (STM) or near-field scanning optical microscopy (NSOM))-surface interaction using various treatments, such as electrical,
4
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thermal, mechanical and diffusive. Detailed information and recent developments
of this lithography can be found in review paper of Garcia et al. [20].
Alternative to the lithography techniques, ion beam sputtering (IBS), which
is based on removing atom from a surface due to the impact of energetic ions
(with ion energies from several hundreds of eV to several tens of keV), enables
the production of various patterns on the surface without using any mask or template. Different kinetic regimes are responsible for different pattern formations.
These regimes are basically dominated by two theoretical approaches, by Bradley
Harper (BH) and Ehrlich Schwoeber (ES), respectively, depending on the process
conditions such as ion flux and surface temperature [21]. In the regime that ES
approach is dominant, the orientation of the pattern is dependent on the crystallographic direction of the surface. Non-equilibrium surface currents, which are
due to energy barriers against diffusion over step edges (Ehrlich-Schwoeber barriers, EES [22]), are considered as driving force for patterning. These currents lead
mass flow and thus diffusional instability is generated on the surface. ES barriers
are valid under modest temperature and ion flux regime for single crystal metal
surfaces. Since polycrystalline surfaces are formed by randomly oriented grains,
well defined atomic steps do not exist at the surface [23]. Hence, ES barriers
become improbable. While ES shows high dependency on crystallographic orientation of the surface, BH depends mainly on the ion beam direction. Bradley
and Harper have proposed an approach based on a combination of Sigmund’s
sputtering theory [24] and surface diffusion. The phenomenon of sputtering has
been known for a long time and the early studies on sputtering were explained
by the fact that the removal of atoms from the surface could depend on the local
topology, crystal structure and defects. However, these studies were not sufficient
to explain the whole variety of surface patterns observed. In late 1980s Bradley
and Harper have developed an approach which could give an explanation to many
experimentally observed surface patterns [25]. This approach relies on the fact
that the local sputtering yield depends on the surface curvature. The energy
delivered to the surface with a positive curvature (valley) is larger than on the
surface with a negative curvature (hills), hence a surface with positive curvature
erodes faster. This induces a rapid roughening due to the instability. Ion-induced
roughening is balanced by surface diffusion, which leads to surface smoothening,
and consequently ripples are formed on the surface (see Figure 1.3).
Besides the conventional ion beam assisted surface patterning, which is conducted with high energy ions (above keV), nanostructured tungsten surface with
high porosity has been observed even after irradiation with high fluxes of low energy (< 100eV ) helium ions [26]. The growth mechanism has mainly attributed
to helium bubble formation underneath the surface. Similar nanostructure formation has been observed on molybdenum, titanium, nickel and iron [27,28]. The
studies revealed that nanostructure formation on tungsten and molybdenum can
be controlled with surface temperature and plasma exposure time [27,29]. Helium
ion induced nanostructuring might provide a novel route to produce nano materials with high porosity, which can be used for several applications. The effect of
5
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Figure 1.3: Schematic representation of processes, which contribute to ion induced
patterns.
low energy helium ion irradiation on surface modification of various metals has
been studied for wide ranges of surface temperature and ion fluences in this thesis.
The underlying mechanisms of helium ion induced surface modifications will be
discussed according to the experimental results.

1.2

Potential applications of nanostructured metal
surfaces

As mentioned in section 1.1, magnetic, optical and electrical properties of materials at nanoscale differ significantly from the ones of bulk materials. High surface
area to volume ratio of nanosized materials directly implies an increased reactivity.
Section 1.1.1 and 1.1.2 have focused on different nanostructure production techniques. In this section, the potential applications for metal based nanostructures
will be presented.
One of the biggest challenge that mankind faced in the last century is satisfying the energy demand at the terawatt scale [30]. Due to concerns about the
environment and climate change, the research is mainly focused on renewable energy sources. Solar driven applications cover the majority of the research. The
main drawback of these applications is the intermittent nature of solar power
(day/night cycle and cloudy weather). Hence, solutions for storage at large scales
should be implemented. Storing solar energy in the form of chemical fuels, such
as hydrogen, methane, methanol, gasoline and diesel, is considered as an attractive solution [31–35]. Conversion of solar energy to hydrogen is one of the most
efficient solution, since hydrogen is the only fuel among the others, which does
not need a source of carbon, and requires relatively simple half reactions. Water
is an abundant source of hydrogen. There are several ways to convert water and
sunlight into hydrogen, such as photoelectrochemical water splitting, photocat6
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alytic water splitting, coupled photovoltaic-electrolysis systems, thermochemical
conversion, molecular artificial photosynthesis etc..

Figure 1.4: Band edge positions for several semiconductors at pH 14 [36].
An ideal photo-electrode for photoelectrochemical (PEC) water splitting should
fulfill several criteria, such as good (visible) light absorption, efficient photogenerated charge separation and transport, band edge positions that straddle
potentials for reduction and oxidation of water and low cost [37]. Metal oxides
are considered as good candidates (see Figure 1.4). However, the efficiency of
photoelectrochemical water splitting with metal oxides is still low and needs to
be improved. The main limitations in that process are due to the poor photogenerated charge transport and slow reaction kinetics at the surface. To overcome
these limitations, nanostructuring of metal oxide surfaces is proposed as one of
the solutions. Nanostructured surfaces provide an increase in the photocatalytic
activity due to their high surface area to volume ratio. Another advantage of
nanostructured surfaces is that it is possible to alter the bandgap of nanomaterials. Once the size of the structures becomes less than the de Broglie’s wavelength, the density of the electronic states tends to decrease and consequently
the bandgap widens. It is thus possible to decrease the required bias potential
to trigger the reactions for water splitting and consequently increase the solarto-hydrogen conversion efficiency. The most intensively studied photo-electrode
materials are TiO2 , α-Fe2 O3 (hematite), WO3 . Sivula et al. have presented
the expected effect of morphology control on the performance improvement of
a typical hematite photoanode (see Figure 1.5) [38]. Consistently, it has been
reported that nanostructuring of photo-electrode surfaces significantly enhances
the efficiency of water splitting [38–41].
Another approach to reduce the demand on fossil fuels and decrease the
amount of CO2 emission, which directly influences the climate change, is the
7

Chapter 1. Introduction
conversion of CO2 into value-added chemicals. The potential products of this
conversion are formic acid, methanol, CO and ethylene. Electrochemical reduction of CO2 is one of the most widely studied routes to achieve this [42–44]. A large
variety of metals has been used in electrochemical reduction of CO2 and among
these metals copper shows high efficiency for hydrocarbon generation [45–48]. It
has been shown that morphology of metal electrodes can affect the selectivity
towards CO2 reduction [49, 50]. More recently it has been reported that pore
diameter and pore depth could directly affect the end product of the reactions.
Besides, porous copper electrode shows a clear enhancement in faradaic efficiency
compared to smooth electrodes [48].

Figure 1.5: The two-part strategy for improving hematite performance is shown
with respect to the photocurrent density, J, vs. voltage behavior for an idealized
hematite photoanode (solid black trace) compared to the typical performance
(solid grey trace) under AM1.5G 100 mW/cm2 simulated sunlight, and the expected effects of improving the surface chemistry and the morphology [38].
Low energy helium ion irradiation has been mentioned as one of the nanostructure formation techniques to be considered. Fiber-like nanostructures have been
first observed on tungsten (see Figure 1.6a). The helium-induced nanostructured
tungsten surfaces have high porosity and consistently provide an enhanced optical
absorptivity (see Figure 1.6b). The performance improvements with nanostructuring the electrode surfaces have been already mentioned above. Figure 1.6c
shows photocurrent density vs voltage curve of a nanostructured hematite. The
structures seen in the SEM image taken from the surface of this photoanode resemble the helium-induced nanostructures on tungsten (Figure 1.6a). Relying on
this similarity of the structures, low energy helium ion irradiation can be considered as a technique to produce nanostructured photoelectrodes for PEC cells.
8
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Figure 1.6: a) Nanostructure, so-called fuzz layer on tungsten surface [26], b)
absorptivity vs wavelength curve of non-irradiated and nanostructured tungsten.
The red curve is the AM 1.5 solar spectrum. (the plot and the image are taken
from [51]) and c) photocurrent density vs voltage curves of photoanodes under
simulated solar light (the plots and the image are taken from [40]).

1.3

This thesis

The main topic of this thesis was the investigation of the nanostructuring of metals
under high fluxes of low energy helium ion irradiation. The experiments were
conducted using the Pilot-PSI linear plasma generator, which allows exposure to
high flux (in the range of 1023 m−2 s−1 ) of low energy (< 100 eV) helium ions.
Nanostructure formation under low energy helium ion irradiation had initially
been observed on tungsten [26] for which most studies have been conducted,
driven largely by the use of tungsten in nuclear fusion devices. Dependencies
of nanostructure formation on different parameters, such as ion energy, plasma
exposure time and surface temperature, have been investigated [27, 29]. After
the promising results on tungsten, interest has been focused on other metals
as well, such as molybdenum, iron, titanium, and nickel. However, studies on
other metals do not cover a large parameter range. Hence, they do not provide
sufficient information about the underlying mechanism of helium ion induced
surface modifications.
The aim of this work is to improve our understanding on helium-induced morphological changes by performing the experiments on various metal surfaces for a
wide range of surface temperature (0.3Tm - 0.5Tm , where Tm is the melting temperature of metal) and ion fluence (1024 - 1027 m−2 ). In Chapter 2, background
information on helium metal surface interaction is provided. Both experimental
and theoretical studies on this topic are reviewed.
As mentioned above, nanostructure formation on iron has been reported for
very specific experimental conditions. In Chapter 3, the effect of low energy
9
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helium ion irradiation on the surface modification of iron is studied as a function
of ion flux, surface temperature and plasma exposure time. The surfaces were
analyzed by scanning electron microscopy (SEM). In order to investigate the effect
of physical sputtering on surface modification, the sputtering yields have been
calculated by using the measured mass losses. According to those analysis, the
contribution of different mechanisms to the observed surface morphology changes
are discussed.
The majority of the knowledge about helium ion induced nanostructuring is
coming from the experiments conducted on tungsten, molybdenum and after our
detailed investigation as presented in Chapter 3, iron. All these metals have body
centered crystal (bcc) structure. There is not a sufficient evidence to relate the
fine nanostructure formation to crystal structure of metal yet. In Chapter 4, the
question ’Does the metal crystal structure influence the surface nanostructuring
induced by helium ion bombardment?’ has been addressed. Titanium, which has
a hexagonal closed packed (hcp) structure, aluminum and copper, which have face
centered crystal (fcc) structures, were exposed to pure helium plasmas. Several
parameters, such as surface temperature, plasma exposure time and ion energy,
have been changed during the exposures in order to get a better understanding
on the underlying mechanisms of helium ion induced surface morphology changes.
Various morphology changes, such as void and nano pillar formation, have been
observed. Contributions from several effects, such as physical sputtering and
helium bubble formation, in morphological changes are discussed in this chapter.
As stated above, our study on helium ion induced surface modifications of
metals is stemmed from the studies showing nanostructure formation on tungsten under nuclear fusion device relevant conditions. These structures lead to
alter many material properties and consequently it is considered to be harmful
for operation of these devices. Our study is proposing to convert this disadvantageous case into an advantageous one. To do that, we built a bridge between two
different research fields: fusion research, which is inspired by the Sun, and solar
water splitting, which directly uses sunlight for hydrogen production. Through
the collaboration with the group of Materials for Energy Conversion and Storage
at Delft University of Technology, the photocatalytic performance of helium ion
induced nanostructured metal oxides has been tested in a photoelectrochemical
(PEC) cell. WO3 and Fe2 O3 are two of the possible candidates to be used as photoelectrodes in photoelectrochemical cells and morphology control is known to be
as one of the strategies for improving photocatalytic performance. In Chapter 5,
the process of helium-induced nanostructure formation has been used to produce
nanostructured WO3 surfaces. The thermal oxidation process has been optimized
to produce the desired crystallographic phase. The photocatalytic performances
of the nanostructured and the polished photoelectrodes have been characterized
and compared in a PEC cell.
A similar route has then been followed for the preparation of nanostructured
iron oxide surfaces (Chapter 6). Raman spectroscopy, X-ray diffraction and Xray photoelectron spectroscopy were used to determine the oxide phase and SEM
10
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was used for surface analysis. SEM images revealed that the nanostructures are
strongly deformed after thermal oxidation. In this chapter, plasma oxidation is
proposed as an alternative method to preserve the nanostrucutures after oxidation. The relevance of each method for nanostructured iron samples to be used
in PEC cell is discussed. Photocatalytic activities of the oxidized samples are
presented.
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Chapter 2

Interaction of low energy
helium ions with metal
surfaces
2.1

Introduction

The first observation of trapping of gas ions in solids dates back from 1858 and the
work by Pluecker. Pluecker conducted direct-current gas discharge experiments
and observed color changes in the discharge with time due to the loss of gas into
the electrodes [1]. The interaction and evolution of, in particular, helium, which
is introduced either via implantation or produced via transmutation, in metals
has been studied over 50 years. The studies linked to transmutation were motivated by the development of nuclear technology, where the high flux of neutrons
in the MeV energy range leads to transmutation. High energy neutrons lead to
macroscopic radiation damage. Bombarding neutrons transfer energy to the host
lattice atom. If the transferred energy is higher than the threshold energy for
displacement, a Frenkel defect (vacancy-interstitial pair) is generated. Besides,
neutron irradiation can cause nuclear reactions, which lead the production of foreign elements in the material-transmutation. Specifically, helium can be produced
during the transmutation of metals through (n, α) reactions.
Studies on radiation induced damages in metals did not begin until mid 1960s.
In 1965 Barnes reported observations on high temperature embrittlement of neutron irradiated stainless steels and nickel based alloys and attributed the embrittlement to the enlargement of small helium bubbles at the grain boundaries [2].
Around a decade later, more efforts were dedicated to the investigation of interaction between high energy helium and metal. An extensive overview on the
influence of helium on the bulk properties of fusion reactor structural materials
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can be found in the review paper of Ullmaier [3].
Key studies on helium trapping and clustering in metals
Barnes et al. were among the first, who observed cluster formation in annealed
metals (copper, aluminum, beryllium) after helium irradiation and attributed it
to thermal vacancies [4]. After the studies done by Sass et al. and Mazey et
al. [5, 6], which showed that helium clusters could be formed in molybdenum
even at room temperature, namely with a negligible contribution from thermal
vacancies, the explanation for the growth mechanism proposed by Barnes et al.
was challenged. Another approach to describe the growth mechanism of helium
bubbles was proposed by Casper et al., who investigated helium clustering in
molybdenum [7]. The mechanism was explained by the so-called ‘trap mutation’
model. In this model, a vacancy, which contains helium atoms (Hen V), could
mutate after the addition of extra helium atom into a divacancy by emitting a
self-interstitial atom. The process can be represented as He + Hen V → Hen+1 V2
+ I, where V is vacancy and I is self-interstitial atom. When more than one selfinterstitial atom is emitted, they bound and form a dislocation loop. The growth
of helium bubbles by punching out the dislocation loops was first discussed by
Greenwood et al. [8]. A schematic illustration of the growth of a bubble by
dislocation loop punching is seen in Figure 2.1. Dislocation loop punching is
proposed as an athermal process, which is more effective at low temperatures,
namely below 0.3 Tm , where Tm is the melting temperature of metal. The process
can occur when the helium gas pressure in the cluster exceeds a threshold value,
which is expressed as:
P = (2γ + µb)/r

(2.1)

where γ is the surface free energy, µ the shear modulus of the metal, b the length
of the Burgers vector and r the radius of the loop. At higher temperatures, 0.4-0.5
Tm , thermal vacancies in the lattice become available. The bubbles are formed
via thermal nucleation with a pressure close to the equilibrium value, which is:
P=2 γ /r [9, 10].
Helium can be trapped either by intrinsic or irradiation-induced vacancies.
This has been observed in several metals, such as tungsten, molybdenum and
nickel [13–15]. Moreover, other studies have revealed that helium can be trapped
under low-energy (< 1 keV) conditions for face centered cubic (fcc) metals, such
as nickel and gold [16–18]. In 1981, atomistic calculations conducted by Wilson
et al. demonstrated that helium atoms in a metal lattice are able to cluster with
each other and produce vacancies and self-interstitials [18]. The mechanism is
called self-trapping. Interstitial atoms are involved in the initial clustering during
the process of self-trapping, whereas in trap mutation helium atoms are caught
in a vacancy. Besides vacancies, substitutional impurities, such as, Ag, Cu, Mn,
Cr, Al and In, were reported as trapping sites for helium atoms [19].
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Figure 2.1: a) Excess bubble pressure deforms surrounding atom planes, b) shunting process allows expansion of bubble and creation of interstitial loop [ [11],
after [12]].
Several points about helium trapping and clustering in metals have been
shaped by the studies mentioned above and are referred to in recent studies.
Helium atoms in metals are insoluble and tend to form clusters due to stronger
metal atom-helium repulsion than helium-helium repulsion [3,20,21]. The clusters
can be formed either by self-trapping of He in the form of interstitial He-dimers,
trimers and even larger clusters or by trapping of He within intrinsic lattice defects or impurities. Independently from the fact that incident ion energy is above
or below the threshold energy for displacement damage, sufficient concentration
of He can create defects in the metal lattice, such as interstitials and vacancies
by loop punching, which is driven by high compressive stresses induced by overpressurized He clusters. Once the cluster reaches a critical size, which is reported
to be around 10 or more He atoms in a cluster for the case of W [22], it can be
considered as immobile.
The interest in the interaction of low energy helium ions with metal surfaces
has significantly increased in the last decade. Most of the studies are conducted
on tungsten, since tungsten was chosen as the divertor material for ITER. Helium
will be one of the products of the deuterium-tritium (D-T) fusion reaction in
ITER the other product being a 14 MeV neutron. Plasma facing components in
the reactor are expected to be exposed to helium with energies in the range of
10 eV to few keV. Hence, the studies are more focused on the low energy range,
where the irradiation damages are usually negligible.
During the investigations on interaction between tungsten surface and helium
plasma at elevated temperatures, significant surface modification has been observed under low energy helium ion irradiation. The first study on nanostructure
formation on tungsten surface has been reported in 2006 [23]. Tungsten surface was exposed to helium ions with fluence of 3.5 × 1027 m−2 , energy of 12
eV and surface temperature of 977 ◦ C. As seen in Figure 2.2, submicron sized
structures are formed. These structures are very porous and lead to a strong reduction of the optical reflectivity [24,25]. Besides the change in optical properties
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of tungsten surface after helium ion irradiation, other properties are affected by
the nanostructure formation. Temperature variation on nanostructured surface is
much higher than flat tungsten surface under a given heat flux due to the fact that
thermal conductivity of the surface is decreased when it is nanostructured [26,27].
Moreover, nanostructured surface plays a role in suppressing secondary electron
emission, which has great influence on electronic power flux [28, 29].

