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Abstract

Materials from the Ta—O-N system offer very promising properties in terms of hydrogen
production via light-induced water splitting. This Ph.D. thesis deals with the preparation and
systematic investigation of Ta-—O-N films with very finely-tuned elemental composition, as
well as an investigation of advanced magnetron-based deposition techniques capable of

enhancement of the materials’ performance in future research.

Section | is devoted to a general introduction and motivation for this work. In Section I, aims
of this thesis are defined. Section Il is the most extensive and important section and is devoted
to results. This section is divided into four parts (Parts A — D) in the form of papers published

in international journals.

A High power impulse magnetron sputtering of a Ta target in various Ar+O2+N> gas mixtures
was utilized to prepare amorphous Ta-O-N films with a finely controlled elemental
composition in awide range. We investigate the effect of film annealing at 900°C in vacuum
on structure and properties of the films. We show that the finely tuned elemental
composition in combination with the annealing enables the preparation of crystalline Ta—
O-N films exhibiting a single TaON phase with a monoclinic lattice structure, refractive
index of 2.65 and extinction coefficient of 2.0 x 102 (both at the wavelength of 550 nm),
optical band gap width of 2.45 eV (suitable for visible light absorption up to 505 nm), low
electrical resistivity of 0.4 Q cm (indicating enhanced charge transport in the material as
compared to the as-deposited counterpart), and appropriate position of the band gap with
respect to the redox potentials for water splitting. These films are therefore promising

candidates for application as visible-light-driven photocatalysts for water splitting.

B Further fine-tuning of the deposition atmosphere together with post-deposition annealing
was used to prepare N-rich Ta—O-N films with a finely varied elemental composition. We
show that this approach allows preparation of a Ta-O-N film with a dominant Ta;N.O
phase of the bixbyite structure. As far as we know, this phase has been neither
experimentally nor theoretically reported yet. The film exhibits semiconducting properties
characterized by two electrical (indirect or selection-rule forbidden) band gaps of about 0.2
and 1.0 eV and one optical (direct and selection-rule allowed) band gap of 2.0 eV (suitable
for visible-light absorption up to 620 nm). This observation is in good agreement with the

carried out ab initio calculations and the experimental data obtained by soft and hard X-ray



photoelectron spectroscopy. Furthermore, the optical band gap is appropriately positioned
with respect to the redox potentials for water splitting, which makes this material an

interesting candidate for this application.

C We investigate the effect of a positive pulse voltage (30 — 400 V) in bipolar HiPIMS on the
crystal structure, microstructure and resulting mechanical properties of the growing CrN
films, and compare it to the effect of a standard DC bias voltage applied to the substrate
holder in unipolar HiPIMS. We find that when the substrate holder is at a floating potential,
its charging causes the loss of the plasma-substrate potential difference, necessary for ion
acceleration, and no obvious evolution is thus observed with increasing positive pulse
voltage. However, when the substrate holder is grounded, the effect of the positive pulse
voltage is apparent and different from the effect of the DC bias substrate voltage. That is
mainly due to differences in energies delivered into the growing film by bombarding ions.
Films prepared using bipolar HiPIMS at a positive pulse voltage of 90 and 120 V exhibit
the most interesting properties, namely high hardness (23.5 and 23.1 GPa, respectively) at
a relatively low residual compressive stress (1.7 and 1.5 GPa, respectively). The results
indicate that as long as the growing film is conductively connected with the ground, bipolar

HiPIMS is a suitable method to tailor and improve the film properties.

D Gas-aggregation source (GAS) was used to prepare Cu nanoparticles. By changing the
diameter of the exit orifice of the aggregation chamber, we were able to isolate and
investigate the effect of the flow rate of the working gas at a constant pressure inside the
chamber. We show that the conventional approach of changing pressure by adjusting the
flow rate (at a constant orifice diameter) does not significantly influence the nanoparticle
size. However, when the pressure is held constant, changing the flow rate has a notable
effect. Based on a theoretical study, we suggest that the determining parameter which needs
to be considered is the pressure to flow rate ratio. This ratio determines the residence time
of the nanoparticles inside the aggregation chamber (and therefore the time available for
them to grow) and is constant for a constant orifice diameter. Decreasing the orifice
diameter, however, increases the pressure to flow rate ratio, which gives the nanoparticles
longer time inside the aggregation chamber and allows them to grow larger. Apart from

their size, the orifice diameter also influences the mass flux and its angular distribution.

In Section 1V, conclusions of this thesis are given. In Section V, further publications of the

candidate are listed.



Resumé Cesky

Materialy ze systému Ta—O-N nabizeji velice slibné vlastnosti pro produkci vodiku rozkladem
vody aktivovanym svétlem. Tato disertaéni prace se zabyva piipravou a systematickym
vyzkumem vrstev Ta—O-N s velmi jemné ladénym prvkovym sloZzenim a vyzkumem
pokrocilych magnetronovych depozi¢nich technik umoziujicich budouci zlepSeni vykonu

zkoumanych materialii.