Figure 2.2: Nanostructure, so-called fuzz, layer on tungsten surface (Images are
taken from Reference [23].).

The other observed morphology changes after helium or hydrogen (or hydrogen
isotopes) irradiations are blister and bubble formation. The calculations that
are done with the Stopping and Range of Ions in Matter (SRIM) program have
shown that the hydrogen bubbles are formed deeper in the metal than helium
bubbles [30, 31]. The difference in the depths is attributed to the different selftrapping behaviors of these ions in the metal. Density Functional Theory (DFT)
calculations and molecular dynamics (MD) simulations show that hydrogen atoms
can trap each other with a binding energy of less than 0.3 eV whereas the helium
self-trapping energy is around 1 eV [31]. Helium bubbles tend to be formed in
the subsurface region and grow with temperature. Consequently, this can lead
to significant surface modifications. Morphology changes after low energy helium
ion irradiation has been observed for other metals apart from tungsten, such as
molybdenum, nickel, platinum, stainless steel, titanium, iron and copper [32, 34,
35, 50]. Figure 2.3 shows different types of morphology observed on tungsten for
various surface temperatures. Ripples, holes and fuzz are formed on the surface
with increase in temperature [36]. The formation of these structures depends on
different parameters, which will be discussed in details in the following sections.
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Figure 2.3: SEM images that show different morphology changes on tungsten at
various surface temperatures (the image is taken from Reference [36].).

2.2

2.2.1

Experimental studies on low energy He ion
induced surface morphology changes of metals
Effect of ion energy

As mentioned earlier in section 2.1, plasma facing materials in fusion reactors will
be exposed to ions with energies that can lead to irradiation damage. Relying
on binary collision approximation, the energy needed for a helium atom to displace a host atom needs to be higher than the displacement energy which can be
calculated as follows:
Ed =

4M1 M2
Ei
(M1 + M2 )2

(2.2)

where Ed is the displacement energy, Ei the incident energy of helium atom, M1
and M2 are the mass of the target atom and helium, respectively. It has been
experimentally reported that vacancies and interstitials are formed in tungsten
after 8 keV He ion irradiation due to displacement damage. Consequently, bubbles
are formed at various sizes and lead to a wavy surface morphology [37]. In order
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to investigate the effect of displacement damage on morphological changes in
metal, Iwakiri et al. irradiated tungsten surfaces by He ions with energies both
below and above the energy needed for tungsten atoms displacement (Ei ∼1
keV for Ed =90 eV [38]) [39]. Under both irradiation conditions, they observed
damage in the lattice and bubble growth. Bubbles tend to grow by forming
interstitial loops in the case of low energy irradiation. Thereby, they showed
that irradiation induced damage creation is not necessary for bubble growth. As
already mentioned earlier in this Chapter, helium can be trapped by self-trapping
in the absence of any defects. Moreover, the presence of vacancies could enhance
the growth process. Surface modifications observed on metals after helium ion
irradiation with ion energies in the range between several eV to several keV are
summarized in Figure 2.4. Several experimental studies have been reported the
transition from bubble formation to nanostructure formation with increase in ion
energy [10, 40, 41]. Threshold ion energy for bubble formation in tungsten has
been found around 5 eV [42]. It is claimed that ion energy should be sufficient
to overcome the surface potential barrier in order to penetrate and consequently
form bubbles. When the ion energy is further increased, nanostructure (so called
fuzz) formation starts to develop. However, ion energy is not the only parameter
which has to be in the right range. Nanostructure formation is dependent on
other parameters as well, which will be addressed in the next subsections. It has
been reported that sufficient ion energy for nanostructure growth on W is 32-37
eV [40]. The calculated stopping range values for He in W and He reflection
coefficients for ion energies below and above of this ion energy boundary [43] have
been compared in order to get a better understanding on the effect of ion energy
on the growth mechanism. The calculations revealed that stopping range is lower,
whereas He reflection coefficient is higher at low ion energy ( 20 eV) case than high
ion energy ( 50 eV) case [43]. Accordingly, an increased ion energy could cause
deeper implantation and nanostructures grow by self-driven mechanisms [40].
In most of the studies mentioned above for tungsten, the incident ion energy
is well below the sputtering threshold energy of tungsten by helium ions (which
is 120.6 eV) [43]. Hence, the effect of physical sputtering on surface modification
can be neglected. On the other hand, for metals with a lower mass (and hence
lower sputtering threshold), sputtering cannot be neglected and a combination of
sputtering and helium-induced effects has to be considered when discussing the
observed morphology changes [33, 34]. Consistently, the nanostructure formation
on Ti, Fe and Ni is observed above their sputtering threshold energy by helium
(24.5 eV, 24.2 eV and 25.5 eV, respectively) [43] (see Figure 2.4) .

2.2.2

Effect of surface temperature

Temperature is one of the most critical parameters for understanding of heliummetal interaction, especially for diffusion and clustering of helium in the metal
lattice and consequently morphology changes. The majority of the mechanisms,
which are involved in the discussion of helium ion induced surface modifications,
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Figure 2.4: Surface modifications of metals (W, Ti, Ni, Fe and Mo) after helium
ion irradiation with various ion energies [10, 27, 32, 34, 35, 39–42, 44–52].
are thermally activated. Temperature can affect the nature of defect creation and
the rate of diffusion and clustering. Both experimental and theoretical studies
have shown for tungsten and iron that helium clustering, diffusion and bubble
coalescence become faster with increase in temperature [39, 53].
The effect of surface temperature on morphology changes in various metals,
such as titanium, stainless steel and tungsten has been experimentally investigated [35, 39, 48, 50, 51, 54, 55]. It has been reported that helium bubble growth
rate is dependent on the normalized melting temperature, T/Tm (where Tm is
melting temperature) [56]. Nanostructuring on tungsten is observed in the temperature range of 727-1727 ◦ C (0.27 Tm -0.54 Tm ) [54], whereas significant morphology changes on titanium, nickel and iron, which have lower melting point than
tungsten, have been reported at temperatures below ∼727 ◦ C [34, 35]. Although
there is not enough experimental findings to specify the threshold temperature
for nanostructure formation on all metals, the present results reveal that nanostructures can be formed beyond 0.3 Tm as seen in Figure 2.4.
While the surface temperature has an effect on the nanostructure formation
kinetics, at elevated temperatures self-diffusion, recrystallization and detrapping
of helium might affect the nanostructure growth. Although voids/bubbles keep
growing with temperature even beyond recrystallization temperature, growth rate
of the tungsten nanostructured layer tends to decrease above recrystallization temperature of tungsten [32]. Krasheninnikov has shown in his model that the highest
temperature for nanostructure formation is limited by thermal detrapping of helium [57]. If there is no new incoming ions to sustain the nanostructure growth,
thermal detrapping could cause degradation of fiber like structures. By comparing
the detrapping rate and the growth rate, a boundary temperature for termination
of nanostructure growth is estimated consistently with the experimental findings
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for tungsten [34].
A widely used technique to get an insight into helium diffusion and trapping
in a material is thermal desorption spectroscopy (TDS). TDS measurements have
been already reported for several metals, such as titanium, iron and tungsten
[35, 58, 59]. Samples need to be annealed during TDS measurements. By this,
thermal/mechanical stability of nanostructures under heat treatment/annealing
can be studied. Baldwin and Doerner have observed that tungsten nanostructures
formed at 847 ◦ C are reintegrated with the tungsten bulk at 1627 ◦ C, whereas
the nanostructure layer is retained at 627 ◦ C [48] (see Figure 2.5). All traces of
nanostructures are removed at 1627 ◦ C, only bubbles observed at the very near
surface suggest the presence of helium induced effects.

Figure 2.5: SEM analysis after heat treatment to 1627 ◦ C over 45 min. a) Crosssection showing nanostructure formation after heat treatment is a reintegration of
nanostructure with the bulk as shown by the b) crosssection image and c) surface
image [48].
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2.2.3

Effects of ion flux and ion fluence

It is not an easy task to distinguish the effect of ion flux and ion fluence on the
morphology changes, since the latter is calculated by multiplying the ion flux by
the plasma exposure time. Hence, they will be discussed in parallel in this section.
Bubble formation is observed on tungsten surfaces after He ion irradiation with
ion flux in the range of 1019 m−2 s−1 , whereas fuzz formation is observed when
helium ion flux is higher than 1021 m−2 s−1 [60–62]. Bubbles and bubble induced
surface modifications like wavy structures after low flux He ion irradiations are
considered to be the early stage of nanostructure formation [60].
The effect of He ion flux on the nanostructured layer thickness has been investigated for tungsten by keeping the plasma exposure time constant for each
exposure. As seen in Figure 2.6, the layer thickness increases until a certain ion
flux value, around 7 × 1021 m−2 s−1 , and then saturates [62]. After that study,
Doerner et al. have plotted both their experimental findings and predictions for
fuzz thickness versus time [49]. In Figure 2.7, an updated version of this graph
is shown with the additional data points taken from several experimental studies.
Although the line, which represents the conditions for surface temperature of 847
◦
C and ion flux of 1021 m−2 s−1 , is a predicted data line by Doerner et al., it is
in well agreement with the experimental data [63]. As it has been already shown
in Figure 2.6, there is no explicit increase in the fuzz layer growth rate, which is
defined as dxf uzz /dt, with ion flux beyond 1022 m−2 s−1 in Figure 2.7.
Baldwin and Doerner have studied the kinetics of the nanostructure layer
growth (see Figure 2.8) [47]. The layer thickness was determined from cross
section SEM images. The plot shows that the nanostructured layer thickness
increases linearly with the square root of the plasma exposure time, which is
reminiscent of a diffusion-driven mechanism. A simple one dimensional growth
law was proposed:
d=(2Dt)1/2 , where D is an effective diffusion coefficient. This relation is similar
to Fick’s law. The diffusional process mentioned in this study is claimed to be
slower than the diffusion of He in tungsten and much faster than void/bubble
diffusion.
There are some other effects which need to be addressed while discussing
the relationship between the nanostructured layer thickness and plasma exposure
time. Especially in the case of steady state plasma exposures, material loss, which
directly influences the thickness, would be expected due to sublimation, melting
and sputtering. An equilibrium model has been presented by considering these
effects to show a more realistic relation between layer thickness and exposure time
(see Figure 2.9) [49]. The nanostructured layer thickness tends to deviate from its
linear dependency on plasma exposure time and reaches a saturation value after
a certain time with the increase in sputtering yield.
Kajita et al. have illustrated the evolution of fine nanostructure formation on
tungsten with increase in ion fluence (see Figure 2.10) [50]. The illustration is
in good agreement with other experimental studies as well [54, 65]. At low ion
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Figure 2.6: Plot of W nano-structured layer thicknesses after 3600 s of exposure
to He plasma, against plasma-surface He ion flux. All targets were exposed at a
temperature of 1120 K. Data are shown for both pure He and D2 -He plasmas [62].

Figure 2.7: Fuzz layer thickness versus time [32, 36, 48, 49, 54, 63, 64].
fluences (< 1025 m−2 ) nanosized bubbles are formed beneath the surface. Bubbles
migrate and tend to coalesce, and consequently grow. Meanwhile, pinholes and
protrusions are formed due to surface diffusion. These morphology changes are
considered as the precursors of fiber like nanostructures. The roughened surface
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Figure 2.8: Nanostructured layer thicknesses, measured from SEM cross-sections
plotted against the square root of He plasma exposure time [47].

Figure 2.9: Variation of equilibrium fuzz layer thickness in an eroding plasma
environment assuming different net erosion rates at the outer divertor [49].
due to protrusion and holes, ends up with finer nanostructures at high fluences
(> 2 × 1025 m−2 ). The whole process is observed quantitatively by identifying
the width of the structures with respect to helium ion fluence [50].
Apart from tungsten, different metals, such as platinum, titanium, stainless
steel and copper, have been irradiated by low energy helium ions in the experimental study of Kajita et al. [33]. No significant morphology change has been
observed for these metals. Ion fluence used in this study was in the range of around
6 × 1025 m−2 . This ion fluence range is known to be sufficient for nanostructure
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Figure 2.10: Schematic representation of fiber like nanostructure formation with
helium ion fluence [50].
growth on tungsten but not on molybdenum [54]. Hence, they have proposed that
a higher ion fluence could be necessary to lead nanostructure formation on these
metal surfaces.

2.2.4

Effect of crystal orientation

Differences in bubble formation and the earlier stages of fuzz formation have
been observed by Kajita et al. through surface analysis on grains with different
crystallographic orientation [66]. In this study, single crystal tungsten samples
with different crystal orientations, (100) and (110), were exposed to low energy
helium ions (55 eV, 0.6 × 1025 m−2 ). Pin holes were observed on both surfaces,
whereas line shaped structures were formed only on (110) surface (see Figure 2.11a
and b). When the ion fluence is increased up to 1.8 × 1025 m−2 , protrusions tend
to enlarge and line-shaped structures appear on (110) surface and consequently,
surface roughness increases (see Figure 2.11c and d). Similar structures have
been observed in a previous study as well [67]. In this study, the effect of angle
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between a slip plane and face of crystal grain on surface morphology changes is
addressed. After helium ion irradiation, some grains have more pronounced wavy
structures than the others. Since {101} plane is a slip plane, which is known to
have the highest density of atoms, and binding energy of tungsten atoms on this
face is stronger than on the other faces, pressure of helium bubbles is expected
to be higher. Consequently, helium bubbles with large pressure move tungsten
lattice along the slip face and wavy structure is formed. If the angle between
the slip face and face of crystal grain is smaller, less wavy structures are formed.
Besides the experimental studies, theoretical models showed that the displacement
energies [68], reflection and retention [69] are different for grains with different
crystal orientation and this could lead distinctive surface morphology on different
grains.
Different from the cases discussed above, the effect of crystal orientation is
not observed when the fuzz is already formed. As seen in Figure 2.12 c and d,
nanostructures are grown in the same manner, when surface is exposed to helium
ions with sufficient helium ion fluence, despite the fact that slightly different
surface modifications on different crystal orientations are observed at the earlier
stage of nanostructure formation (see Figure 2.12a and b) [66].

Figure 2.11: SEM micrographs of helium exposed single crystal tungsten surfaces.
The crystal orientation in (a) and (c) is (100), while that in (b) and (d) is (110)
[66].

2.3

Theoretical studies on helium metal interaction

Both experimental and theoretical studies have been conducted for a wide parameter range in order to clarify the underlying mechanisms behind helium ion irradiation induced surface modifications. The experimental studies have been mentioned in the previous section. In this section, simulations of several mechanisms,
which can be considered as key mechanisms for helium ion induced nanostructure
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Figure 2.12: (a), (b) SEM micrographs of (100) and (110) single crystal tungsten
surfaces, respectively, exposed to the helium plasma up to a helium fluence of
1.6 × 1025 m−2 at a surface temperature of 1600 K. (c), (d) SEM micrographs
of (100) and (110) single crystal tungsten surfaces, respectively, exposed to the
helium plasma up to a helium fluence of 4.7 × 1025 m−2 at a surface temperature
of 1800 K [66].
formation, and several models, which describe fuzz formation qualitatively, are
presented.
The evolution starting from the helium ion irradiation till nanostructure formation could be divided into three stages: (i) penetration of helium, (ii) diffusion
and trapping of helium, (iii) clustering of helium and consequently helium bubble
growth. In the penetration stage, the effects of sputtering and target material on
penetration depth need to be taken into account. Binary collision approximation
(BCA) and DFT calculations are widely used to investigate these effects [70, 71].
DFT, MD and Kinetic Monte Carlo (KMC) simulations are conducted to investigate helium and metal lattice interaction, like helium trapping either by selftrapping or by defects, clustering and migration [31, 70, 72–79]. The evolution
of the helium bubbles is considered as a multi-scale process, in space and time.
In the experimental studies, the duration for the observation of helium bubbles
and/or helium ion induced nanostructure formation are hardly comparable with
the length and time scales of these models. Some attempts have been made in
order to decrease the effect of this discrepancy. For instance, MD simulations
are limited to spatial scale of the order of 100 nm and time scale of few hundred
nanoseconds. MD simulations performed by Sefta et al. [76] and Lasa et al. [77]
are accelerated by increasing the deposited ion flux by many orders of magnitude. Compared to MD, KMC provides a longer simulation time, but still shorter
than experimental time scales. Alternatively, Cluster Dynamics (CD) simulations
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could be considered in the modelling of helium dynamics under conditions closer
to the experimental conditions [80–84]. However, these simulations rely on the
mean-field approximation, which converts the many-body problem to one-body
problem. By this simplification, interactions between clusters are neglected. This
leads to some concerns about its applicability for such an atomistic scale clustering
process. Krasheninnikov et al. have studied the dynamics of helium clustering by
bridging the large and short scales [85]. Key mechanisms of helium dynamics are
identified by using the results from accelerated MD simulations and the system
is rescaled to experimental relevant conditions in CD simulations.
Several approaches have been presented to explain the nanostructure formation on tungsten. Krasheninnikov developed a so-called viscoelastic model to
explain the nanostructure growth (see Figure 2.13) [57]. This model is based on a
simple fluid model considering viscous effects under influence of large stress. Bubbles are formed beneath the surface after irradiating the surface with sufficient
ion flux. Further irradiation leads to the formation of new bubbles which tend
to grow on top of the previous ones. This leads to stresses in tungsten driving
a flow of tungsten atoms from base to top. This simple model is proposed to be
applicable on different metal surfaces under the irradiation with different gases
as long as several requirements are fulfilled: gas bubbles have to form and the
viscosity activation energy of the metal has to be larger than the gas trapping
energy.

Figure 2.13: Schematic view of fiber growth [57].
Apart from the model mentioned above, which is based on experimental observations and data, theoretical studies to calculate helium bubble growth and
following surface modification have been conducted by using various simulations.
Stress driven bubble growth has been modeled by Sharafat et al. [86]. The nucleation, growth and migration of bubbles are simulated with spatially resolved
kinetic rate theory (HEROS Code) in the existence and absence of stress gradient.
The effect of stress on pore migration was modelled by relying on the estimated
change in elastic strain energy of a spherical pore with internal pressure, which
is balanced by surface tension (P=2γ/r, where γ is surface tension), while the
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pore moves from lower to higher stressed region. The change in energy implies a
thermodynamic force. The migration velocity is determined by the magnitude of
this force. In this study, it is shown that helium bubbles are accelerated towards
the free surface due to the stress gradient.
In another model, the fuzz formation on tungsten is attributed to the growth
from adatoms formed after helium ion irradiation [86]. Adatoms are generated
when sufficient energy for knock out from a surface layer is provided. Threshold
energy for adatom formation is reported as Ea ≈ Es / 3, where Es is the sublimation energy. Adatoms tend to form clusters and these clusters are considered
as initial stage of the growth of fibers. The growth continues with the diffusion
of adatoms over the fiber through the tip part, where the surface curvature and
number of traps for adatoms are large. Relying on this mechanism, the fiber
length (l ) is derived as l = (2Def f t)1/2 , where Def f = (qD)1/2 /RN (Def f : coefficient of effective diffusion of adatoms over the surface, N : number of atoms per
unit volume, q: rate of adatom formation). The relation between length of fiber
and time provides a quantitative agreement with the experimental findings [47].
The model represents a vertical fiber like structure formation with respect to the
surface, whereas a branch like structuring is observed in the experiments (see
Figure 2.14). The authors claim that branching fibers could be formed due to the
formation of secondary clusters on primary ones and also due to the asymmetric
heating of the fiber.

Figure 2.14: Modeling of fuzz structure growth by [87].
Lasa et al. developed a multi-scale computational model for tungsten fuzz
growth after low energy helium ion irradiation [88]. The model provides a good
agreement with experimental findings both qualitatively and quantitatively. MD
simulations were used to quantify the basic mechanisms of fuzz formation and
an Object Kinetic Monte Carlo (OKMC) code was used in an extension of these
results to larger length and time scales. According to this multi-scale model,
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helium bubbles are formed by clustering and coalescence and keep growing by loop
punching. If the distance between the bubble and free surface is shorter than the
rupture distance, then the bubble will rupture due to the high helium gas pressure.
The rupture distance is calculated from the results of MD simulations and depends
on the bubble radius. Consequently, a rough surface, which is filled with helium
bubbles, is formed. Loop punching and bubble rupturing are considered to be
the key mechanisms in the initial stage of fuzz formation. The OKMC code was
run under the experimental conditions and reproduced the square root of time
dependency of the fuzz layer thickness observed experimentally [47].
More recently, Ito et al. calculated the fuzzy nanostructure formation by
the MD-MC hybrid simulation [89]. The injection and diffusion of helium are
conducted by MC simulation phase and the deformation of tungsten surface by
MD simulation phase. Tungsten arch structures are formed by the bursting of the
helium bubbles as the fluence of helium increases (see Figure 2.15). The bursting
creates concavity and convexity of the surface. The next helium bubbles can
easily be generated in the region of concavity. By this, concavity and convexity
are enhanced and this process is regarded as the early stage of the tungsten fuzzy
nanostructure formation.

Figure 2.15: The tungsten fuzzy nanostructure formation calculated by the MDMC hybrid simulation. The purple and blue spheres indicate tungsten and helium
atoms, respectively [89].

2.4

Conclusions

Helium ion induced surface modifications have been observed on various metal
surfaces. The majority of the studies were conducted on tungsten, since it was
chosen as divertor material for ITER. Both theoretical and experimental studies
conducted on tungsten shed light on understanding of He-W interaction. Basic steps behind the surface modification, especially helium trapping and helium
bubble growth have been rather well understood. However, there is no widely
accepted mechanism that describes fuzz growth and the morphological changes
on different metals as well.
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Chapter 3

Nanostructuring of iron
surfaces by low energy
helium ions
Abstract
The behavior of iron surfaces under helium plasma exposure is investigated as a
function of surface temperature, plasma exposure time, and He ion flux. Different surface morphologies are observed for a large process parameter range and
discussed in terms of temperature-related surface mechanisms. Surface modification is observed under low-He ion flux (in the range of 1020 m−2 s−1 ) irradiation,
whereas fiberlike iron nanostructures are formed by exposing the surface to a high
flux (in the range of 1023 m−2 s−1 ) of low-energy He ions at surface temperatures
of 450-700 ◦ C. The effects of surface temperature and plasma exposure time on
nanostructures are studied. The results show that surface processing by high-flux
low-energy He ion bombardment provides a size-controlled nanostructuring on
iron surfaces.
Published as: İ. Tanyeli, L. Marot , M. C. M. van de Sanden and G. De Temmerman, ACS Appl. Mater. Interfaces 6(5), 3462-3468, (2014).
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3.1

Introduction

Nanoscale materials provide an enhanced activity with their high surface area to
volume ratios in various applications, especially in light-driven processes. For instance, the efficiency of direct solar water splitting in photoelectrochemical cells is
increased by nanostructuring the surface of metal oxides, which are used as photoelectrodes [1, 2]. Because the metal oxides suffer from the mismatch between
the light absorption depth and diffusion length of photogenerated charge carriers
and also from the slow surface reaction kinetics, nanostructuring the surface is
essential for overcoming these drawbacks. In addition, black metals, which have
high absorption over a large portion of the solar spectrum, are good candidates
in solar thermal and solar thermo-photovoltaic systems [3–5]. Hence, there has
been strong interest in the development of efficient nanostructuring methods in
recent decades. The majority of these methods are wet chemistry methods (spray
pyrolysis techniques, solution-based colloidal methods, etc. [6, 7]) and are competing in different aspects, such as time effectiveness, structure uniformities, and
size limitations.
With regard to the disadvantages of wet chemistry methods, ion-assisted techniques have great potential in nanostructuring metal surfaces as being dry processes. Microstructural changes on metals induced by high-energy (in the range
of kiloelectronvolts) ion bombardment have long been reported [8, 9]. Irradiation by ions with energies above the threshold energy for displacement damage
leads to radiation damage underneath the metal surface via the formation of interstitials and vacancies. However, recent studies showed that radiation-induced
surface modifications can be obtained even with low-energy (<50 eV) helium ion
irradiation [10, 11]. It is claimed that once helium atoms diffuse beneath the
metal surface, they tend to agglomerate and form bubbles [12]. These helium
bubbles coalesce and thereby swell [12]. As a consequence of that, nanostructures
are formed by extending the metal surface. Experimental studies showed that
nanostructure formation is highly dependent on incident ion energy [13], surface
temperature [12], and ion flux [14]. Although the process is not fully understood
and has not yet been explained, a more detailed hypothesis about the formation
of helium-induced nanostructures can be found in refs [12] and [15]. Most of the
experimental and theoretical studies have been conducted on tungsten [16–18].
The porosity of tungsten surfaces after helium plasma exposure reaches 90%,
which implies a very high light absorption, almost 99% across the whole visible
spectrum [19]. Similar helium-induced morphology changes were observed on different metal surfaces, such as molybdenum, titanium, and iron [11, 20]. It was
recently demonstrated that helium plasma processing of tungsten followed by a
two-step oxidation procedure allowed the formation of porous tungsten oxide with
good photocatalytic activity [21]. This demonstrates the potential of helium ion
irradiation for surface nanostructuring.
There has been growing interest in the iron oxide photoanodes in photoelectrochemical water splitting [1]. Iron(III) oxide provides higher light absorp38
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tion, namely a higher solar to hydrogen (STH) conversion efficiency, than the
other competing metal oxides, such as WO3 and TiO2 , because of its smaller
bandgap [1]. In addition to that, its stability in aqueous environments and low
cost make it a promising material for solar hydrogen production. However, the
efficiency is limited by the poor charge carrier transport in iron oxide [1]; thus,
the surface needs to be nanostructured. Our study provides controllable nanostructure formation on iron surfaces with surface temperature and plasma exposure
time. After oxidation, these structures can be used as photoanodes for solar water
splitting. All the processes starting from nanostructuring a mirror finish polished
surface under a high flux of low-energy He ion irradiation to oxidizing to the desired oxide phase for solar water splitting have been demonstrated in principle for
tungsten [21].
In this study, we study the bottom-up nanostructuring of iron surfaces by
exposure to helium plasma. Helium-induced modifications of the iron surface have
recently been studied by Kajita et al. [20]. However, in this study, we present a
detailed investigation of the surface modification of iron under a large parameter
range and as a means of developing controlled nanostructure growth. Iron surfaces
were irradiated using two different flux regimes within a broad temperature range
for different plasma exposure times. In this work, the effect of these parameters
on surface modification will be discussed.

3.2

Experimental Section

Polycrystalline iron samples (99.8% pure, Good Fellow) were exposed to helium
plasma within a large range of ion fluxes (1 × 10 20 to 6.5 × 10 23 m−2 s−1 ). Highflux irradiation was conducted in the Pilot-PSI linear plasma generator (Figure
3.1). The plasma is generated by a cascaded arc source that exhausts into a 50 cm
diameter vacuum vessel. The plasma jet is confined by an axial magnetic field. A
detailed description of the setup can be found elsewhere [22].
The magnetic field was set to 0.2 T during the experiments. Typical radial
profiles of the electron temperature (Te ) and density (ne ) of the plasma beam, as
measured by Thomson scattering (TS) at 17 mm in front of the target, are shown
in Figure 3.2. The plasma beam has a Gaussian shape, and the maximal ion
flux during exposures was in the range of 3.7-6.5×10 23 m−2 s−1 . The samples
are fixed onto a water-cooled target holder using a clamping ring made out of
molybdenum (Mo), and the distance between the plasma source and the sample
surface is 54 cm. A layer of Grafoil is inserted between the holder and the sample
to provide a better thermal contact. Surface heating is induced by the incoming
plasma flux, and the surface temperature is regulated by water cooling. The
samples are negatively biased with respect to the plasma potential to control the
ion energy, which is set to 25 eV during the exposures.
Polycrystalline iron samples, which are 19 mm in diameter and 1 mm thick,
were cut from a rod. These samples were mechanically polished with 320-2400
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Figure 3.1: Schematic view of the Pilot-PSI (a) and nano-PSI (b) setups.
grit SiC papers and finalized to a mirror finish by 3 to 1 µm diamond and 0.05 µm
alumina suspensions. Polished samples were cleaned with acetone, ethanol, and
deionized water in an ultrasonic bath, while the acetone step was repeated at
the end to easily remove the remaining water droplets on the surfaces. The diameter of the plasma-exposed area of the samples is larger than the full width
at half-maximum (fwhm) of the beam, which is around 15 mm. Hence, the
surface temperature profile has a Gaussian shape. The peak temperature was
measured by a multiwavelength pyrometer (FMPI SpectroPyrometer, FAR Associates), which measures in the wavelength range of 900–1600 nm. In addition,
the two-dimensional surface temperature profile was measured with an infrared
camera (FLIR A645 sc). The surface emissivity was determined by cross calibrating the measurements from both the pyrometer and the IR camera. The
surface is modified by ions during the plasma exposure; hence, the emissivity
value changes. The emissivity of iron was found to be 0.19 at the beginning of
the exposure and changed to 0.22 at the end of the exposure for surface temperatures of around 450 ◦ C, and when the surface temperature reached 700 ◦ C, the
emissivity increased to 0.26.
Low-ion flux exposures were performed in an expanding thermal plasma setup
called a nano-PSI (Figure 3.1b) [23]. As for the Pilot-PSI, a cascaded arc source
is used to generate the plasma, which is freely expanding into a spherical vessel
with a diameter of approximately 50 cm. The sample holder is positioned in
the center of the spherical vessel; the diameter of the expanding plasma is larger
than the diameter of the sample surface. This implies that there is no need to
consider a spatial gradient for the ion flux or surface temperature. The sample
40
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Figure 3.2: (a) Electron density (ne ) and temperature (Te ) and (b) ion flux density profiles of the helium plasma beam in the Pilot-PSI obtained via Thomson
scattering.
can be actively heated or cooled with water so that the sample temperature is
varied in a manner that is independent of the incident plasma flux. The sample
temperature is measured by a K-type thermocouple, which is inserted through a
hole at the side of the sample. Similarly to what is done in the Pilot-PSI, the ion
energy is set to 25 eV by applying a negative bias potential to the samples. A
double-Langmuir probe, which is 0.25 mm in diameter and 13.5 mm in length, is
used to determine Te and ne . The measurements gave a Te of ∼ 0.3 eV and an
ne of ∼ 3.7 × 1017 m−3 . The ion flux is calculated to be ∼ 1.3 × 1020 m−2 s−1
at the beam center, and the beam fwhm was measured to be ∼ 5 cm, i.e., much
larger than the sample diameter.
After plasma exposures, the samples were analyzed by high-resolution scanning electron microscopy (SEM) to investigate the surface morphology changes
and by X-ray photoelectron spectroscopy (XPS) to study the surface composition.

41

Chapter 3. Nanostructuring of iron surfaces by low energy helium ions

3.3

Results and Discussion

Panels a and b of Figure 3.3 show the surface modifications on iron samples after
high-flux (3-4 × 1023 m−2 s−1 ) He ion irradiation, with surface temperatures of
130 ◦ C for 5 min and 200 ◦ C for 20 min, respectively. Ripples with a height of
3-10 nm, as measured by AFM (Figure 3.3c), are observed on these surfaces. The
ions hit the surface with an energy of 25 eV, which is slightly above the sputtering
threshold energy for iron by He ions (∼ 24.22 eV) [24]. The ripple orientation
appears to depend on the grain orientation. In that sense, the formation of
such structures is consistent with Bradley Harper’s model [25], which is based on
Sigmund’s sputtering theory [26]. Moreover, the contribution from sputtering by
impurities cannot be neglected. Some experimental studies reported that ripple
formation is aided by destabilization of the surface by sputter codeposition of
impurity materials [27, 28]. From XPS analysis, we have detected some traces of
molybdenum in the region where we observe ripples. The most likely candidate
for the source of Mo contamination in our experimental setup is the clamping
ring. Although the sputtering threshold energy for Mo by He ions (∼ 59 eV) is
quite above the energy imposed by biasing in our case [24], the enhancement of
the localized electric field around the sharp regions of our clamping ring could
cause sputtering. It should be noted that surface modifications by the formation
of a wavy structure have been reported for the case of tungsten surfaces after
irradiation by a high flux of low-energy He ions with energies below the sputtering
threshold of tungsten [29]. Those structures were accompanied by the formation
of pinholes on the surface, and it is not entirely clear that the same process is
occurring in the case of iron, where pinholes cannot be observed. It is worth
noting that, in this case, these structures are not observed at the location of the
highest heat flux (Figure 3.3d) but are found 5–6 mm from the beam center,
i.e., almost at the edge of the plasma beam. Vasiliu et al. observed a similar
situation in iron samples irradiated by high-energy (in the kiloelectronvolt range)
Ar ions [30]. They claimed that there is a defect and dislocation flow from the
center of the beam to the edge where temperature and ion flux gradients exist.
Panels a and b of Figure 3.4 show SEM images of iron samples exposed to
He plasma with a flux of 3.5 × 1023 m−2 s−1 at surface temperatures of 270 and
450 ◦ C, respectively. The ripples, which we observe up to a surface temperature of 200 ◦ C, disappear, and no periodic or continuous structures exist on the
surface. At a surface temperature of 450 ◦ C, some holes begin to appear on
the surface as shown in Figure 3.4b. Organized helium-induced nanostructure
formation starts above 450 ◦ C, and fiberlike nanostructures are observed up to
700 ◦ C. Iron surfaces after helium plasma exposure with an ion flux of 3.5 - 6.5 ×
1023 m−2 s−1 in that temperature range are shown in Figure 3.5. As shown in the
first SEM images of each row in Figure 3.5, a networklike structure is observed
on the surface. With the increase in the surface temperature, nanosized structures appear on the surface. Once these structures form, their characteristic size
increases with temperature. The individual structure size for a 5 min exposure
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Figure 3.3: SEM images of iron surfaces exposed to He plasma (ion flux of 3-4 ×
1023 m−2 s−1 ) with surface temperatures of 130 ◦ C for 5 min (a) and 200 ◦ C for
20 min (b). AFM images of an iron surface exposed to He plasma with a surface
temperature of 130 ◦ C for 5 min taken 5-6 mm from beam center (c) and from
the beam center (d).
with a surface temperature of 570 ◦ C is around 100-200 nm in diameter, whereas
for longer exposures, the nanostructures become finer with a diameter of around
50-100 nm. To gain quantitative insight into how the size of nanostructures is
affected by the surface temperature and exposure time, SEM images in Figure 3.5
were analyzed using Gwyddion [31].Because the structures are randomly shaped,
instead of having a mean diameter, the mean grain area was plotted against the
surface temperature for three different exposure times in Figure 3.6. The mean
grain area covered by iron nanostructures increases with surface temperature for
all three different plasma exposure times. It is also worth pointing out that the individual structure sizes and mean grain areas of iron nanostructures formed under
plasma irradiation with surface temperatures of around 700 ◦ C for both 20 and
60 min exposures are very close to each other; in fact, the structures seem not to
evolve further after exposure for 20 min. With a further increase in temperature,
we could mention that recrystallization might affect the mechanisms for surface
modification as seen in panels c and d of Figure 3.4, i.e., for surfaces exposed to a
surface temperature of >780 ◦ C. For pure iron, the recrystallization temperature
is around 450 ◦ C, a temperature that can be higher for less pure iron grades [32].
We already observed the upper limit of He ion fluence for nanostructure formation as shown in Figure 3.5. To investigate the lower boundary for He-induced
surface modification, iron surfaces were exposed to a low flux of He ions, on the
order of 1020 m−2 s−1 . The surface temperature was set to 300 ◦ C, where nanostructuring is not observed for samples exposed in the high-flux regime (see Figure
3.4), and to 600 ◦ C, where fine nanostructures form under high-ion flux irradiation (see Figure 3.5). The iron surfaces exposed with surface temperatures of 300
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Figure 3.4: SEM images of iron surfaces after He plasma exposure at 270 (a), 450
(b), 780 (c), and 940 ◦ C (d) with an ion flux of 3.5 × 1023 m−2 s−1 .