Sekce I se vénuje obecnému tivodu a motivaci pro tuto praci. V Sekei II jsou definovany cile

&asti (Cast A — D) ve formé védeckych ¢lankd publikovanych v mezinarodnich &asopisech.

A Vysokovykonové pulzni magnetronové naprasovani tantalového tere v riznych smésich
Ar+02+N2 bylo pouzito pro piipravu amorfnich vrstev Ta—O-N s velmi jemné ladénym
prvkovym sloZenim v Sirokém rozsahu. Zkouméame vliv zihani pti 900°C ve vakuu na
strukturu a vlastnosti pfipravenych vrstev. Ukazujeme, ze kombinace jemné¢ ladéného
slozeni a zihani umoziuje ptipravu krystalického materidlu Ta—O—N, ktery vykazuje pouze
fazi TaON s monoklinickou strukturou, refraktivnim indexem 2,65, s extink¢nim
koeficientem 2,0 x 10? (ob& hodnoty pro vinovou délku 550 nm), optickym zakézanym
pasem s Sitkou 2,45 eV (vhodnym pro absorpci viditelného svétla az 505 nm), nizkou
elektrickou rezistivitou 0,4 Q cm (znacici zlepSeny transport nosi¢i naboje materidlem v
porovnani s nevyzihanym vzorkem) a vhodnou pozici zakdzaného pasu s pfihlédnutim k
uplatnéni v rozkladu vody. Tento materidl je tak velmi slibnym kandidatem pro pouziti v

rozkladu vody pomoci svétla.

B JeSt€¢ jemngjsi ladéni depozi¢ni atmosféry spolu s Zihanim pfipravenych vzorkil bylo
pouzito k ptiprave vrstev Ta—O-N bohatych na dusik s velmi jemné€ ménicim se prvkovym
slozenim. Ukazujeme, Ze tento ptistup dovoluje pripravu vrstev Ta—O-N s dominantni fazi
Ta2N20 se strukturou bixbyite. Pokud vime, tato faze zatim nebyla experimentalné ani
teoreticky popsana. Tento materidl vykazuje polovodi¢ové vlastnosti definované dvéma
elektrickymi zakdzanymi pasy (nepfimym nebo se zakazanymi ptechody) s Sitkou 0,2 a 1,0
eV a jednim optickym zakédzanym pasem (pfimym a s povolenymi piechody) s Sitkou 2,0
eV (vhodnym pro absorpci viditelného svétla az 620 nm). Toto pozorovani je v dobré shodé
s provedenymi vypocty ab initio a experimentalnimi daty z rentgenové fotoelektronové

spektroskopie. Opticky zakdzany pas je navic vhodn€ umistén s ptihlédnutim k uplatnéni v



rozkladu vody. Tento materidl je tak zajimavym kandidatem pro pouziti v rozkladu vody

pomoci svétla.

C Zkoumame vliv kladného napétového pulzu (30 — 400 V) v bipolarnim HiPIMS na
krystalovou strukturu, mikrostrukturu a vysledné mechanické vlastnosti rostoucich vrstev
CrN a porovnavame ho s vlivem standardniho DC predpéti pfivedeného na drzak substrati
V unipolarnim HiPIMS. Zjistujeme, ze pokud je drzak substratd drzen na plovoucim
potencialu, jeho nabijeni zpisobuje ztratu potencidlového rozdilu mezi plazmatem a
substraty, ktery je potiebny pro urychleni iontii a zadny vyrazny vyvoj tak neni se
zvySujicim se napétim pozorovan. Nicméné pokud je drzak substrati uzemnén, vliv
kladného napéti je zfejmy a jiny nez vliv DC predpéti. To je zptisobeno hlavné rozdilnymi
energiemi dodanymi do vrstvy dopadajicimi ionty. Vrstvy pfipravené pomoci bipolarniho
HiPIMS piti kladném napéti 90 a 120 V vykazuji nejzajimavéjsi vlastnosti, obzvlasté pak
vysokou tvrdost (1,7 a 1,5 GPa). Tyto vysledky naznacuji, ze pokud jsou rostouci vrstvy
vodivé spojeny se zemi, bipolarni HiPIMS je vhodnou metodou k ladéni a zlepSovani

vlastnosti rostouci vrstvy.