Figure 3.5: Evolution of He-induced nanostructure formation on an iron surface
for three different exposure times with an ion flux of 3.5-6.5 × 1023 m−2 s−1 .
and 600 ◦ C for 1 h in the nano-PSI are shown in Figure 3.7. The surfaces at both
temperatures are affected by plasma irradiation. Instead of fine nanostructures,
we observe random nanostructures on both iron surfaces that were exposed at
300 and 600 ◦ C. The nanostructure growth from the surface, for tungsten and
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molybdenum, is attributed to the formation of pressurized bubbles [33, 34], and
a sufficient ion fluence is needed. In general, our exposures on iron samples from
different flux regimes indicate that there is a threshold He ion fluence for He ioninduced nanostructure growth on iron. Similarly but more extensively, the effects
of ion energy [12] and ion flux [14] on the growth kinetics of a nanostructured
layer on a tungsten surface have been reported.

Figure 3.6: Mean grain area vs surface temperature

Figure 3.7: Surface modification of iron exposed to 4.7 × 1023 m−2 He fluence
(1 h) with surface temperatures of 300 (a) and 600 ◦ C (b).
Figures 3.4 and 3.5 revealed that there is a strong correlation among the surface temperature, ion fluence, and surface modification. During nanostructure
formation, different mechanisms are used, such as ion erosion, helium ion diffusion, surface diffusion, volume viscous flow, void formation, and recrystallization.
One or several of these competing mechanisms become dominant depending upon
the temperature range and ion fluence. The formation of ripples indicated that
ion erosion may be a process in the low-temperature range, around 150-200 ◦ C
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in our experiments (Figure 3.3). Moreover, with an increase in temperature, the
mechanisms, which are driven by temperature, may become predominant. For
instance, surface diffusion becomes more rapid. The temperature dependence of
self-diffusion coefficients in bcc Fe was plotted starting from 227 ◦ C in a study
by Mendelev and Mishin [35]. They showed that it follows an Arrhenius-type behavior. With an increase in temperature, the surface kinetics may be taken over
by surface smoothing, which is driven by the decrease in surface energy. Beyond
450 ◦ C, a well-organized surface modification starts to be observed (Figure3.5).
When the surface temperature is further increased, nanostructures with a diameter of 100-200 nm tend to grow from the surface. These structures were analyzed
by TEM to gain more insight into their inner structure (Figure 3.8). As seen in
Figure 3.9, pores are detected in the near surface with sizes of <20 nm. Similarly,
in the cross section view of the structures shown in Figure 3.9a, pores are visualized. Pinholes can be observed for different parts of the surface (Figure 3.9b)
that are exposed to different ion fluxes because of the Gaussian plasma profile.
For tungsten, it was shown that pinholes are formed during the earlier stages of
nanostructure formation under He ion irradiation [12] and precede the formation
of the rodlike structure.

Figure 3.8: TEM images taken from nanostructures formed after plasma exposure
at 700 ◦ C for 20 min.
The force by pressurized He bubbles leads to a viscous flow of metal from the
surface [15]. Once these structures form, they grow with an increase in temperature. Stewart et al. simulated the formation and diffusion of He clusters and
bubbles in iron for temperatures of up to 927 ◦ C [36]. They showed that the
diffusion rate of helium interstitials and clusters increases with temperature. As
a consequence of that, helium bubbles coalesce rapidly, and this leads to larger
features. We observe a similar trend in our experimental results. The presence of
voids underneath the surface indicates that there is a similarity in nanostructure
formation on iron, tungsten, and molybdenum surfaces; all three are bcc metals. However, the thickness of the nanostructured layer was found to be around
500 nm, which is much thinner than what is typically observed on tungsten or
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Figure 3.9: Pores are detected both inside the nanostructures (a) and in the outer
part of the beam center (b).
molybdenum with similar exposure times. The nanostructured layer thickness
on tungsten surfaces, which were exposed at 1000, 1500, and 2000 ◦ C for 500
and 1000 s, was around 1-2 µm [11]. This implies that there has to be another
process that limits the nanostructured layer growth on iron. When we consider
our experimental conditions, the most likely candidate that could decelerate the
growth process on the iron surface seems to be physical sputtering. The effect of
physical sputtering on the nanostructured layer growth on the tungsten surface
was studied by Doerner et al. by bombarding the surface at different incident ion
energies [18]. No net erosion yield was detected after the exposures at energies
well below the threshold for physical sputtering of tungsten by helium; hence,
the growth rate of the nanostructured layer revealed its inverse square root of
time dependence as shown in one of their previous studies [16]. They achieved a
stationary nanostructured layer thickness under stronger energetic ion irradiation
due to the fact that the growth rate and sputtering rate compete and reach a
balance. The ion energy in our study is slightly above the threshold energy for
iron sputtering by helium ions. Hence, we can expect to observe sputtering on the
iron surface, whereas the effect of sputtering is negligible in the case of tungsten.
To verify that assumption, we measured the mass of our samples before and after
plasma exposures. From those mass loss measurements, the sputtering yield (Y)
can be calculated by
∆m
N0
(3.1)
M2 n 1
where ∆m is the mass change, M2 is the irons atomic mass, n1 is the number
of He ions reaching the surface, and N0 is Avogadro’s number. The plot of the
measured sputtering yield versus ion fluence is seen in Figure 3.10. The sputtering
yield decreases with ion fluence and reaches a steady state regime for ion fluencies
of >3 × 1026 m−2 . Nishijima et al. bombarded their nanostructured tungsten
surfaces with Ar ions [37]. In that study, they detected a clear decrease in the
sputtering yield of the porous surface compared to the yield measured for the
smooth surface. Consistent with that, in our case the end of the rapid decrease
Y =
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in the sputtering yield corresponds to the region where we obtain nanostructured
surfaces with a porous surface. In general, it can be noted that the dependency of
the nanostructure growth kinetics on surface temperature and plasma exposure
time for iron surfaces is consistent with the results from tungsten and molybdenum
surfaces [11], which might indicate that a similar mechanism is active.

Figure 3.10: Sputtering yield vs ion fluence.

Figure 3.11: XPS of reference iron and plasma-exposed iron.
To gain insight into the chemical composition of our samples, they were analyzed by XPS. The measurements were taken from polished iron surfaces before
and after plasma exposure (Figure 3.11). Both unexposed and plasma-exposed
iron surfaces show elemental iron (Fe 2p1/2 and Fe 2p3/2 at binding energies of
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719.9 and 706.8 eV, respectively) and iron oxide (Fe 2p1/2 and Fe 2p3/2 at binding
energies of 724.6 and 710.9 eV, respectively) at levels consistent with literature
values [38]. Both samples show the expected ratio of Fe 2p3/2 to Fe 2p1/2 of 2:1.
Figure 3.11 shows the iron oxide content to be higher in the plasma-exposed surface than in the unexposed one. Assuming that the single overlayer model can be
used to quantify the iron oxide to iron elemental ratio, the exposed sample shows
approximately twice the amount of iron oxide compared to the unexposed sample.
The difference in the oxidation might be attributed to the increased surface area
after plasma exposure, namely a larger reactive area with oxygen. A significant
contribution due to different morphologies cannot be excluded. Considering the
slight shifts in the peak positions for our measurements and the reference article,
the oxide phase on our samples is possibly a nonstoichiometric structure between
Fe2 O3 and Fe3 O4 . For applications in solar water splitting, the Fe2 O3 phase is
desired and future work will concentrate on the development of stoichiometric
oxides after nanostructuring by helium ions. A proof of principle of this approach
has recently been reported by de Respinis et al. [21].

3.4

Conclusions

The effect of helium plasma treatment of iron surfaces has been studied. Control
over nanostructure formation is achieved by surface temperature and plasma exposure time. Pressurized helium bubble-induced surface morphology changes are
clearly observed under high-flux (3-6.8 × 1023 m−2 s−1 ) irradiation. Controlled
nanostructure formation is achieved between 450 and 700 ◦ C. The nanostructures become larger with an increase in surface temperature and become finer
with an increase in plasma exposure time until they reach the saturation limit
in ion fluence. Fine nanostructures, which are around 50 nm in diameter and
500 nm in length, are grown on the iron surface after a high flux of low-energy He
ions at 700 ◦ C for 20 min. Despite some differences in the nanostructure growth
kinetics of iron and tungsten, the dependency of the feature size on surface temperature shows consistency, indicating that the mechanisms of helium-induced
modifications might be similar for those metals.
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[28] G. Özaydın et al. Appl. Phys. Lett. 87, 163104-1-163104-3 (2005).
[29] N. Ohno et al. J. Nucl. Mater. 438, S879-S882 (2013).
[30] F. Vasiliu, I. A. Teodorescu,and F. Glodeanu J. Mater. Sci. 10, 399-405
(1975).
[31] P. Klapetek and D. Neas Gwyddion Czech Metrology Institute: Brno, Czech
Republic (2007).
[32] K. Bugayev, Y. Konovalov, Y. Bychkov, V. Kovalenko, and E. Tretyakov
Iron and Steel Production, Books for Business: New York (2001).
[33] J. H. Evans J. Nucl. Mater. 68, 129-140 (1977).
51

BIBLIOGRAPHY
[34] S. Kajita, D. Nishijima, N .Ohno, and S. Takamura J. Appl. Phys. 100,
103304-1-103304-10 (2006).
[35] M. I. Mendelev and Y. Mishin Phys. Rev. B 80, 144111-1-144111-9 (2009).
[36] D. Stewart, Y. Osetskiy, and R. Stoller J. Nucl. Mater. 417, 1110-1114
(2011).
[37] D. Nishijima,M. J. Baldwin, R. P. Doerner, and J. H. Yu J. Nucl. Mater.
415, S96-S99 (2011).
[38] K. J. Kim, D. W. Moon, S. K. Lee, and K. H. Jung Thin Solid Films 360,
118-121 (2000).

52

Chapter 4

Surface modifications
induced by high fluxes of
low energy helium ions
Abstract
Several metal surfaces, such as titanium, aluminum and copper, were exposed to
high fluxes (in the range of 1023 m−2 s−1 ) of low energy (< 100 ) helium (He) ions.
The surfaces were analyzed by scanning electron microscopy and to get a better
understanding on morphology changes both top view and cross sectional images
were taken. Different surface modifications, such as voids and nano pillars, are
observed on these metals. The differences and similarities in the development of
surface morphologies are discussed in terms of the material properties and compared with the results of similar experimental studies. The results show that He
ions induced void growth and physical sputtering play a significant role in surface
modification using high fluxes of low energy He ions.
Published as: İ. Tanyeli, L. Marot, D. Mathys, M.C.M. van de Sanden and G. De
Temmerman, Sci Rep 5:9779, srep09779, (2015).
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4.1

Introduction

Surface structuring by energetic ion bombardment has been widely studied and
considered as an efficient surface processing technique, since it is fast, cost effective and various types of material can be processed by this technique. This
so-called ion beam sputtering technique is attributed to the removal of atoms
from the surface due to the impact of energetic ions [1]. Both experimental and
theoretical studies have been conducted for a wide range of conditions, such as
ion species, ion energy, surface temperature and angle of ion bombardment [1–3].
As a particular case, the interaction of helium ions with metal surfaces, especially
with tungsten, has long been studied extensively because of helium production
in fusion reactors [4–7]. More recently, significant surface modifications were observed on tungsten under low-energy He ion irradiation, with ion energies below
the threshold for damage creation, and investigated as a function of surface temperature, ion flux and exposure time [8–11]. These studies revealed the formation
of a fine nanostructure exhibiting a high porosity of up to 90% and high light
absorption [12–14]. The size of those nanostructures and thickness of the nanostructured layer could be controlled by surface temperature and plasma exposure
time, respectively [15]. After these results on tungsten, investigations were extended to other metals. Similar nanostructure formation has been observed for
molybdenum, nickel and iron surfaces under low energy He ion irradiation [15–17].
Although a clear explanation of why some metals can be modified more easily than
others is still missing, one could categorize these metals with respect to their crystal structure; except nickel, all of these metals have body centered cubic (bcc)
type crystal structure.
Due to their controllable growth and porous structure, helium induced nanostructured surfaces appear to have a great potential to be used for various applications requiring high surface area and high light absorption, such as photo
electrochemical water splitting for example [18–20]. Indeed, an enhancement in
the photocatalytic activity has been reported for nanostructured WO3 , prepared
by low-energy helium ion exposure and followed by annealing [21].
In this study, we explore the effect of low-energy helium ion exposure of several metal surfaces, such as titanium (Ti), aluminum (Al) and copper (Cu). The
choice of those metals was driven by the aforementioned application of photocatalytic properties of these metals in oxidized form. The influence of the different
crystal structures on helium-plasma irradiation induced surface modification is
studied and results are compared with both theoretical and experimental studies
in literature.
Effect of low energy He ions on surface modification of metals.
Helium is a chemically inert gas and has almost zero solubility in metals, but
can diffuse rapidly through the metal surface because of its relatively small size.
These features of helium lead to bubble formation underneath the surface at
crystallographic defects. Experimental and theoretical studies have shown that
helium irradiation induced damages could be obtained even in the absence of
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displacement damage and native defects [9, 13, 22].
Table 4.1 — Formation, migration energies of He interstitial and substitutional detrapping energies for W, Mo, Fe, Ti, Al and Cu

W (bcc)
Mo (bcc)
Fe (bcc)
Ti (hcp)
Al (fcc)

Cu (fcc)

Formation energy (in eV ) of
a He interstitial

Migration energy (in eV ) of
a He interstitial

Subtitutional
detrapping
energy (in eV )

5.47
5.91
4.91
4.97
5.36

0.24
0.29
0.23
0.3
0.17

4.75
4.42
4.19
3.87
3.98
3.75

2.67
1.25
1.32
3.02
2.03

0.34
0.13
0.16

Reference
[26–32]

[26, 27]
[26, 27]
[26]
[28]
[29–32]

0.45

1.88

[26]

Theoretical works conducted on tungsten and iron agree on a qualitative description of the formation and growth of clusters (or bubbles) [23, 24]. Interstitial
helium atoms are very mobile and tend to coalesce to form interstitial clusters.
Both the interstitial He atoms and clusters can act as traps for incoming He
atoms, which indicates a self-trapping ability of He. Once an interstitial He cluster reaches a sufficient size, it punches out a metal self-interstitial and forms a
relatively immobile helium-vacancy cluster. Helium diffusion is required for nucleation of bubbles and their growth [24]. In the case of negligible ion radiation
damages, helium diffusion is dominated by interstitial migration and for higher
temperatures (> 0.5 Tm , where Tm is the melting temperature) the interstitially
diffusing He atoms are mainly trapped by thermal vacancies, since the concentration of thermal vacancies tends to increase with temperature [24]. There are 12
tetrahedral and 6 octahedral, 8 tetrahedral and 4 octahedral, 4 tetrahedral and 2
octahedral interstitial sites existing in metals with bcc, face centered cubic (fcc)
and hexagonal close packed (hcp) type crystal structure, respectively [25]. Since
the interstitial sites could assist the He diffusion in the metal lattice, one could
expect that helium trapping would be easiest in bcc type metals and less likely
in closely packed metals. In addition to these self-interstitials in the metal, He
ions could induce extra interstitials as mentioned above, which assist He diffusion
and consequently nucleation, in the metal even if their energies are well below the
knock-on energy for displacement damage. Besides, detrapping has to be taken
into account during the discussion of helium trapping in the metals. The substitutional detrapping energies for bcc type metals listed in Table 4.1 indicate that
release of He atoms in a metal lattice is hardly expected from these metals. The
formation and migration energies of He interstitials for different metals are com55
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pared in Table 4.1 [26–32]. Although the values do not seem to differ much from
each other, slightly higher formation and migration energies of hcp metal from
the ones for fcc metals could indicate that He diffusion and clustering processes
could be slower for hcp metals. Hence, one might expect that hcp-type metals
will be less prone to He ion induced morphology changes.
The experimental results showed that nanobubble formation near the surface
is necessary but not sufficient to give rise to nanostructure formation [33]. The
nanostructuring on tungsten surface is achieved for a surface temperature range
of ∼0.25< T/Tm < 0.55 [8]. The upper boundary of the temperature range for
nanostructure formation is defined by rapid surface diffusion, which could lead to
surface smoothing and eventually disappearance of the nanostructure [8, 34].The
slow bubble growth rate is considered as the limiting factor at low temperature.
Similar nanostructuring has been observed in the experimental studies conducted
on Mo and Fe for intermediate temperatures (0.3-0.5 Tm ) [15, 17]. The relation
between swelling rate of helium bubbles and T/Tm has already been reported [34].
Relying on both experimental and theoretical studies, the temperature ranges
worth to study for surface modification of different metals could be determined
in advance.

Table 4.2 — Experimental conditions
Metal
Ion
Surface temperature (◦ C)
energy
(eV)
i
Ti (hcp)
45
400
ii
45
600
iii
45
750
iv
45
850
v
45
1000
vi
70
850
vii
70
1000
viii Al (fcc)
25
250
ix
25
250
x
35
250
xi
Cu (fcc)
25
150
xii
25
250
xiii
25
350
xiv
25
400
xv
25
500
xvi
25
650
xvii
25
150
xviii
25
250
xix
25
350
56

T/Tm

Time
(min)

0.35
0.45
0.53
0.58
0.66
0.58
0.66
0.56
0.56
0.56
0.31
0.39
0.46
0.50
0.57
0.68
0.31
0.39
0.46

10
10
10
10
10
10
10
10
30
10
10
10
10
10
10
10
30
30
30
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Polycrystalline titanium (99.99 % purity, Goodfellow), copper (≥ 99.95 % purity,
Salomons Metalen) and aluminum (95.90 % purity, Salomon’s Metalen) samples
were exposed to pure helium plasma in Pilot-PSI, a high-flux linear plasma generator [35]. The plasma is generated by a thermal plasma (cascaded arc) source
and confined by an axial magnetic field. More detailed information about the
experimental setup can be found elsewhere [35]. The magnetic field was set to
0.2 T during our experiments. The plasma density profile has a Gaussian shape
and the maximum ion flux to the surface was in the range of 2-7 × 1023 m−2 s−1 .
The samples were clamped on a water cooled target holder by a ring made from
molybdenum. In order to have a better thermal contact, a Grafoil@ layer was
inserted between the sample and the target holder. The samples are negatively
biased to control the ion energy, which is calculated with respect to plasma potential and sheath entrance voltage. Further details about ion energy calculation
can be found in Ref. [36].
Polycrystalline samples, which are 20 mm in diameter and 1 mm in thickness,
were mechanically polished with SiC grinding papers and followed by 3 and 1 µm
diamond and 0.05 µm alumina suspensions. The metals that we worked with have
different levels of hardness, so that different polishing recipes have been followed.
For Ti and Cu samples we used 320 to 2400 grit SiC papers and for Al samples
500 to 2400 grit SiC papers. The mirror finish polished samples were cleaned with
a basic procedure, acetone, ethanol, de-ionized water in ultrasonic bath and for
easy rinsing a further bath with ethanol repeated at the end.
During plasma exposure, the peak temperature was measured by a multiwavelength pyrometer (FMPI SpectroPyrometer, FAR Associates), which measures in
the wavelength range of 900–1600 nm. In addition, an infrared camera (FLIR
A645 SC) was used to measure the 2D surface temperature profile and was also
used in case of temperatures lower than the detection limit of the pyrometer.
The surfaces were analyzed by high resolution scanning electron microscopy
(SEM, Hitachi S-4800 field emission at 5 kV) and atomic force microscopy (Bruker
Dimension Edge AFM) in order to investigate the modifications after plasma
exposures. For cross sectional imaging, the samples were prepared by focused ion
beam (Dual Beam FIB/SEM) milling method.

4.3

Results

Titanium. All experimental conditions are listed in Table 4.2. Titanium surfaces
were irradiated by low energy (∼ 45 eV) He ions with flux of 2-3 × 1023 m−2 s−1
at surface temperatures of 400, 600 and 750 ◦ C for 10 minutes (samples (i), (ii),
(iii)). Until around 450 ◦ C no clear surface modification was observed. Above
that temperature voids start to appear on the surface. As seen in SEM images in
Figure 4.1, the areal density of these voids increased with the surface temperature.
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SEM images were analyzed by the Gwyddion software to specify the mean void
size [37]. There is also a slight increase in the mean diameter of these voids, from
20 nm (88 voids were taken into analysis) to 25 nm (104 voids were taken into
analysis) with an increase in surface temperature from 600 ◦ C to 750 ◦ C. The
sample exposed with surface temperature of 750 ◦ C was prepared by FIB milling
method to get a cross section view. At the beginning of the FIB analysis, a region
with an area of 2 µm × 6 µm was coated by Pt to protect that region from the Ga
ions. Hence, the etched side gives information about the cross section view of these
structures. Voids, which are smaller than 100 nm in diameter, are detected with
a wide size distribution underneath the surface (Figure 4.2). When these surfaces
are compared with other studies in the literature, they show a resemblance to
those observed after exposures of W and Mo to low energy (∼20 eV) He ions [15].
In that study, an increase of the ion energy to 45 eV led to nanostructure growth.
Although the ion energy is around 45 eV in our study, no nanostructure growth
is observed.
The surface temperature was increased above 850 ◦ C (sample (iv)-(vii), Figure 4.3a-d). Beyond that temperature, the surface seems to be roughened and
reformed. Nanosized structures start to be observed beyond 1000 ◦ C at an ion
energy of 45 eV, whereas similar nanosized structures are observed at surface
temperatures starting from 850 ◦ C if the ion energy is increased up to 70 eV. The
number of the nanosized structures on a given area tends to decrease by a factor
of around 2.5 and the mean diameter is shifted from 36 nm to 53 nm with increase
in surface temperature from 850 ◦ C to 1000 ◦ C (Figure 4.3c,d.).
Aluminum. Aluminum surfaces were exposed to He plasma with an ion flux
in the range of 3-4 × 1023 m−2 s−1 and an ion energy of 25 eV at a surface
temperature of 250 ◦ C. On these surfaces, randomly located structures besides
some voids are detected. Figure 4.4a,b show that for longer exposures the spatial
distribution of the structures becomes more homogenous and the average size of
voids tends to increase with time.
Since the melting temperature of Al is relatively low (around 660 ◦ C) compared
to the other metals investigated here, the surface temperature was kept constant at
250 ◦ C. Besides the exposure time, the effect of ion energy on surface modification
was studied. A significant change in both size and shape of structures is observed
with a slight increase in average ion energy, of only 10 eV (see Figure 4.4c,d).
The mean diameter of the structures formed become around 1.4 µm and the
voids around 150 nm.
The tilted SEM image (Figure 4.5a) shows that surface is covered by individual
structures with different heights. Although it is hard to judge from a top view
image, the structures seem to be formed of several layers. To gain more insight,
AFM measurement has been done on sample (viii). AFM measurement of one of
these structures shows that these structures are formed by layers with thickness
of around 50 nm (Figure 4.5b).
In order to clarify the surface modification mechanism, cross sectional images
were taken from the sample prepared by FIB milling method. Figure 4.6 exhibits
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Figure 4.1: SEM images of Ti samples which are exposed to helium plasma with
the surface temperature of 400 ◦ C (0.35 Tm ), 600 ◦ C (0.45 Tm ) and 750 ◦ C (0.53
Tm ) for 10 minutes: (i)-(iii) (a-c), respectively.
the effect of He ions on surface modification with the presence of voids underneath
the surface of the sample (x).
Copper. Copper surfaces were irradiated by He ions with flux of 5-7 × 1023
m−2 s−1 and at an ion energy of 25 eV. The surface temperature during these
exposures was kept in the intermediate temperature range (0.3 Tm < T < 0.5
Tm ) and exposures were repeated for two different durations, 10 and 30 minutes.
As seen in Figure 4.7, no significant change in the form of nanostructures can be
observed for different exposure times. With the increase in surface temperature,
individual structures tend to enlarge and then connect to each other for both
exposure times.
Similarly to the Al surfaces, sample (xii)was prepared by FIB milling and a
cross sectional image was taken. As seen in Figure 4.8, a nanostructured layer
with a thickness of around 100 nm is observed without any trace of He-induced
voids.
Copper surfaces were exposed at higher temperatures, above 0.5 Tm resulting
in significant changes in morphology. The structures observed at the highest
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Figure 4.2: Cross section images of Ti sample (exposed for 10 minutes with surface
temperature of 750 ◦ C) (iii) taken under low (a) and high magnification (b).

Figure 4.3: SEM images of titanium samples which are irradiated by He ions with
ion energies of 45 eV at surface temperatures of 850 ◦ C (0.58 Tm ) and 1000 ◦ C
(0.66 Tm ) (sample(iv) (a), sample (v) (b)) and ion energies of 70 eV at surface
temperatures of 850 ◦ C and 1000◦ C (sample (vi) (c) and sample (vii) (d)).
temperature for our range resemble the ones on Al, but in this case they are
homogenously distributed and almost in the same size, around 240 nm in diameter
(Figure 4.9). Figure 4.10 shows the cross sectional views of samples (xv) and (xvi).
In contrast with the samples exposed with lower surface temperature (< 400 ◦ C),
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Figure 4.4: SEM images of Al samples, which are irradiated by He ions with an
energy of 25 eV at a surface temperature of 250 ◦ C (0.56 Tm ) for 10 minutes and
30 minutes (samples (viii) and (ix)) and with ion energy of 35 eV for 10 minutes
(sample (x)), taken under low (a), (b), (c) and high (d), (e), (f) magnification,
respectively.
voids are clearly detected underneath the surface. The homogenously distributed
structures, which are formed after exposure at 650 ◦ C, are clearly visible on the
cross sectional images in Figure 4.10b and seem to have pillar-like shape.

4.4

Discussion

In order to observe the variation in efficacy of He ion induced surface modification
of metals with different crystal structures, we investigated Ti, which has hcp type
crystal structure, and Al and Cu, which have fcc type crystal structure, under
similar irradiation conditions. Our results show that He ions could penetrate and
form voids underneath the surface in all metals that we worked with. However,
in terms of the resulting surface modifications different metals behave differently.
Ti exposures do not show any nanostructure growth on the surface, which seems
consistent with the expectations considering its densely packed crystal structure
or low population of interstitials which mostly mediate effective He diffusion in
the metal. Kajita et al. recently published an extensive study on the surface modification of titanium after He plasma exposure [38]. Significant changes in surface
morphology have been observed with slight differences in irradiation conditions,
such as ion energy. Most of their exposures are conducted at higher ion energy
(>70 eV) than in our experiments. For that ion energy range, cone like structures
are observed on the surface due to the enhanced effect of physical sputtering. For
slightly lower ion energies (∼50 eV) [38], void formation has been reported on the
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Figure 4.5: (a) SEM image (30◦ tilt) taken from sample (viii) (exposure conditions: 25 eV, 250 ◦ C, 10 minutes) and (b) AFM image of a structure existing on
the same sample.
surface, which is quite similar to what is observed in our experiments at similar
surface temperatures and ion energy value (∼45 eV). Besides that, the morphology obtained at 927◦ C (Figure 2 in Ref. [38].) is similar to the surfaces obtained
at 850 ◦ C in our experiments. In that temperature range, the surface seems to
be roughened and nanosized structures are formed.
The sputtering yields measured here (taken on samples (i)-(xix)) are compared with the fit to several calculated values [39]. Figure 4.11 shows that our
values are around one order of magnitude below the expected sputtering yields
of the metals that we worked with. It is worth to note that the calculations are
usually done by assuming a nearly flat surface, i.e. the effect of surface morphology on the sputtering yield is not taken into account. The curvature dependent
sputtering has already been proposed in Sigmund’s theory [40]. Based on that
theory, an analytical formula for the morphology dependent sputtering yield is
developed and accordingly a decrease in sputtering yield is predicted with the
development of surface morphology [41]. The morphological change induced here
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Figure 4.6: (a) SEM image (52 ◦ tilt) of Al surface which was irradiated by He
ions with ion energy of 35 eV with surface temperature of 250 ◦ C (sample (x))
and (b) a cross sectional image which was taken from the region seen in (a) (white
layer seen on top is Pt which was coated during FIB milling).

Figure 4.7: Evolution of Cu nanostructures with surface temperature (150-350 ◦ C,
0.31–0.46 Tm ) and exposure time (10, 30 minutes).
by He ion irradiation is more complex than a symmetrical structure, hence one
would expect to have enhanced deviation between calculated and experimental
data. The variation in the sputtering yield of flat and modified surface has been
63

Chapter 4. Surface modifications induced by high fluxes of low energy helium
ions

Figure 4.8: Cross sectional image of Cu surface, which was exposed to helium
plasma with surface temperature of 250 ◦ C for 10 minutes (sample (xii)) prepared
by FIB milling method.

Figure 4.9: SEM images of surfaces which are irradiated by He ions with ion
energy of 25 eV at surface temperatures of (a) 400 ◦ C (0.50 Tm ) (sample (xiv)),
(b) 500 ◦ C (0.57 Tm ) (sample (xv)) and (c) 650 ◦ C (0.68 Tm ) sample (xvi). Images
in the lower row are taken under higher magnification.
reported after a similar experimental study as well. Nishijima et al. have shown
that the sputtering yield of nanostructured tungsten derived from mass loss measurements are around one order of magnitude lower than the values calculated by
TRIM code [42]. The deviation in the calculated and experimental results is in
agreement with our results. Different from the other metals, the sputtering yield
for Al that we obtained from our experiments is around two orders of magnitude
lower than the literature values. Since Al is quite reactive and native aluminum
oxide (most likely, Al2 O3 ) has higher binding energy than Al, we would expect a
decrease in sputtering yield for samples (viii)-(x).
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Figure 4.10: Cross section images of samples, which are exposed to helium plasma
with surface temperatures of (a) 500 ◦ C (sample (xv)) and (b) 650 ◦ C (sample
(xvi)).

Figure 4.11: Sputtering yield of Ti, Al and Cu regarding to our mass loss measurements and literature values [39].
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Figure 4.12: SEM images of Al surface after Ar plasma exposure taken under low
(a) and high (b) magnification.
The structures on Al and Cu surfaces show similarity with the selforganized
nanopatterns and nanodots obtained by ion beam sputtering [43, 44]. The formation of these patterns is explained as a result of interplay between ion sputtering, which induces surface roughening,and surface diffusion, which induces
smoothing [43]. To investigate the role of physical sputtering on the observed
morphology changes, several studies have been conducted on W and Ti surfaces
exposed to both Ar and Ne plasma for W, and Ne plasma for Ti. In neither
of those cases, nanostructure formation or bubble growth beneath the surface
were detected [38, 45]. Similarly, Al surfaces were exposed to Ar ions and Figure
4.12 shows that Ar ions induce no surface modification except for some sparse
structures whose layered structure resembles the nanostructures formed under He
plasma. However, there is no significant similarity between surfaces after He and
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Ar plasma exposures, namely neither homogenously located nanostructures nor
voids are detected. Hence, the surface modifications that we observe on Al and
Cu cannot be only attributed to physical sputtering caused by any ion species.
The effect of He clustering and consequently void formation on surface modification is clearly seen on Al and Cu surfaces. Both He ion irradiation and physical
sputtering would be considered as effective factors in the morphology changes of
Cu and Al.
Titanium, aluminum and copper surfaces were exposed to pure He plasmas to
study the associated morphology changes. Different surface modifications were
observed among these metals. The experimental studies show that it is rather
hard to rely on a single material property in order to predict the behavior of metals after helium plasma exposures. The effect of physical sputtering on surface
modification is clearly seen for Al and Cu surfaces. Homogenously distributed
nano pillars are observed on these metals. Any significant surface modification
could not be observed for Ti, which might be resulted because of its closely packed
structure and low sputtering yield. Once the nano pillars formed on Cu surfaces
are oxidized, they could be of interest for further energy applications, such as electrochemical reductions of CO2 and photoelectrochemical water splitting, because
of their homogenous distribution and high aspect ratios [46].
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Chapter 5

Efficient plasma route to
nanostructure materials:
case study on the use of
m-WO3 for solar water
splitting
Abstract
One of the main challenges in developing highly efficient nanostructured photoelectrodes is to achieve good control over the desired morphology and good electrical conductivity. We present an efficient plasma-processing technique to form
porous structures in tungsten substrates. After an optimized two-step annealling
procedure, the mesoporous tungsten transforms into photoactive monoclinic WO3 .
The excellent control over the feature size and good contact between the crystallites obtained with the plasma technique offers an exciting new synthesis route
for nanostructured materials for use in processes such as solar water splitting.
Published as: M. de Respinis, G. De Temmerman, İ. Tanyeli, M.C.M. van de
Sanden, R. P. Doerner, M. J. Baldwin, and R. van de Krol, ACS Appl. Mater.
Interfaces 5, 7621-7625, (2013).
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5.1

Introduction

One of the grand challenges for the 21st century is to secure the availability of
energy on demand on the terawatt scale [1]. Moreover, environmental concerns
result in the need for renewable energy sources to satisfy this demand. The direct
photoelectrochemical conversion of solar energy into storable fuels, which is based
on cheap and earth-abundant semiconductors and catalysts, has the potential to
satisfy these requirements. Metal-oxide semiconductors are particularly appealing candidates for practical applications because of their low cost, nontoxicity,
abundance, and stability toward corrosion [2].
Despite intensive research efforts over the past 40 years, the efficiency of direct
solar water splitting using metal oxides processed via scalable techniques still
remains low [3,4]. One of the main bottlenecks for achieving high efficiencies with
metal oxides is the mismatch between the absorption depth of visible light (up to
micrometers) and the distance that the photogenerated charge carriers can travel
before they recombine. The latter is often one order of magnitude shorter than
the penetration depth of the light. A second limiting factor is the slow reaction
kinetics at the surface of most metal oxides, especially for water oxidation.
Morphology control can overcome these challenges. Specifically, geometries
with a large surface-to-volume ratio, such as nanowire arrays and porous nanostructures, will decrease the distance over which charge transport has to occur
and increase the amount of available surface area for catalytic reactions [5–7].
Although a great variety of techniques are available nowadays to fabricate nanostructured materials, it is often difficult to achieve the desired combination of
properties. For example, standard approaches such as wet-chemical processing
can give very homogeneous particle sizes, but the contact between the particles
is often poor and a necking treatment is needed to alleviate this limitation [8].
In this Article, we propose a novel processing technique based on the surface
treatment of tungsten substrates by a high flux of low-energy helium ions. This
provides an efficient route for the formation of porous metallic nanostructures
that, after oxidation, can be used as photoanodes for solar water splitting. The
exposure of metal surfaces at elevated temperatures to high fluxes of low-energy
(<100 eV) helium ions has been shown to lead to the formation of a nanostructured surface morphology consisting of nanometric filaments [9]. The structure
size can be controlled by the processing temperature, whereas the thickness of
the nanostructured layer depends on the processing time [10]. The porosity of
the processed material is very high (up to 90%), and this yields a very high light
absorption (up to 99%) across the whole visible spectrum [11]. Moreover, the
continuous structure ensures that efficient charge transport through the structure
is possible without the need for postdeposition necking treatments.
Tungsten is chosen for this case-study because of the high photocatalytic activity of its oxide, WO3 , in the monoclinic phase. Nanostructuring is essential for this
material to address the mismatch between the intrinsically low light absorption
coefficient (1/α = 6 µm at λ = 327 nm [12]) and the modest minority (hole) carrier
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diffusion length (∼150 nm [12]). Previous studies have shown that nanoporosity
indeed improves the incident photon-to-current efficiency (IPCE) of WO3 photoanodes [13]. Santato et al. have reported on mesoporous nanocrystalline WO3
photoanodes that showed an IPCE as high as 97% under UV illumination (380
nm) in the presence of a sacrificial hole scavenger (MeOH) [14–16]. Berger et al.
have shown that randomly oriented porous layers of WO3 generate significantly
higher photocurrents than compact layers resulting from different mechanisms of
charge separation [17]. Tungsten oxide photoelectrodes for photoelectrochemical
water splitting are mostly synthesized via solgel methods [14–16,18] or hydrothermal synthesis followed by calcination [19,20] and to lesser extent via CVD, pulsed
electrodeposition, and reactive sputtering [21,22]. With most of these techniques,
stoichiometric WO3 is obtained during the synthesis process, and a standard
thermal annealing is required to form the desired highly crystalline monoclinic
phase. Other studies have been published on the formation of dense tungsten
oxide films directly from tungsten metal by thermal treatment at elevated temperatures [23–26]. However, poor control over the stoichiometry [24] and thickness
of the oxide layer [25, 26] has prevented any efficient application of these methods
for solar water splitting. In this Article, we will show how the novel plasmatreatment technique can overcome these issues.