D Agregacni zdroj byl pouzit pro piipravu médénych nanocastic. Zménou primeéru vystupni
Stérbiny agregacni komory jsme byli schopni oddélit a zkoumat vliv priitoku pracovniho
plynu pii jeho konstantnim tlaku uvniti agregacni komory. Ukazujeme, ze konvencni
pristup, kdy je tlak plynu ménén pomoci jeho pritoku (pii konstantnim priméru $térbiny),
vyrazn¢€ neovlivituje velikost nanoc¢astic. Nicméné pokud je tlak drzen konstantni, zména
pratoku pak méa vyznamny vliv. Na zaklad¢ teoretické studie navrhujeme, Ze urcujicim
parametrem je pomér tlaku ku pratoku. Tento pomér urCuje Cas pobytu nanocdstic
Vv agregacni komorte a tim padem i ¢as k rlstu a je konstantni pro konstantni primér vystupni
Stérbiny. ZmenSenim poloméru $térbiny se ale zvysi pomér tlaku ku pratoku, coz poskytne
nanocasticim vice €asu v agregacni komote a ty pak miizou nartist do vétSich velikosti.
Kromé jejich velikosti ovlivituje primeér vystupni Sté€rbiny i hmotnosti tok a jeho thlové

rozdéleni.

V Sekci IV jsou popsany zavéry této prace. V Sekci V je uveden seznam dalSich publikaci
kandidéta.
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| Introduction

In today's pursuit of environmentally friendly methods of power generation, the focus is on
clean and renewable sources of energy. For its availability and abundance, solar energy is
among the top candidates. One way of converting the solar energy into a more convenient form,
namely chemical energy, is through hydrogen. The produced hydrogen can then be stored,

transported, and later used in hydrogen fuel cells to produce electricity.

Thin-film materials play a crucial role in almost all fields of modern technologies. Their
continuous development is necessary for technological advancement for example in electronics
or optics, as well as energy harvesting and production. The potential of thin-film materials in
hydrogen production is substantial and therefore intensively investigated.

In this Ph.D. thesis, thin-film materials from the Ta—O-N system and their suitability for
hydrogen production via light-induced water splitting are investigated (Parts A and B). Part C
is devoted to an advanced thin-film preparation method, designed to effectively tune the
structure of the material and consequently possibly influence the hydrogen-production process.
Since the effectivity of this process can also be enhanced by addition of nanoparticles, Part D

focuses on the possibilities of nanoparticle production and their size control.

This thesis has been carried out within the framework of the projects FV30177 (2018 — 2021):
Research and development of novel pulsed plasma technologies for deposition of advanced
thin-film materials, GA CR 19-13174S (2019 — 2021): Advanced hydrogen-gas sensing
nanomaterials with a tailored architecture, and MSMT LO1506 (2015 — 2020): Sustainability

support of the centre NTIS - New Technologies for the Information Society.

1.  Light-induced water splitting

Hydrogen fuel represents an alternative to the finite and unsustainable fossil fuels. At the
moment, however, the majority of hydrogen is also harvested from fossil fuels [1]. The potential
solution lies in splitting of water molecules, which is free of unwanted emissions [2,3].
Furthermore, the only by-product of hydrogen combustion in hydrogen fuel cells is again water,
making it a renewable source. One way of utilizing solar energy for this process is electrolysis
of water using solar-generated electricity (photovoltaic electrolysis). The components for this
process are commercially available and its effectivity reaches relatively high values compared

to the photoelectrochemical cells described below [4,5]. However, making things as simple and

12



compact as possible is a never-ending goal. A photoelectrochemical system provides direct
conversion of solar energy into hydrogen in a single photoelectrochemical cell. The concept
was first introduced in 1972 by Fujishima and Honda [6].

1.1. Photoelectrochemical cells

A photoelectrochemical cell (see Fig. 1) consists of two conductively connected electrodes in
an electrolyte. One of the electrodes is a semiconducting material (in case of an n-type
semiconductor, the anode). When this material is irradiated with light with energy larger than
its band gap, an electron-hole pair is created via photoexcitation. The photogenerated charge
carriers then have to migrate to their respective surfaces, where they then participate in the

water splitting redox reactions.
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Fig. 1. Diagram of a photoelectrochemical cell with an n-type semiconductor.

In Fig. 1, an n-type semiconductor is depicted in place of the photoactive electrode. A potential
difference (naturally formed or additionally applied) between this electrode and the counter
electrode (most often platinum) drives the photogenerated electrons to the counter electrode,
where they reduce hydrogen ions, and holes to the surface of the semiconductor, where they
oxidize water molecules (for the respective chemical reactions see Fig. 1). In case of a p-type
semiconductor, the movement of the charge carriers is reversed, which leads to hydrogen

production at the semiconductor and oxygen production at the counter electrode.
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1.2. Photoactive material requirements

In order to be functional and effective as a material for light-induced water splitting, the
semiconductor must satisfy certain conditions. Apart from having to exhibit long-term chemical
stability, its optical and structural properties are important as well. As only light with energy
larger than the band gap gets absorbed, the band gap width dictates what part of the solar
spectrum can be utilized. Since most light coming from the sun is in the visible region, it is
desirable to have a band gap that corresponds to visible light absorption. Moreover, the band
gap edges have to be properly positioned with respect to the water splitting redox potentials
(see Fig. 1). Namely, the bottom of the conduction band has to be more negative than the
reduction potential of H* to H2 and similarly, the top of the valence band more positive than the
oxidation potential of H20 to Oz. In other words, both redox potentials need to lie within the

band gap when considering the band energy diagram of the material.