5.2

Experimental Section

Polycrystalline tungsten discs (25 mm in diameter and 1 mm in thickness) were
cut from a rod of rolled tungsten (Plansee, 99.95 wt % purity) and mechanically
polished to a mirror finish. After polishing, they were rinsed in alcohol and acetone
and no further treatment was applied. Surface nanostructuring was performed
using high fluxes of low-energy helium ions in a plasma generator (Figure 5.1). It
has been previously demonstrated that helium-induced nanostructure formation
on tungsten surfaces worked best when the particle flux to the surface is higher
than 7 × 1021 m−2 s−1 . The helium plasma is generated by a magnetically confined
arc discharge [27]. The nanorod dimensions (length and diameter) depend on
the processing time and temperature, respectively. For this case study, nanorod
diameters in the range 100-200 nm were chosen. The nanostructure was formed
by exposing the tungsten surface to 150 eV helium ions with a flux of 8 × 1023
m−2 s−1 at a surface temperature of 1700 K (1427 ◦ C) for a duration of 1000 s.
Nanostructured tungsten targets are annealed either with a singlestep treatment at 550 ◦ C for 8 h following a modified procedure from the literature [15] or
via an optimized two-step thermal oxidative annealing to form WO3 . The procedure consists of a short thermal treatment of 2 h at 550 ◦ C followed by further
annealing at 450 ◦ C for 4 h (all in flowing O2 ). Polished samples are annealed either under the same two-step procedure or with a single-step treatment at 700◦ C
for 60 min following a modified procedure from the literature [23, 26].
The crystal structure of the samples was determined using a Bruker D8 Ad73
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Figure 5.1: Schematic overview of the high-flux plasma generator used to generate the helium-induced nanostructured surfaces. The plasma is generated by
a cascaded arc discharge and confined by a strong magnetic field. The picture
on the right shows the high-intensity helium beam interacting with a tungsten
surface.
vance X-ray diffractometer equipped with LynxEye linear detector in a BraggBrentano configuration. A PerkinElmer Lambda 900 UV/vis/NIR double-beam
spectrophotometer with an integrating sphere was used for diffuse reflectance
measurements.
Photoelectrochemical characterization was carried out in an aqueous 3 M
H2 SO4 (95-97%, Sigma-Aldrich) solution. The faradaic efficiency of WO3 in different electrolytes has recently been examined, and it is noted that in H2 SO4
WO3 may produce persulfate more favorably than O2 [28]. However, this is not
expected to change the photocurrent, and the application of the right cocatalyst
probably overcomes this issue. The solution was purged with nitrogen prior to
and during the measurements to remove any dissolved oxygen. Potential control
was provided by a potentiostat (EG&G PAR 283) in a three-electrode cell with a
fused silica window [2]. An Ag/AgCl electrode (XR300, Radiometer Analytical)
and a coiled Pt wire were used as the reference and counter electrodes, respectively. White-light photocurrent densities were measured under simulated AM1.5
solar illumination (100 mW/cm2 ) with a Newport Sol3A Class AAA solar simulator (type 94023A-SR3), whereas quantum efficiencies were measured with a 300
W Xe-arc lamp (L.O.T. Oriel LSB530U) coupled into a grating monochromator
(Acton SpectraPro 150i). An electronic shutter (Uniblitz LS6) and high-pass colored glass filters (Schott, two filters of 3 mm thickness each) were placed between
the monochromator and the sample to remove second-order diffracted light. The
intensity of the monochromatic light was measured with a calibrated photodiode
(Ophir PD300-UV).

5.3

Results and Discussion

After treatment with low-energy helium ions, the tungsten surfaces exhibit a
nanostructured surface morphology consisting of nanometric filaments with an
open interconnected structure. Figure 5.2b illustrates the typical morphology
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observed for a surface temperature of 1500 ◦ C. The formation mechanism of such
structures has been studied in detail and appears to be linked to the formation
and coalescence of helium bubbles in the near-surface region, inducing swelling
of the surface [15]. At 1500 ◦ C, the nanoscopic filaments have a diameter of
100–200 nm (Figure 5.2a,b). We recently showed that these filaments have a
crystalline inner structure [10]. The formation of such nanostructures occurs when
the particle flux to the surface during processing is sufficiently high [29] (i.e., when
the helium concentration in the near-surface region during the plasma processing
is high enough for helium bubbles to grow and coalesce). With a porosity of
up to 90%, the nanostructured tungsten absorbs between 94 and 97% of light
in the visible range, whereas the polished targets reflect more than 50% of the
light (Figures 5.3a,d and 5.4a). Although a detailed quantitative analysis of the
porosity and specific surface area is beyond the scope of this study, nonoxidized
metallic W films made with the same plasma technique by Kajita et al. indeed
showed porosities of up to 90% at the surface and about 50% near the bottom
of the nanostructure [30]. The specific surface area of these metallic W films,
as measured by nitrogen adsorption (BET), can be ∼20 times higher than the
geometrical area [31].
After the plasma processing, the tungsten samples were annealed under a flow
of oxygen in either one or two steps. The first step is carried out at 550 ◦ C for
2 h to obtain the desired monoclinic WO3 (m-WO3 ) phase [16]. Although high
temperatures favor fast crystallization, they also present more strongly reducing
conditions. To avoid the possibility that this leads to the formation of a substoichiometric WO3−x phase, the sample was subsequently held at a somewhat
lower temperature (450 ◦ C) for 4 h to oxidize fully the sample before cooling to
room temperature. This temperature allows for the full oxidation of the mesoporous structure and prevents extensive oxidation of the dense tungsten substrate
underneath.

Figure 5.2: (a, b) SEM images of plasma-processed tungsten metal at two different
magnifications. (c,d) Resulting WO3 samples after the two-step annealing.
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Figure 5.3: Photographs of (a) polished tungsten, (b) polished tungsten after twostep annealing at 550 and 450 ◦ C, (c) polished tungsten after annealing at 700 ◦ C,
(d) nanostructured tungsten, (e) nanostructured tungsten single-step annealed at
550 ◦ C, and (f) nanostructured tungsten after two-step annealing at 550 and 450
◦
C.

Figure 5.4: (a) Diffuse reflectance measurements of polished tungsten (red), polished tungsten after two-step annealing (green), nanostructured tungsten (black),
nanostructured WO3 after two-step annealing (blue), and polished tungsten after
annealing at 700 ◦ C (olive). (b) Kubelka-Munk transformation of the reflectance
curves for nanostructured WO3 after two-step annealing (blue) and for polished
W after annealing at 700 ◦ C (polished WO3 ) (olive).
The effect of the two-step treatment can be seen by comparing panels e and
f in Figure 5.3. Samples annealed with a single step at 550 ◦ C have a blue
color (Figure 5.3e), indicating the presence of oxygen vacancies. The same blue
color was also observed for annealing temperatures of 500 and 600 ◦ C and for
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a prolonged 8 h treatment at 550 ◦ C (not shown). The blue coloration of the
oxygen-deficient WO3−x phase is well known and extensively documented in the
literature [26, 32–38]. After the second annealing for 4 h at 450 ◦ C, the sample
turns yellow (Figure 5.3f). This corresponds to the color of stoichiometric WO3 ,
indicating that the sample indeed fully oxidizes at this lower temperature.
A more detailed analysis of the optical properties is shown in Figure 5.4. After
the two-step annealing, the porous WO3 samples show a sharp decrease of the
diffuse reflectance below ∼470 nm that marks the optical absorption edge (band
gap) of the material (Figure 5.4a). In contrast, polished samples annealed under
the same two-step procedure do not show such a transition. This suggests that the
oxidation of the surface of bulk tungsten is much slower than that of the porous
nanostructured material. Firing the polished sample at a much higher temperature (700 ◦ C) leads to a greenish coloration of the sample (Figure 5.3c) and a
sharp decrease in the reflectance below ∼ 480 nm (Figure 5.4a) that is consistent
with the presence of m-WO3 . X-ray diffraction indeed confirms the formation of
a monoclinic WO3 phase under these conditions (Figure 5.6, Supporting Information). The fact that this sample is greenish (i.e., a mixture of yellow and blue)
suggests the presence of a significant amount of substoichiometric WO3−x .
The Kubelka-Munk transformation [39, 40] of the diffuse reflectance curves,
shown in Figure 5.4b, shows band-gap values of 2.7 and 2.6 eV for the porous and
polished m-WO3 samples, respectively. In the literature, the band-gap energy of
WO3 has been mainly measured by optical absorption, varying from about 2.5
to 3.0 eV [41, 42]. According to Berger et al., the band gap of porous structures
is the same as that for compact ones [17]; therefore, the different morphology
cannot explain the different band gaps in Figure 5.4b. Instead, we attribute the
difference to the different annealing conditions. This is consistent with literature
reports that show that the band gap of WO3 undergoes a red shift upon annealing
at higher temperatures [19, 20, 43].
The photoelectrochemical activity of the WO3 samples was determined by
measuring the current as a function of the applied potential under chopped AM1.5
illumination (Figure 5.5a). The porous nanostructured samples made with the
plasmaprocessing method and annealed using the two-step procedure at 550 and
450 ◦ C show a significantly higher photocurrent plateau value than the polished
sample annealed at 700 ◦ C: 6 times higher at 1.0 V versus RHE and 3 times higher
at 2.5 V versus RHE. The higher photocurrent of the nanostructured sample is attributed to three factors. The first is the higher specific surface area, which greatly
enhances the catalytic activity for water oxidation. This is especially important
at higher potentials where charge separation is efficient and the surface reaction
kinetics struggle to keep up with the rapid supply of photogenerated holes. The
second factor is the enhanced absorption resulting from extensive light scattering
in the nanostructured material. This is also evident from the smaller reflectance
(i.e., larger absorbance) of the nanoporous versus polished WO3 in Figure 5.4a.
The third factor is the fact that the typical feature size (Figure 5.2) is comparable
to the minority carrier diffusion length (LD ∼150 nm [12]). This means that the
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photogenerated holes have no trouble reaching the semiconductor/electrolyte interface before they recombine. An important advantage of the plasma-processing
technique is that the small feature size is retained even deep within the bulk of the
porous film close to the interface with metallic tungsten (Figure 5.7, Supporting
Information). This is especially important when considering the intrinsically low
optical absorption coefficient of WO3 (1/α = 6 µm at λ = 327 nm [12]).

Figure 5.5: (a) J-V curve under chopped AM1.5 illumination of polished tungsten
after two-step annealing (polished WOx , green), nanostructured WO3 after twostep annealing (porous WO3 , blue), polished tungsten after annealing at 700 ◦ C
(polished WO3 , olive), and nanostructured WOx annealed at 550 ◦ C (porous
WOx , red). The scan rate was 10 mV/s. The inset shows a photocurrent onset
potential of +0.6 V vs RHE for both the porous WO3 and polished WO3 (zoomed
10X). (b) IPCE measured at 1.23 V vs RHE and 2 nm/sec (inset shows the band
gap).
The low photocurrent of the porous WOx sample annealed in a single step
at 550 ◦ C (Figure 5.5a, red curve) is attributed to recombination at structural
defects. These defects are presumably the oxygen vacancies that also cause the
blue color of the material (Figure 5.3e).
A more detailed look at the voltammogram at low potentials reveals that the
photocurrent of the nanostructured WO3 increases more steeply than that of the
compact WO3 . This is again a manifestation of the feature size being smaller than
the minority carrier diffusion length. Within a distance LD from the surface, all
the holes can reach the electrolyte even without the presence of an electric field.
Thus, at low applied potentials (close to VF B ), the porous sample will give higher
currents because it has a larger surface area (i.e., there are more electron/hole
pairs that are created within 150 nm of the surface than for the dense sample).
At more positive potentials, the electric field can also separate the electron/hole
pairs generated in the bulk of the material, resulting in the difference between the
two morphologies becoming less important.
Both the polished and nanostructured WO3 samples show an onset potential
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of 0.6 V versus RHE (inset of Figure 5.5a). This is 0.2 V more positive than the
flat band potential of WO3 , which is +0.4 V versus RHE [5]. This difference is not
unexpected for a metal oxide without a cocatalyst for O2 evolution. In fact, for
most (uncatalyzed) metal oxides, the difference between the flat band potential
and the photocurrent onset potentials is much larger.
The AM1.5 photocurrent density of our compact WO3 is similar to the values
reported in the literature [17,20,23,25]. In contrast, the photocurrent densities for
our plasma-treated nanostructured WO3 are significantly higher than literature
values for porous WO3 synthesized directly from metallic W (although an accurate
quantitative comparison cannot be made because of the different experimental
conditions) [21]. Quantum efficiency measurements (IPCE) in Figure 5.5b confirm
the higher photoresponse over the whole spectrum of the above band-gap light for
the porous WO3 . The efficiency peaks at 370 nm and reaches a value of 22%. The
band gap of 2.65 eV obtained from the Tauc plot of the photocurrent (inset of
Figure 5.5b) matches the value from the diffuse reflectance spectra (Figure 5.4b)
and values reported in the literature for monoclinic WO3 .

5.4

Conclusions

In this article, we have proposed a novel plasma-assisted processing technique to
generate surface nanostructures on metals. This top-down approach guarantees
good contact between the different crystallites and avoids electrical conductivity
limitations. After an optimized two-step annealing procedure that minimizes
the concentration of defects, the mesoporous metallic tungsten transforms into
nanostructured monoclinic WO3 . These WO3 films showed photocurrents of up
to 1 mA/cm2 , which is 5 times higher than dense, nonporous WO3 samples made
from a polished W disc. The excellent control over the feature size with the
helium-plasma technique along with its effectiveness with a broad range of metals
offers an exciting new synthesis route for nanostructured materials for use in
processes such as solar water splitting.
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5.6

Supporting Information

Figure 5.6: XRD of polished WOx annealed at 550/450 ◦ C (green) porous WOx
annealed at 550 ◦ C (red) porous WO3 annealed at 550/450 ◦ C (blue) polished
WO3 annealed at 700 ◦ C (olive). During thermal anneal, the nanostructured
tungsten is first converted into oxygen deficient WO3−x , and then fully oxidized
into WO3 . The latter process remains incomplete in the case of the polished
samples. (International Centre for Diffraction Data (JCPDS) reference files; W:
PCPDF 04-0806; WO3 : PCPDF 83-0948)

Figure 5.7: Cross section SEM image of tungsten target plasma-processed at 1500
◦
C.
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Chapter 6

Oxidation of helium ion
induced nanostructured iron
- towards water splitting
Abstract
Nanostructuring is one of the key approaches to enhance the efficiency in water
splitting on photoelectrodes, especially for the ones suffering from poor photogenerated charge carrier transport. The main challenge here is morphology control
and good conductivity between nanostructures. In this study, two steps are followed to obtain nanostructured iron oxides, which are aimed to be used in solar
water splitting. Iron surfaces are nanostructured by low energy helium ion irradiation, and subsequently oxidized to obtain hematite (α − F e2 O3 ) phase.
To be submitted as: İ. Tanyeli, İ. Doğan, M. de Respinis, L. Marot, D. Mathys,
M. C. M. van de Sanden and G. De Temmerman
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6.1

Introduction

Energy demand in the terawatt scale and environmental concerns, such as climate
change and availability of natural resources, call for the development of the usage
of renewable energy sources. Solar energy has a great potential to satisfy the
energy demand, if it is efficiently harvested. By considering the capacity of solar energy and abundancy of water on earth, direct photoelectrochemical (PEC)
conversion of solar energy into storable fuels is considered as an efficient route.
Photoelectrochemical cells can convert the radiative energy from the Sun to stored
chemical energy through splitting of water into oxygen and hydrogen. This approach can form the basis for a sustainable hydrogen based energy economy and
be converted further to hydrocarbon using CO2 [1, 2].
Fushijima and Honda have reported the first demonstration of photocatalytic
hydrogen production from water splitting with TiO2 photoelectrodes [3]. Further,
research in this area has focused on finding a photoelectrode material with efficient solar light harvesting, high quantum efficiency, good chemical stability, high
abundance and low cost. Up to date, there is no single material which can fulfill
all the requirements of an ideal photoelectrode material. Among the studied photoelectrode materials, III-V semiconductors have suitable band gaps and energy
levels which can straddle with hydrogen and oxygen redox potentials. However,
they suffer from their cost and low chemical stability. Conversely, many transition
metal oxide semiconductors show high chemical stability. TiO2 and WO3 have
been investigated [4, 5] and showed high chemical stability, which is due to their
relatively large bandgap. On the other hand their large band gap limits their
possible solar to hydrogen (STH) conversion efficiency. More specifically, STH
efficiencies of TiO2 (anatase, Eg = 3.2 eV) and WO3 (Eg =2.6 eV) are predicted
as 3.4 and 10.2% by considering their band gaps. Besides suitable band gap for
sufficient light absorption, the photoelectrode material must be made from raw
material with high abundancy. α-Fe2 O3 is considered as a promising photoelectrode material not only due to its optimal band gap (Eg = 1.9 –2.2 eV) that leads
to STH efficiency of 16.8% and a chemical stability in oxidative environment, but
also exhibits high abundance and low cost [1]. The Earth’s crust contains 6.3%
of iron by weight and different forms of iron oxide can be either found in nature
or synthesized in laboratories. Fe2 O3 has been first used as a material for water
photolysis by Hardee and Bard in 1976 [6].
Despite the promising features of hematite, its practical performance in solar
water splitting is far below the theoretical expectation. The major challenges of
using hematite for PEC water splitting are a flat band potential too low in energy
to reduce water, the need for an external bias to complete water splitting reactions, a low absorption coefficient, poor majority carrier conductivity and short
diffusion length of minority carriers. Recent studies have suggested that nanostructuring, doping and surface treatment can overcome these challenges [7–11].
Various synthesis methods have been used for nanostructuring, such as sol-gel,
spray pyrolysis, hydrothermal and atmospheric pressure chemical vapor deposi85
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tion (APCVD) [10, 12–14]. Photoelectrodes prepared by sol-gel and spray pyrolysis techniques are known to fail in photoactivity. Sol-gel method suffers from
material quality such as problems of crystallinity and impurity concentration. Although, spray pyrolysis techniques can produce films with nanometer crystalline
domain size, the films are generally compact (not porous) which limits the active
surface area. Besides, this technique suffers from the presence of residues such
as chlorine or carbon [2]. Hydrothermal and APCVD processes are known to
provide efficient hematite nanostructuring and high photoelectrochemical water
splitting performance. In hydrothermal method, a uniform layer of iron oxyhydroxide (FeOOH) is formed on the substrate after heating the substrate in an
aqueous solution containing 0.15 M of ferric chloride (FeCl3 ) and FeOOH coated
substrate is sintered in air to obtain hematite nanowires [10]. In APCVD technique, cauliflower-type morphology is formed by thermal decomposition of the
highly reactive iron source (Fe(CO5 )) to nanoparticles, which are deposited upon
the substrate along with the unreacted precursor in the carrier gas stream [15].
Recently, photocurrent densities of 4.0±0.1 mA/cm2 and 4.32 mA/cm2 have been
achieved by hematite photoelectrode prepared after doping and adding catalyst
by hydrothermal and APCVD method, respectively [16, 17]. These methods are
based upon material deposition, for which adhesion and conductivity between
crystallites and substrate can be problematic. In order to overcome this problem,
sintering at high temperature is required. High temperature treatments usually
cause problems especially for FTO coated substrates due to softening of glass and
instability of FTO layer above around 550 ◦ C [2].
In Chapter 5, we have proposed helium ion induced nanostructuring as an
efficient method for the preparation of nanostructured WO3 after a two-step annealing [18]. This technique provides a control over the morphology, good contact
between crystallites, no impurity contamination and requires no complex chemistry as in other techniques. By this technique, a maximum photocurrent density
of 1 mA/cm2 has been achieved for nanostructured WO3 electrode. Relying on
this promising result and the observation of a similar controllable nanostructure
formation on iron surfaces [19], a similar experimental pathway is followed for
iron samples. Optimum oxidation conditions for helium ion induced nanostructured iron samples are investigated and photocatalytic activity of these samples
is presented.