Fig. 2 shows examples of the band gaps of various materials and their position with respect to
the water splitting redox potentials, including some of the most often investigated ones. The
most well-known TiOz is relatively easy to prepare and exhibits chemical stability, but the band
gap is too wide and the material is active under UV irradiation only. Other promising binary
compounds such as WO3 [7] or Fe2Oz [8] have narrower band gap, but since the bottom of the
conduction band is not more negative than the reduction potential of H*, external bias voltage
is necessary to drive the reactions. The band gap of Cu.O is positioned correctly, but strong
photocorrosion limits its performance [9]. These and other limitations lead to the investigation
of more complex compounds, for example bi-metallic materials, such as SrTiOz [10] or CUWO4
[11].

-2.01
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-1.0 Zroz
= SrTi_Osj-lO
2 07
& > > > >
[} [} [} [0}
L o o~ o ©
T 104 »© ™ ) 2]
= i I R
2 20
> A
30_' 777 kaad 777
4.0- -~

Fig. 2. Position of the band gap of various materials with respect to the water splitting redox
potentials [12].
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Another group of investigated materials are oxynitrides and nitrides, where the nitrogen 2p
orbitals can form a valence band at potentials more negative than a band composed of oxygen
2p orbitals, resulting in a band gap narrower than that of its oxide counterpart [13]. Materials
from the Ta—O-N system have been studied as promising candidates for water splitting. Both
theoretical [14] and experimental [15-17] works report the value of the band gap width to be
2.5 eV, corresponding to absorption of visible light up to 500 nm. However, the preparation of
materials with high water splitting performance is still a challenge, as all of the requirements
on properties described above need to be met. In Parts A and B of this thesis, materials from
the Ta-O-N system are prepared and systematically investigated and their suitability for

photoelectrochemical water splitting is assessed.

After the photogenerated charge carriers get successfully created, they have to migrate through
the material either to its surface, or the back electrode. The material must therefore provide
sufficient mobility of the charge carriers. The mobility depends greatly on the structural
properties of the material. As a preparation technique, magnetron sputtering offers a great
control of the process parameters and consequently of the properties of the prepared thin-film
material. Lately, more advanced techniques have been under development, to even further
increase the degree of control over the structure and properties of the growing film. See the
following chapters for more details.

When the charge carriers are created by photoexcitation, one of the biggest problems is a quick
recombination that competes with charge separation and migration. It has been shown that a
co-catalyst on the surface of the photoactive material can help in trapping and separating the
generated charges and in reducing the recombination rate. Nanoparticles provide a very
convenient way of adding the co-catalyst to the photoactive surface [18,19]. Moreover, it has
been reported that nanoparticles on the surface can increase photoabsorption due to surface
plasmon resonance [20].

2. High-power impulse magnetron sputtering

The basic principles of glow discharges have been known for almost 100 years and magnetron
sputtering has become one of the most used techniques for thin film preparation. Simply put, a
glow discharge is ignited in an inert gas (usually argon) between two electrodes, one of which
is made of the desired source material (called the target). The ions of the working gas are
accelerated towards the target which is at a negative potential, where they cause atoms and

secondary electrons to leave the surface. The electrons play a crucial role in sustaining the
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discharge by ionizing neutral argon atoms, while the atoms can travel to a substrate where they
grow into a thin film. Because the secondary electron emission yield is usually quite low, it
needs to be compensated by trapping the electrons and using them to their maximum potential.
That is done by placing magnets behind the target, which results in the electrons being confined
by the magnetic field. That is where the most intense ionization occurs and it results in a circular

erosion zone on the target. We then talk about magnetron sputtering.

If the sputtered atoms forming the thin-film material are neutral, it is difficult to control them.
However, if they are ionized, it is very simple to control their energy by applying an electric
potential (usually called a bias voltage) to the substrates and thus effectively tune the structure
of the growing film. With regard to this possibility, it is therefore desirable to have as high a
degree of ionization of the sputtered atoms as possible. That can be achieved by increasing the
target power density, as the ionization becomes more effective. In order to avoid target
overheating, this power can be applied in short pulses with a very low duty cycle. When the
power density in a pulse exceeds the average power density in a period by about two orders of
magnitude, we talk about high-power impulse magnetron sputtering (abbreviated to HiPIMS).
Though the quantification of the fraction of the ionized metal atoms can be problematic, as
shown in Ref. [21], the reported ionization degree of the sputtered species in HIPIMS is usually
around 50 — 70% [22—24] as compared to about 0.1% or even less in standard low-power DC

magnetron sputtering [25].

With such high ionization degrees, the application of a bias voltage onto the substrates results
in a significant ion bombardment of the film during its growth. The exact effect of the
bombardment depends on the energy and the flux of the incoming ions. In a structure zone
diagram (SZD), a correlation between the structure of the film and the growth conditions is
depicted and described. The first SZD by Movchan and Demchishin included only the effect of
increasing homologous temperature [26], later works then developed and modified the SZDs

as the deposition techniques moved forward [27-32].

The terminology concerning the individual zones is unfortunately not always used consistently,
but Zone 1 is generally described as porous and full of voids, resulting from almost non-existent
surface diffusion. As the mobility of the adatoms increases and thus surface diffusion is
enhanced in Zone T (a transition zone), competitive growth occurs, where grains of different
crystallographic orientations start growing, but only the fastest growing ones prevail. This is
governed by kinetic processes and results in VV-shaped grains. In Zone 2, bulk diffusion sets in,

resulting in grain boundary migration and large columnar grains. The material growth is
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governed by thermodynamics. Some authors [26,27,28,32] then add an additional Zone 3,
where recrystallization and lateral growth occur, which can result in even larger grains. Mahieu
et al. [31] extended Zone 1 by a case where the temperature is low, but ion bombardment causes
densification. Anders [32] then proposed a structure zone diagram that specifically includes the
effect of ion bombardment with high ion fluxes, which are supplied in HiPIMS. To the
temperature axis he added the potential energy of the arriving particles, the second axis he set
to be the Kkinetic energy of the arriving particles and he added a third axis with the thickness of
the film (see Fig. 3).
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Fig. 3. Structure zone diagram proposed by Anders, including the effect of ion bombardment
with high fluxes. T* is the homologous temperature shifted by potential energy of arriving
particles, E* is the kinetic energy of arriving particles and t* is film thickness [32].

The main effects of ion bombardment on the structure of the growing film can be summarized
as: (1) densification of the growing film by knock-on effects, (2) increase in the degree of the
adatoms’ mobility, somewhat similar to increased deposition temperature, as well as (3) defect

generation and resputtering if the ion energies are too high.
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2.1. Bipolar HiPIMS

Applying bias voltage to the substrates results in a potential difference between the substrates
and the plasma of the glow discharge. Another possibility of creating this difference is to
increase the plasma potential, sometimes called “plasma biasing”. It is known from previous
studies [33-35] that the plasma potential always stays within several volts of the potential of
the most positive electrode. That is due to the electrons from the plasma being attracted to the
electrode and leaving behind a positive cloud of ions. If the main negative voltage pulse on the
target of the HiPIMS discharge is therefore followed by a positive voltage pulse, the potential
of the afterglow plasma lifts up to values very similar to the potential on the target. The potential
difference necessary to accelerate the ions towards the substrate is thus created (assuming the

substrates are grounded).

Such an advanced deposition technique is expected to have a great potential in controlling and
tuning of the structure of the growing film during its preparation, possibly eliminating the need
for any thermal post-treatment. This might be particularly important for example in case of
materials where the mobility of charge carriers plays a crucial role, e.g. photoactive materials
described in Section 1 of the Introduction and investigated in Parts A and B of this Ph.D. thesis.
Part C of this thesis therefore deals with the investigation of bipolar HIiPIMS, its effects on
structure and properties of the growing material and comparison of bipolar HiPIMS and

standard unipolar HiPIMS with bias voltage applied to the substrates.

3. Nanoparticles

Nanoparticles, sometimes referred to as nanoclusters or clusters, are aggregates of atoms of
sizes in the nanoscale. Their size gives them unique properties and applications, discussed in

more detail below.

3.1. Nanoparticle production

There are numerous ways of nanoparticle production, based on different approaches. These
approaches can be divided into two main categories: (i) the nanoparticles are produced from a
larger piece that is broken down into smaller units; and (ii) the nanoparticles are synthesized
from smaller building blocks. The first approach includes milling/grinding [36] or laser
fragmentation [37] and is only rarely used, as it is destructive and offers only a limited control
of the nanoparticle size and structure. The second approach can be further divided into various
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chemical “wet” techniques, where the nanoparticles are built up from small molecules (for
example the sol-gel process [38]) and physical “dry” techniques, i.e. methods based on
condensation of single atoms from a gas phase. When this vapor aggregates in a high-pressure

inert gas atmosphere, we talk of gas-aggregation sources (often abbreviated to GAS).