6.2

Experimental

Mechanically polished iron samples have been irradiated with high fluxes of low
energy helium ions at a surface temperature of 700 ◦ C for 20 minutes in the
Pilot-PSI linear plasma generator [20]. Details of nanostructure formation as a
function of ion flux, surface temperature and plasma exposure time can be found
elsewhere [19]. Two oxidation procedures have been followed for the nanostructured iron samples. A group of samples was annealed under air at different an86
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nealing temperatures (400–600 ◦ C with heating rate of 20 ◦ C/min) for one hour.
The other samples were exposed to an Ar/O2 plasma from a remote expanding
thermal plasma (ETP) technique [21]. The plasma is generated by a cascaded
arc source with an input power of 1.9 kW. Pressure was around 270 mbar in the
arc and 0.5 mbar in the downstream region where the electron density is around
1021 -1022 m−3 [22]. The argon flow is kept constant at 3.3 slm (standard liters
per minute). Oxygen is introduced into the plasma from a nozzle located after the
exit of the plasma source. Atomic oxygen is generated via charge exchange and
dissociative recombination with a rate of approximately 10−16 m3 s−1 and 10−13
m3 s−1 , respectively [23, 24], through the reactions :
Ar+ + O2 → O2+ + Ar

(6.1)

O2+ + e− → O + O∗

(6.2)

Samples are mounted on a holder that enables control of the surface temperature through ohmic heating and cooling by liquid N2 . Effects of surface temperature, plasma exposure time and Ar/O2 concentration on the oxidation have been
studied. Morphologies of the surface both before and after the oxidation process
were analyzed with Scanning electron microscopy (SEM). Chemical composition
of oxidized surfaces was analyzed with Raman spectroscopy, which is equipped
with a grating with 1800 lines/mm and a 514 nm laser with a power of 12.5 mW
for the spot size of 50 µm, x-ray diffraction (XRD) with a diffractometer using
Cu Kα radiation and x-ray photoelectron spectroscopy (XPS).
After oxidation, the samples were tested in a photoelectrochemical measurement
set-up. Photoelectrochemical characterization was carried out in aqueous 1 M
KOH solution. Potential control was provided by a potentiostat (EG&G PAR
283) in a three-electrode cell with a fused silica window [2]. An Ag/AgCl electrode (XR300, Radiometer Analytical) and a coiled Pt wire were used as the
reference and counter electrodes, respectively. White-light photocurrent densities
were measured under simulated AM1.5 solar illumination (100 mW/cm2 ) with a
Newport Sol3A Class AAA solar simulator (type 94023A-SR3).

6.3
6.3.1

Results and Discussion
Oxidation

Iron nanostructures were formed by helium ion irradiation with surface temperature of 700 ◦ C for 20 minutes. To ensure that the thermal treatment required
for oxidation will not modify the helium-induced structure, the stability of the
nanostructures was tested by heating at 600 ◦ C for one hour in a high vacuum
(< 5×10−7 mbar) chamber. As seen in Figure 6.1, there is no significant surface
morphology change caused by this thermal treatment.
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Figure 6.1: SEM images of iron surface after helium plasma exposure (a)and
thermal treatment at 600 ◦ C for 1 hour in a high vacuum chamber after helium
plasma exposure.
Samples were oxidized in air for one hour, at different temperatures: 400, 500
and 600 ◦ C. Raman spectra of each sample after annealing are shown in Figure
6.2. Several phases of iron oxide exist, such as hematite (α-Fe2 O3 ), maghemite
(γ-Fe2 O3 ), magnetite (Fe3 O4 ) and wuestite (Fe1−x O), which is considered as nonstoichiometric and metastable under ambient conditions [25]. Typical Raman
spectrum of maghemite gives three broad bands at ∼350 cm−1 , ∼500 cm−1 and
∼700 cm−1 while the wuestite phase gives a broad peak at ∼652 cm−1 [26], none
of which is observed for the spectra seen in Figure 6.2. Compared to the reference
hematite and magnetite spectra taken from the RRUFF database [27], samples
annealed at three different temperatures clearly exhibit hematite profile, with the
most intense peaks after oxidation at 600 ◦ C. Besides the hematite peaks, the
peak at 660 cm−1 could indicate the presence of magnetite phase especially for
the samples annealed at 400 and 600 ◦ C.
As a complementary analysis, XRD measurements were conducted on the
samples annealed at 400 ◦ C and 600 ◦ C. As seen in Figure 6.3, there is a large
difference in the XRD patterns taken from a measurement area of around 5 mm2
after gonio scan (θ/2θ) of samples annealed at 400 and 600 ◦ C. The absence of the
majority of the hematite and magnetite peaks and the dominant iron peaks in the
XRD pattern of the sample annealed at 400 ◦ C might indicate that this sample is
hardly oxidized. Raman measurement is known to be more surface sensitive than
XRD measurement, since the information depth in Raman measurement is in the
order of several hundreds of nm, whereas few µm in XRD measurement. Hence
XRD patterns may contain more information from bulk, whereas oxide phases
are clearly identified at Raman spectra. XRD pattern for the sample prepared
at 600 ◦ C shows most of the hematite peaks and also a few peaks of magnetite.
Due to the coexisting of these two phases, the peaks at 35.6 ◦ and 56.8 ◦ could be
either the peaks of hematite or magnetite. Dominance of hematite phase for the
samples annealed at 600 ◦ C is consistent with the phase diagram of Fe-O, since
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Figure 6.2: Raman spectra of nanostructured iron surfaces after one hour annealing in air at 400, 500 and 600 ◦ C (reference magnetite and hematite spectra:
RRUFF ID (hematite) : R040024, RRUFF ID (magnetite) : R060191).
hematite formation is expected at around 580 ◦ C [28]. During thermal oxidation
in air, iron is usually oxidized in multilayered form consisting of different phases
depending on the temperature [29,30]. According to the free energies of the oxide
formation (can be found in the Ellingham/Richardson diagram [31]), iron tends to
be oxidized to Fe2+ (divalent iron ion) and forms FeO (wuestite) at temperatures
above 570 ◦ C. Further, some of Fe2+ ions are oxidized to Fe3+ (trivalent iron
ion) to form Fe3 O4 (magnetite), which contains both Fe2+ and Fe3+ . Iron is
directly oxidized to magnetite at temperatures below 570 ◦ C, since wuestite is
unstable for these temperatures. At sufficient oxygen pressure, iron oxidizes to
Fe2 O3 (hematite) containing Fe3+ ions. The iron oxide consists of two-sublayers:
Fe3 O4 /Fe2 O3 , and three-sublayers: FeO/Fe3 O4 /Fe2 O3 , when the temperature
is lower and higher than 570 ◦ C, respectively. Accordingly, it can be claimed
that magnetite peaks observed in spectra might originate from a magnetite layer
underneath the outermost hematite layer.
Several experimental studies on thermal oxidation of iron have been reported
for a wide temperature range [29, 30, 33–35]. Hematite nanowires start to grow
beyond 400 ◦ C and increase in temperature up to 700 ◦ C resulted in denser
nanowires on the surface [29, 30, 34, 35]. Above 700 ◦ C, either different phases
(wuestite, FeO) [35] become dominant instead of hematite or surface smoothen89

Chapter 6. Oxidation of helium ion induced nanostructured iron - towards water
splitting

Figure 6.3: XRD patterns of nanostructured iron samples after annealing in air for
one hour at 400 and 600 ◦ C (References are based on the RRUFF Database [27].
Hematite (H)-RRUFF ID: R040024, magnetite (M)-RRUFF ID: R060191).
ing can take place [30]. There are two major differences between these studies
and our study. Oxidation in these studies is conducted under pure O2 environment whereas in our study this was performed in air. The second difference is
that nanostructures grow during oxidation, on the other hand oxidation is done
on samples which had been previously nanostructured in our study. The first
difference is tested by annealing nanostructured iron sample under a pure O2 atmosphere. The sample is analyzed with XRD. Figure 6.4 exhibits some changes
in relative intensity of the peaks compared to samples annealed in air (see Figure
6.3). The difference is clearly observed especially for pure iron peaks, which are
much lower than the peaks observed in Figure 6.3. These samples were analyzed
further by XPS (see Figure 6.5) and no difference is observed between samples
annealed in air and O2 . Fe 2p3/2 and Fe 2p1/2 are at binding energies of 710.9 eV
and 724.5 eV, respectively, and the satellite peak at around 720 eV, which are in
good agreement with the literature values for hematite [36]. Hence, XPS spectra
confirm the predominance of the hematite phase on the surfaces. For comparison,
one polished iron sample has been annealed in O2 at 600 ◦ C for one hour. Its XPS
spectrum is not different to that of the nanostructured iron samples (see Figure
6.5). One should mention here that XPS is a surface sensitive technique and as
such only probes the chemical composition of the very near surface.
It has been mentioned earlier that annealing in vacuum up to 600 ◦ C did
not cause any morphology changes (see Figure 6.1). The combinational effect
of oxidation and temperature has been investigated by taking SEM images from
samples annealed at 400, 500 and 600 ◦ C. Images seen in Figure 6.6 show that
the nanostructures are strongly deformed after oxidation for all temperatures.
The fine-scale nanostructure observed in Figure 6.1 is no longer present, and a
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Figure 6.4: XRD pattern of nanostructured iron sample annealed in O2 at 600
C for one hour.

◦

Figure 6.5: XPS spectra of polished iron sample after annealing in O2 at 600 ◦ C
and nanostructured iron samples after annealing in air and O2 at 600 ◦ C.
coarsening of the structures has occurred.
Since these samples are aimed to be used as photoelectrode in PEC cells
and provide an enhanced efficiency due to their high surface area to volume ratio,
preserving the nanostructures after oxidation is essential. It is known that reactive
oxygen plasma provides for faster oxidation, since the metal surface is directly
exposed to atomic oxygen, and might be more suitable for nanoscale features
compared to thermal oxidation. Iron oxide nanostructures with various shape
and size have been formed under different plasma conditions [37].
As seen in Figure 6.7, Raman spectrum of the nanostructured iron sample
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Figure 6.6: SEM images of nanostructured iron samples after annealing in air for
1 hour at 400 ◦ C (a), 500 ◦ C (b) and 600 ◦ C (c).
before oxidation resembles reference that of the magnetite spectrum (see Figure
6.2). The sample is exposed to an Ar/O2 plasma with gas flows of 3.3 slm Ar and
0.3 slm O2 without any external heating (depending on the process time, 27 ◦ C <
surface temperature < 40 ◦ C). Raman measurements were taken after 1, 6 and 16
minutes of plasma exposures. Hematite peaks are clearly observed in these Raman
spectra already after 1 minute. Consistently, it has been reported that RF oxygen
plasma can provide oxidation in a very short time (2 minutes) [38]. Oxidation in
ETP setup with DC discharge would be expected to be different from this referred
study conducted with RF discharge in terms of reactivity. It is known that ETP
can provide a high dissociation degree. The large pressure difference between
the arc and the process chamber of ETP set up causes a supersonic expansion of
plasma and the molecular gases are strongly dissociated in the chamber.
Another main difference between the study described in [38] and ours is that
higher surface temperature (> 400 ◦ C) has been applied. Considering the required
temperature for phase transition, it is interesting to form hematite without heating. Cvelbar et al. explain the growth of hematite nanowire and nanobelts in
reactive oxygen plasma in three stages, nucleation, instability and growth [38]. It
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Figure 6.7: Raman spectra of the nanostructured iron sample before and after
being exposed to Ar/O2 plasma for 1, 6 and 16 minutes without heating.
has been shown that nucleation can occur even at temperatures (∼420 ◦ C) below
the required transformation temperature from iron to hematite, whereas higher
temperature is needed for further growth of nanowires [37, 38]. The relaxation in
the required surface temperature is attributed to the fact that plasma exposed
regions are expected to be locally heated up to temperatures beyond phase transition due to the recombination of oxygen atoms with iron atoms [38]. Since
nanostructures were already present on our samples, high temperature treatment
may not be necessary different from the case of hematite nanowire growth. Local
heating up can be even enhanced in our case, since nanostructures can be heated
up easier than bulk materials. Hence, this can lead to form hematite at room temperature. A mechanically polished iron sample is exposed to an Ar/O2 plasma at
room temperature for one minute, in order to clarify the effect of nanostructures
on local heating. The change in the Raman spectrum for the polished sample (see
Figure6.8) is not striking as what has been observed for the nanostructured iron
sample (see Figure 6.8). Hematite peaks become visible after the exposure at 400
◦
C. The peak at 660 cm−1 indicates the presence of magnetite phase in the oxide
layer.
The surface temperature of the sample that has been already exposed to an
Ar/O2 plasma for 16 minutes is increased gradually to observe any change in
oxide phases with temperature. All hematite peaks are clearly observed with
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Figure 6.8: Raman spectra of the mechanically polished iron sample before and
after Ar/O2 plasma exposure for 1 minute at room temperature (RT) and 1 hour
at 400 ◦ C.
surface temperatures of 100, 200 and 400 ◦ C, whereas the relative intensity of
peaks decreased the higher the temperature (see Figure 6.9). XRD measurements
were conducted as well. As seen in Figure 6.10, metallic iron peaks dominate the
spectra. In the zoomed-in section of the spectrum, one peak of hematite and one
peak of magnetite are observed. Since the intensity of iron oxides are quite small,
measurement was repeated with grazing incidence angle. Besides the intense iron
peaks, few peaks of the hematite are detected for this sample. Since the patterns
do not contain most of the oxide peaks, the peaks at 35.6 ◦ and 56.8 ◦ could be
attributed to hematite or magnetite phases.
Instead of gradually rising the temperature, another nanostructured iron sample was exposed to an Ar/O2 plasma with surface temperature of 400 ◦ C for one
hour after 10 minutes exposure at room temperature. As seen in Figure 6.11,
consistently with the previous sample, there is a significant change in the Raman
spectrum after oxidation at room temperature. Once the temperature and the
duration are increased, the intensities of most of the peaks tend to decrease and
broadening is observed for some peaks (around 660 and 1320 cm−1 ). The broadening might indicate the presence of other oxide phases. Since magnetite is known
to have a characteristic peak at 660 cm−1 , the broadening can be attributed to
the co-existence of magnetite and hematite.
In order to gain more insight, XRD measurement was conducted. Similar to pre94

6.3 Results and Discussion

Figure 6.9: Raman spectra of the nanostructured iron sample after being exposed
to Ar/O2 plasma for 16 min without heating and further for 5 min at 100 ◦ C, 5
min at 200 ◦ C and 5 min for 400 ◦ C.
vious sample (Figure 6.10), the spectrum is dominated by iron peaks (see Figure
6.12). Few peaks of hematite and magnetite are clearly observed even though
their intensity is well below that of the iron signal. For both samples two peaks
are observed at 26.5 and 38◦ and do not correspond to any iron oxide phase.
These peaks could be attributed to impurities from ETP setup, where contamination might happen after chamber cleaning with carbon tetrafluoride (CF4 ) with
hydrogen.
Raman and XRD measurements (see Figure 6.2 and Figure 6.3) reveal that
hematite formation is more favorable for the sample annealed at 600 ◦ C. Hence,
it would be worth to compare the oxide formation on the nanostructured iron
samples after exposing them to an Ar/O2 plasma both at 400 ◦ C and 600 ◦ C.
However, the heating stage that is used in the ETP setup is not compatible
with temperatures higher than 400 ◦ C. For that reason, the nanostructured iron
sample was exposed to an Ar/O2 plasma at 600 ◦ C only for 10 minutes. Raman
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Figure 6.10: XRD pattern of the nanostrucutred iron sample after being exposed
to an Ar/O2 plasma while gradually heated up to 400 C (a), (b) zoomed-in
section of spectrum in (a) and (c) XRD pattern taken at grazing angle.

and XRD measurements were conducted on the surface (see Figure 6.13). All
hematite peaks are clearly observed in the Raman spectrum, whereas pure iron
peaks are dominating the XRD pattern.
The other significant parameter that can influence the oxidation process is
the oxygen density in the plasma. Oxygen is injected through a nozzle and the
amount of oxygen is adjusted by changing the flow rate. Samples were exposed to
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Figure 6.11: Raman spectra of the nanostructured iron sample before and after
being exposed to an Ar/O2 plasma with surface temperature of 400 ◦ C for one
hour.
an Ar/O2 plasma with three different oxygen flow rates (0.3, 0.6, 0.9 slm) without
any external heating. Figure 6.14a shows that there is a significant change in
Raman spectra beyond 0.6 slm of oxygen flow.
Oxygen plasma treatment is widely used in various fields, such as bio and nano
technologies [39,40]. When a metal surface is treated with a weakly ionized oxygen
plasma, it is exposed to plasma radicals, positive ions and atoms. The electrons
generally cause few surface effects, whereas electron-molecular collisions produce
oxygen radicals [41]. The common finding from the applications is that the main
reactants are mostly neutral oxygen radicals, especially oxygen atoms, rather
than ions [42]. Hence, a high atom density should be provided. Accordingly,
atomic oxygen densities for each oxygen gas flow rate used in our experiment
are compared. The model presented by Brussard [43] is used to calculate the
normalized atomic oxygen density with respect to the argon density at the position
(0,0) as a function of oxygen flow rate. The equation that he used to calculate
atomic oxygen at radial position of 0 (r=0) is as follows.
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n0 (z, 0) = 2nAr+ (0, 0)nO2 kce