To even further categorize, the gas phase can be produced by different physical deposition
techniques, including thermal evaporation, laser ablation, ion or electron beam sputtering, arc
discharge or hollow cathode. In recent years, however, magnetron sputtering has been used
more and more often [39-42], as it offers numerous advantages. These sources are called
magnetron-based or sputtering gas-aggregation sources and they offer high versatility thanks to
the possibility of using multiple sputtering targets of virtually any solid and/or of adding a
reactive gas. Because the process takes place in vacuum and the targets have a high degree of
purity, these sources provide a “clean” procedure and a very good control of the elemental
composition. Apart from the elemental composition, they also provide good control of structure
(for example core-shell or homogenous) and size (either through control of the growth process
or through mass selection). Moreover, the nanoparticle formation takes place in a separate
aggregation vacuum chamber, which allows for easy integration into more complex deposition

systems. One such magnetron-based gas-aggregation source was used in this Ph.D. thesis.

In order for the nanoparticles to start growing, the diffusion of the vapor atoms needs to be
limited, or in other words, the vapor needs to be cooled down. Usually, two techniques are used
simultaneously. A very high pressure of an inert working gas (most often argon) inside the
designated aggregation chamber insures the cooling down of the vapor atoms through frequent
collisions. Moreover, the chamber walls are cooled either by water or liquid nitrogen, to further

lower the temperature of the vapor.

The formation of nanoparticles in gas-aggregation sources is a two-step process. For the
nanoparticles to start growing, there needs to be a nucleus in the form of a dimer: a two-atom
seed. These dimers are created by a three-body collision, where the third atom needs to be
present for reasons of energy and momentum conservation. It is usually assumed that the major

process contributing to nucleation is [43-46]:

M+ M+ Ar - M, + Ar. Q)

In magnetron discharges there is a certain degree of ionization of both the growth material and

the argon gas, which is expected to influence the nucleation rate. In Ref. [47] it is even argued
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that apart from the formation of a metallic dimer (neutral or charged), another important

scenario is the formation of an argon dimer:
Art + Ar + Ar - Arf + Ar, 2)

as the density of argon atoms is much higher than that of the sputtered metal atoms and makes
this process much faster. Fig. 4 shows a mass spectra of small clusters using a cobalt target. It
can be seen that the argon dimers are detected, as well as the metallic cobalt dimers. However,
both Eq. (1) and Eq. (2) are assumed to happen in an ultra-high vacuum system with oxygen-
free atmosphere. It should be kept in mind that any amount of residual or purposefully
introduced oxygen can significantly change the nucleation kinetics, as the binding energy of a

metal and an oxygen atom is sometimes much larger than that of two metal atoms [48,49].
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Fig. 4. Mass spectra of small clusters using a cobalt target. One can see argon as well as
metallic dimers [47].

Whichever way they get created, the dimers then start growing into nanoparticles. They can
grow through different processes. However, quite often (including our work), only one process
contributing to growth is assumed and that is growth by single atom attachment. The energy
released from the attachment heats up the small cluster and the probability of the atom
evaporating again is quite high. In order for the cluster to grow into a thermodynamically stable
nanoparticle, it therefore needs to cool down through collisions with the working gas between

individual atom attachments [47]. The formed nanoparticles then leave the source together with

the working gas through an exit orifice.
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The final size distribution and number of nanoparticles depends on a number of variables, such
as the density of the available vapor, the dwell time of the nanoparticles in the aggregation
chamber or the temperature and composition of the working gas. These in turn depend on the
process parameters of the nanoparticle source, such as diameter of the exit orifice, aggregation
length or discharge power density. Part D of this Ph.D. thesis is focused on the influence of the
exit orifice diameter on the size and mass flux of Cu nanoparticles produced by a gas-
aggregation source.

3.2.  Nanoparticle application

Thanks to their size resulting in unique physical and chemical properties, nanoparticles have
found their application in various fields. In medicine, they are used for site-specific drug
delivery [50] and have a great potential in cancer treatment [51]. In electronics, the printing of
inks containing metal nanoparticles has been found to be a powerful tool for direct patterning
of electrically conductive interconnection in electronic devices [52]. Nanocomposites created
by embedding metal nanoparticles in a polymer matrix offer unique functional properties, such

as tunable refraction index or antibacterialism [53].