1
ϑd

Z

z

0

nO2

−nO2 kce

1 0
z
ϑd

exp
dz 0
4Da
4D0
0
0
(z − z ) +
(z + 1)
ϑd (ρ(0))2
ϑd (ρ(0))2
(6.3)
ΦO 2 p
=
(6.4)
Φtot kT

Figure 6.12: XRD pattern of the nanostructured iron sample after being exposed
to Ar/O2 plasma with surface temperature of 400 ◦ C for one hour (a), (b) zoomedin section of XRD pattern in (a).
The parameters used in Equation 6.3 are listed in Table 6.1. Values for each
parameter were taken from the reference study [43].
The model is applied for different background pressures. The general trend in
all conditions is explained as follows. The oxygen flux at substrate does not only
depend on the oxygen atom production but also the transportation of these atoms
to the sample. The explanation is based on the fact that the oxygen atoms can
diffuse faster than the argon ions. At low oxygen flow rates, the partial pressure
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Figure 6.13: (a) Raman spectrum and (b)XRD pattern of the nanostructured iron
after being exposed to an Ar/O2 plasma for 10 minutes at 600 ◦ C.

of oxygen is low and the charge exchange reaction is slow. At higher oxygen
flow rates, the charge exchange reaction becomes faster and the density of argon
ions produced via charge exchange are significantly decreased as a function of
distance from the nozzle. Most of the atomic oxygen is formed close to the nozzle.
Hence, oxygen atoms will need more time to reach the sample and consistently
the density of atomic oxygen at the sample will be lower. The calculation is
conducted according to our background pressure and oxygen flow rates. Figure
6.14b demonstrates that normalized oxygen atom density is increased with flow
rate of up to around 0.3 slm and starts to decrease beyond that flow rate. Although
the change in the oxygen atom density for different oxygen flow rates is not
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Figure 6.14: Raman spectra of nanostructured iron samples after oxidizing with
O2 flow of 0.3, 0.6 and 0.9 slm (a) and plot of normalized oxygen density calculated
using Equation 3 versus oxygen flow rate (b).
nAr+
nO2
kce
θd
4D0
θd (ρ(0))2
4Da
θd (ρ(0))2
z
ΦO 2
Φtot
p
T

normalized argon ion density
oxygen molecule density
charge exchange rate
plasma drift velocity
atomic oxygen diffusion coefficient
argon ambipolar diffusion coefficient
distance from arc to sample
fraction of flow rate of oxygen to total flow rate (argon plus oxygen)
background pressure
gas temperature
Table 6.1: Parameter list of Equation 3

striking, the qualitative explanation given above can be considered here. A similar
relation between atomic oxygen density and oxygen flow rate has been reported
by van Hest et al. [44]. They have supported their experimental findings with this
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model.
Once XRD patterns of the thermally oxidized and plasma oxidized samples are
compared (see Figure 6.4, Figure 6.10 and Figure 6.12), it can be easily seen that
the plasma oxidized sample gives more intense iron peaks. This could indicate
that a thicker oxide layer is formed after thermal oxidation than after plasma
oxidation.

Figure 6.15: SEM images of nanostructured surfaces after being exposed to an
Ar/O2 plasma (a) while being heated gradually up to 400 ◦ C and (b) with surface
temperature of 400 ◦ C.

After plasma oxidation, the surface morphology was analyzed with SEM. As
seen in Figure 6.15, nanostructures are clearly observed on the surface, which
was not the case after thermal oxidation. The effect of oxidation on morphology
seems to be a doubling of the feature size. The other significant difference between
thermally oxidized and plasma oxidized samples is observed during Raman measurements. For thermally oxidized samples the Raman peak positions are in good
agreement with reference data for hematite, whereas red-shifting (< 20 cm−1 ) and
broadening have been observed in Raman spectra of plasma oxidized samples. Raman peak shifts could be caused by several effects such as phonon confinement,
anharmonic phonon vibrations etc. [45]. The size of the hematite nanostructures
should be less than few tens of nm for phonon confinement to occur. Since our
structures are larger than 100 nm, this effect would be excluded. On the other
hand, the surface after plasma oxidation could be affected more from laser induced
local heating, since the surface is still nanostructured after oxidation. The local
heating could lead to anharmonic phonon vibrations and consequently shifts in
peaks and broadening would be expected. The effect of laser power on wavenumbers has been reported for hematite surface [26]. When laser power is increased
from 0.7 mW to 7 mW, around 15 cm−1 a red shifting has been observed in
Raman measurements.
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6.3.2

Photoelectrochemical measurements

The photoelectrochemical activity of samples oxidized by thermal annealing and
plasma treatment is determined by measuring photocurrent density as a function of the applied potential under chopped AM 1.5 illumination. As seen in
Figure6.16a, the photocurrent density of the nanostructured sample that was annealed in pure oxygen is almost two times higher than the one measured from
the polished hematite. The difference between the photocurrent densities of the
nanostructured and the polished hematite electrodes would be expected to be even
higher, if the nanostructures had not been modified during the thermal oxidation
(see Figure 6.6). Figure 6.16b shows the photocurrent densities of samples after
plasma oxidation. The photo response from the sample that was plasma oxidized
while gradually heated up to 400 ◦ C is almost negligible, whereas photocurrent
density around 25 µA/cm2 is measured on the sample that was plasma oxidized at
400 ◦ C. The difference in their photo responses could be related to their chemical
compositions. XRD analysis showed that both samples have intense iron peaks
in their spectra, but oxide peaks for the gradually heated sample are hardly detectable. This could reveal that oxide layer thickness of this sample is very thin
and not sufficient to absorb visible light and make the surface photoactive. Due
to the technical issues in the plasma oxidation setup, the experiments were performed at lower temperatures than thermal oxidation. Hence, an improvement in
photo response might be expected after plasma oxidation at temperatures above
400 ◦ C.

Figure 6.16: J-V curve under chopped AM1.5 illumination of iron samples after
thermal oxidation (both nanostructured and polished surface) (a) and oxygen
plasma oxidation (b).

Although the photo response of our samples are very low, these results are
comparable with those reported for undoped hematite samples in literature (4-35
µA/cm2 ) [10,46]. Doping is one of the most effective way to improve the efficiency
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for hematite photoanodes, since it directly increases the charge conductivity. Several studies have shown that the photocurrent density measured on a sample of
mesoporous hematite placed on F:SnO2 coated glass is increased after annealing
at 800 ◦ C, so-called high temperature annealing (HTA), without doping [10, 47]
only due to Sn diffusion from F:SnO2 layer into the mesoporous hematite film.
Besides, hematite can be doped with different elements, such as Si, Ti, Zn, Sn,
Ta and Mo, to significantly enhance their PEC activity [9, 10, 13, 48–50].
The other drawbacks of hematite are the slow oxygen evolving reaction (OER)
kinetics and surface trap states, which directly cause the requirement of overpotential. As seen in Figure 6.16, there are both strong positive and negative
transients. The positive transient indicates that there is an accumulation of holes
at the surface due to slow OER kinetics and surface traps [51]. Accordingly, the
negative transient is observed when these accumulated holes recombine with photogenerated electrons [51]. Surface passivation is usually applied to overcome the
limitations due to slow OER kinetics and surface trap states. After surface passivation, charge transfer mainly occurs through valance band and consequently this
provides higher photocurrent. Besides the possible losses at the semiconductor
electrolyte interface, a significant amount of photogenerated charge is lost in the
bulk.
Nanostructuring is accepted to improve the efficiency of hematite by increasing the semiconductor/electrolyte interface and reducing the diffusion length for
minority charge carriers. However, not all nanostructures provide a similar effect on PEC activity. Nanotubes or similar structures are known to provide faster
electron transfer, whereas nanoparticles suffer from e-h recombination losses same
as bulk iron oxide [46]. Although it is hard to judge from top view images, the
electron transfer could be limited due to the randomly oriented formation of our
structures.

6.4

Conclusions

Oxide layer formation is studied on the nanostructured iron surfaces, since nanostructuring is considered as one of the efficiency increasing techniques in PEC cells.
Helium ion induced nanostructured iron samples were oxidized to hematite by
thermal annealing and oxygen plasma treatment. The evolution of the heliuminduced nanostructures is studied during oxidation. After thermal annealing
nanostructures are not preserved on the surface, while the application of plasma
oxidation successfully preserved the nanostructures. Raman measurements that
were taken just after plasma oxidation at room temperature reveal that hematite
can be formed even without any thermal treatment. However, both XRD and
photocurrent measurements indicate that oxide thickness might be insufficient
for an efficient photo response. Although the PEC performance is quite low,
it is comparable with the pristine hematite films and nanoparticles reported in
literature [46, 52–54].
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Chapter 7

Conclusions and outlook
7.1

Conclusion

Plenty of approaches exist to nanostructure metal surfaces, including wet chemistry methods, lithography and plasma processing methods etc.. Plasma systems
provide a well-controlled treatment and leave no residuals on the surface after
processing. This thesis is devoted to the investigation of the effect of high flux
of low energy (< 100 eV) helium ion irradiation on metal surfaces and proposes
helium ion induced nanostucturing as a technique to produce materials to be used
in various applications, especially in photoelectrochemical water splitting. The
main goal was to get a better understanding on the underlying mechanism of
helium ion induced surface modifications. The experiments were focused to study
the surface modifications as a function of ion energy, surface temperature, ion
flux, ion fluence and cyrstal structure of metals.
Fiber-like nanostructures are formed on iron after high flux (in the range of
1023 m−2 s−1 ) of helium ion irradiation. A control over nanostructure formation
has been achieved by surface temperature and plasma exposure time. The structures tend to enlarge with temperature and become finer (with a diameter of
around 50-100 nm) for longer exposures. This controllable nanostructure formation is consistent with tungsten nanostructure formation that has been studied
by many research groups. Accordingly, a similar mechanism is expected to induce
the formation of these nanostructures on iron. Helium bubbles are considered as
the major effect of nanostructure formation on tungsten. However, the nanostructured layer thickness for iron (500 nm) is measured as being thinner than
for tungsten (few µm). The difference is mainly attributed to the presence of
physical sputtering in the iron case, since it is considered as negligible for the
experiments conducted on tungsten. The measured mass loss for iron indicates
that the contribution of physical sputtering on nanostructure formation needs to
be taken into account.
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Consistent results on nanostructure formation on iron, tungsten and molybdenum motivated our investigation on different metal surfaces. Since iron, tungsten
and molybdenum are body centered cubic (bcc) metals, our experiments were
focused on metals with different crystal structures. Various surface modifications
have been observed on titanium, aluminum and copper. Cross section images
showed that helium can diffuse and form clusters in all these metals. However,
void formation was not sufficient to have a significant morphology change on titanium. Nano pillars were formed on aluminum and copper surfaces in addition
to the voids underneath the surface. The pillar formation was attributed to the
contribution from physical sputtering. To learn whether these kinds of structures
can be formed only with the effect of physical sputtering, aluminum surface was
exposed to argon ions, since one would expect that argon ions can sputter the
iron surface easier than helium ions. Different from helium ion irradiation, no
significant surface modification is observed. This reveals that the surface modifications that we observe on Al and Cu cannot be only attributed to physical
sputtering caused by any ion species. Both voids and physical sputtering should
be considered as effective factors in morphology changes.
Our exploratory experiments on surface modifications of metals under helium
ion irradiation can be supported by calculations using models, such as Molecular
Dynamics (MD) and Monte Carlo (MC), that are conducted to investigate the
underlying mechanism of morphological changes. By this, a fundamental understanding can be gained and the experiments can be guided for defined purposes,
such as using the helium ion induced nanostructures in various applications.
Nanostructuring is considered as an essential technique for materials, which
suffer from the mismatch between the intrinsically low light absorption coefficient
(1/α = 6 µm at λ = 327 nm for tungsten oxide) and short minority carrier diffusion
length (∼150 nm for tungsten oxide), to improve their photocatalytic performance
in PEC cells. There are plenty of methods to fabricate nanostructured photoelectrodes. Majority of these techniques, especially wet-chemistry based ones, suffer
from poor contact between structures and consequently have inefficient charge
transport. Helium ion induced nanostructuring can satisfy the conduction problem with the continuous structures grown on metal that can enable an efficient
charge transport. As a case study, tungsten has been studied. Since metal oxides are used as photoelectrodes, helium ion induced nanostructured tungsten
was oxidized to obtain monoclinic WO3 . Substoichiometric WO3−x was formed
after one step annealing, whereas monoclinic WO3 formation was obtained after
a two step annealing in pure O2 , 2 hours at 550 ◦ C annealing followed by further annealing at 450 ◦ C for 4 hours. The photocurrent density measurements
showed that nanostructured substoichiometric tungsten oxide photoelectrode did
not show significant photoresponse. On the other hand, monoclinic WO3 provided
a photocurrent density of up to 1 mA/cm2 , which is five times higher than nonporous WO3 sample. Although this photoresponse is already promising compared
to the values reported in the literature for nanostructured WO3 photoelectrodes,
the effect of the feature size on the photoresponse should be investigated further.
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Since similar controlled nanostructure formation has been obtained on iron
and hematite (α-Fe2 O3 ) phase of iron oxide is known to be used as photoanode
in PEC cells, oxidation of helium ion induced nanostructured iron surface was
studied. Both thermal and plasma oxidation were applied to the iron samples.
Thermal annealing was conducted at different temperatures (400–600 ◦ C) in air
and Raman measurements indicated that hematite was formed after these thermal
treatments. However, SEM images taken after oxidation showed that the nanostructures were not existing anymore. Since nanostructured hematite samples are
aimed to be used in PEC cells to enhance the photocatalytic activity, preserving
the nanostructures is essential. Hence, the nanostructured iron samples were exposed to an Ar/O2 plasma by remote expanding thermal plasma (ETP) technique.
SEM images taken from the samples after plasma exposures showed that nanostructures were not deformed during oxidation. Chemical composition of oxidized
surfaces were analyzed with Raman spectroscopy and x-ray diffraction (XRD).
Low hematite signals that were observed in these measurements indicated that
much thinner oxide layers were formed compared to the oxide layers obtained
after thermal annealing. Photocurrent densities of hematite samples prepared
by both thermal annealing and plasma oxidation were measured and few tens
of µA/cm2 were obtained from these samples. Although the photoresponse was
very low especially compared to the photoresponse obtained from nanostructured
WO3 , it is still comparable with the performances of pristine hematite films and
nanoparticles in the literature. It is known that hematite strongly suffers from
slow reaction kinetics at the surface, high density of surface states, which act as
traps, and poor charge conductivity. Hence, the majority of the studies conducted
on hematite apply several treatments, such as surface passivation and doping, on
the material to overcome these drawbacks. Accordingly, the photocatalytic performance of helium ion induced nanostructured iron samples could be improved
with the additional treatments.

7.2

Outlook

Vast majority of photoelectrodes used in PEC cells are based on thin films. Thin
films can provide more freedom in the cell design, for example tandem junctions,
compared to bulk photoelectrodes [1–4]. Besides, thin films coated on a transparent substrate enables photocurrent measurements under either front or back
illumination. Differences between front and back side illumination can be clearly
observed especially in the case of that there is a significant light intensity gradient in the film and these differences are usually attributed to electron or hole
transport limitations depending on the charge diffusion lengths for materials [5].
Surface modifications on several metals by helium ion irradiation and the usage
of nanostructured metals (tungsten and iron) in PEC cells have been presented in
Chapters 3-6. There is limited knowledge about the behavior of thin films under
helium ion irradiation in the literature [6–8] and transferring helium ion induced
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nanostructuring technique to thin films would be interesting to investigate for
their usage in PEC cells and also for other applications.
There are several distinctive features of thin films compared to bulk material.
The most distinctive ones for thin films are their density, being under stress,
defect structure and being affected by the surface and interfaces. Thin films have
less dense structure than the bulk materials, this directly implies to have changes
in film adhesion, chemical stability as well as electrical and magnetic properties.
The density of metal films tend to increase with thickness and reaches a plateau,
which depends on the deposition method and conditions. The deposited metal
thin films usually have a high density of dislocations, which originate from the
lattice mismatch of substrate and film. These dislocations can directly influence
film stress and diffusion of atoms in the film. Grain sizes of thin films are smaller
by a factor of more than 100 than its bulk counterparts. Hence, thin films are more
reactive. All films are internally stressed without the presence of any external
force. Due to these distinctive properties of thin films, one would expect to
observe different behaviors from thin films under helium ion irradiation compared
to bulk metals.

Figure 7.1: SEM images of (a) as-deposited tungsten film on FTO coated glass
and tungsten film after helium plasma exposure taken under low (b) and high (c)
magnification.
.
As a case study, metal thin films (tungsten and iron) with thickness of 200 nm
were deposited on F:SnO2 (FTO) coated glass substrates by DC magnetron sputtering with deposition rates of 2.27-3.44 Å/s. Tungsten and iron films were exposed under helium plasma at Pilot-PSI with ion energy of 15 eV, ion fluence of
1.19× 1026 m−2 and 1.32× 1025 m−2 , respectively. FTO layers are known to be
stable up to 600–700 ◦ C [9], hence the peak temperature was kept around 600
◦
C and 650 ◦ C for tungsten and iron respectively. Figure 7.1 shows images taken
from tungsten film before and after helium plasma exposure. The surface is significantly modified and the structures formed on the surface resemble the ones,
so-called fuzz that had been reported for bulk tungsten in literature. Figure 7.2
shows iron thin film surface before and after helium plasma exposure. Although
there is a clear morphology change, the similarity between nanostructures seen in
Figure 7.2b and its bulk counterpart, which has been presented in Chapter 3, is
not so striking.
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The interesting point is that the ion energy and the surface temperature needed
for nanostructure formation on thin film, especially for tungsten case, are well
below the ones that are needed for bulk tungsten. This might indicate that
nanostructuring of thin film is easier. As mentioned earlier in the text, FTO
layer brings a limitation for surface temperature due to its stability issues at high
temperatures. Lowering the nanostructure formation temperature might enable
to have a more compatible nanostructured metal surface at the interface with
FTO.

Figure 7.2: SEM images of iron film after helium plasma exposure with surface
temperature of around 550 ◦ C (a) and 650 ◦ C (b).
.
As has already been observed for bulk metal samples, plasma parameters have
significant influence on surface modification, a detailed investigation for wider
ranges of ion energy, ion fluence and surface temperature can be conducted to
gain an understanding on interaction between helium ions and metal thin films.
Besides, the influence of grain size on nanostructuring the as-deposited thin films
can be studied. Once the optimum structures are found, these can be used as
photoelectrodes in PEC cells.
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