In our laboratories, CuO nanoparticles were prepared in a gas-aggregation source and their
potential in hydrogen gas sensing has been investigated [54]. The working principle of a
conductometric gas sensor lies in the change of the sensor’s conductivity as the detected gas
reacts with its surface. In more detail, oxygen is presumed to be preadsorbed on the surface,
creating a space charge region. As the detected gas (in our case hydrogen) comes into contact
with the surface, it reacts with the preadsorbed oxygen and as a result, electrons are returned to
the material, decreasing its resistivity. Very often, a noble metal is present to help dissociate
the hydrogen molecules before reacting. In our work, CuO nanoparticles were deposited onto
the surface of a WOs thin film and the sensorial response was investigated for different amounts
of nanoparticles. It was found that the best sensorial response was measured for a sample with
one to two monolayers of nanoparticles (see Fig. 5). The CuO nanoparticles form a p-n junction
with the WO3 film, which creates a larger depletion zone than that on pure WO3 and the change
in resistivity when hydrogen is present is then larger. A very good sensorial response was thus

achieved without the need of noble metals.
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Fig. 5. Sensorial response of a hydrogen gas sensor made of a WOz thin film and different
amounts of CuO nanoparticles [54].

Another application that is planned in our laboratories is to use nanoparticles in combination
with the Ta—O-N films investigated in Parts A and B to enhance the water splitting process (as

described in Section 1 of the Introduction).

It is well known that the properties of nanoparticles are size dependent [55,56]; size control is
therefore very important in nanoparticle preparation and application. In Part D of this thesis,
we investigate the possibility to control their size through process parameters in a magnetron-

based gas aggregation source.
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Il Aims of the thesis

This Ph.D. thesis is primarily focused on the investigation of Ta—O-N films with respect to the
light-induced water splitting application, prepared by reactive high-power impulse magnetron
sputtering. In addition, advanced magnetron-based deposition techniques were investigated in

order to enhance the water splitting performance in future research.
The main aims of this Ph.D. thesis are summarized as follows:

1. To systematically investigate films from the Ta—O-N system by finely varying the O to N
ratio, with focus on their structure and on the band gap and its position with respect to the
water splitting redox potentials.

2. To investigate an advanced deposition technique of bipolar high-power impulse magnetron
sputtering. To assess the effect that the applied positive pulse voltage has on the structure
and properties of the growing film and to compare it to the more standard approach of

application of a bias voltage to the substrates.

3. To investigate the possibilities of a magnetron-based gas aggregation source of
nanoparticles in terms of nanoparticle size control. To focus on the interconnectedness of
the argon pressure and flow rate and their effect on the nanoparticles size, mass flux and its

angular distribution.
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11 Results

The results are presented here in the form of four scientific papers (Parts A — D) published in
impacted international journals. These papers encapsulate the most important results obtained
during my Ph.D. study at the Department of Physics, Faculty of Applied Sciences, University
of West Bohemia since September 2016.

| deposited all samples in all Parts. In addition, in Part A, | measured the elemental composition
of the prepared Ta-O-N films and their electrical resistivity. | actively participated in
interpretation of the results and drawing of conclusions. In part B, | measured the elemental
composition of the prepared Ta-—O-N films and made both cross-sectional and top-view SEM
images. | contributed to the concept of the paper and actively participated in interpretation of
the results. In part C, | measured the characteristics of the bipolar HiPIMS discharge and
participated in their interpretation. | made both cross-sectional and top-view SEM images of all
CrN samples, measured their basic properties (thickness and residual stress) and elemental
composition. | calculated the estimated energy delivered into the growing films and | actively
participated in interpretation of the results. In part D, | measured the deposition characteristics,
| made SEM images of all nanoparticle samples and from them | evaluated the nanoparticle size
distributions. |1 measured the nanoparticle mass flux and its angular distribution. | actively
participated in interpretation of the results and drawing of conclusions.

I wrote the first version of papers in Parts C and D and later incorporated my supervisors’

remarks. | actively participated in completing of the final version of papers in Parts A and B.
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High power impulse magnetron sputtering of a Ta target in various Ar + O, + N, gas mixtures was utilized to
prepare amorphous tantalum oxynitride (Ta-O-N) films with a finely controlled elemental composition in a wide
range. We investigate the effect of film annealing at 900°C in vacuum on structure and properties of the films. We
show that the finely tuned elemental composition in combination with the annealing enables the preparation of
crystalline Ta—O-N films exhibiting a single TaON phase with a monoclinic lattice structure, refractive index of

2.65 and extinction coefficient of 2.0 X 102 (both at the wavelength of 550 nm), optical band gap width of 2.45 eV
(suitable for visible light absorption up to 505 nm), low electrical resistivity of 0.4 Q cm (indicating enhanced
charge transport in the material as compared to the as-deposited counterpart), and appropriate alignment of the
band gap with respect to the redox potentials for water splitting. These films are therefore promising candidates
for application as visible-light-driven photocatalysts for water splitting.

1. Introduction

Transition-metal oxynitrides are a class of novel multifunctional
materials whose properties can be tuned in a wide range by controlling
the concentration ratio of N and O atoms in the material [1].

Tantalum oxynitride (Ta-O-N) family of materials has been in-
tensively studied as a promising candidate for application as a visible-
light-driven photocatalyst for water splitting [2-5]. However, pre-
paration of these materials in a form of a thin film exhibiting an en-
hanced water splitting performance is still a challenge for material
scientists. The reason is that the material properties needs to meet a
number of specific requirements, most importantly [6-8] (i) a proper
width of the optical band gap for visible light absorption, (ii) a suitable
alignment of the optical band gap with respect to the redox potentials
for water splitting and (iii) a suppressed recombination of the generated
electron-hole pairs. Particularly the last one is still a major issue
nowadays.

Magnetron sputtering is a popular technique in today's search for
new materials due to the possibility to prepare a very wide range of
high-quality compound and alloy thin films (see Refs. [9-15] reporting
on TaON films). However, a precise control of the composition of
oxynitride films is often hindered by a much higher affinity of the
sputtered metal to oxygen than to nitrogen. This may result in a neg-
ligible or, on the contrary, an abrupt change in the elemental compo-
sition of the films as the nitrogen fraction in the total reactive gas flow

E-mail address: jcapek@kfy.zcu.cz (J. éapek).

https://doi.org/10.1016/j.ceramint.2018.09.019

is varying [16,17].

High power impulse magnetron sputtering (HiPIMS) is an advanced
magnetron sputtering technique utilizing high discharge target power
density (typically several hundred of watts per square centimeter) that
is delivered to the target in short pulses [18-21]. The high discharge
power during the pulse leads to a generation of a high-density plasma
providing several benefits such as high ionization probability of the
sputtered target atoms, high dissociation probability of the reactive gas
molecules into atoms and high ionization probability of these atoms.
These features bring new possibilities how to enhance and tailor film
properties, including those of oxynitride films [22,23].

Recently, it has been demonstrated in our laboratories that HiPIMS
is a suitable technique for high-rate deposition of Ta-~O-N films with a
promising band gap width for visible light absorption [24]. However,
the band gap alignment of these films has not been investigated. In
addition, all the films exhibited X-ray amorphous structure supporting
the recombination of the generated electron-hole pairs.

Therefore, in this work we investigate the effect of annealing on the
structure and properties of Ta—O-N films especially band gap width and
alignment. The films were prepared in a new custom-built deposition
system (see Fig. 1) allowing us long-term systematic research on this
topic including a future modification of the films by metallic/com-
pound nanoclusters.
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Fig. 1. Schematic diagram of the experimental setup. The gas aggregation na-
nocluster source was not used in this work, but its utilization is planned for a
future modification of the Ta-O-N films.

2. Experimental details
2.1. Film preparation

The Ta-O-N films were deposited in a custom-built high-vacuum
sputter system (VAKUUM PRAHA Ltd.) illustrated in Fig. 1. The cy-
lindrical vacuum chamber (500 mm in diameter and 414 mm in height)
was pumped by a turbomolecular pump (1250 1/s for N,, HiPace 1200,
Pfeiffer Vacuum) backed up with a scroll pump (35 m’/h for N,, XDS35i,
Edwards). The base pressure before each deposition was lower than
5 x 107° Pa. The depositions were carried out using an unbalanced
magnetron equipped with a circular, indirectly water-cooled Ta target
(99.95 % purity, 50 mm in diameter, 3.2 mm in thickness).

First, Ar was introduced into the chamber at a flow rate of 50 sccm
using a standard gas inlet (see Fig. 1). The pumping speed of the tur-
bomolecular pump was adjusted using a throttle valve to attain an Ar
partial pressure of 1 Pa. Subsequently, a mixture of N, and O, was ad-
mitted (via individual mass flow controllers) at corresponding flow
rates, ¢y, and @,, into the chamber using a corundum tube (inner and
outer diameter of 1.0 and 1.6 mm, respectively) positioned parallel to
the target surface intersecting the target axis at a distance of 7 mm from
the target surface. The tube was equipped with two holes (0.9 mm in
diameter) positioned symmetrically 15 mm from the target axis and
oriented toward the substrate. Values of ¢y, and ¢,, were regulated
using mass-flow controllers (MFCs) controlled by a PID unit (647C,
MKS Instruments) in order to keep the total pressure during the reactive
deposition constant at 1.095 Pa for all depositions, while the preset ni-
trogen fraction in the total reactive gas flow, fy, = &n./(@0, + Pn2)s
was set to a constant value from the whole range (0-100 %) for a given
deposition.

The magnetron (HVM Plasma Ltd.) was driven by a high power
pulsed direct current power supply (HMP 2/1, Hiittinger Elektronik).
The negative-voltage pulse duration, ton, and the pulse repetition fre-
quency, f;, were kept constant at 50 us and 170 Hz, respectively. The
corresponding duty cycle, ton/T, was 0.85 %, where the pulse period
T = 1/f,.

The waveforms of the target voltage, Ur(¢), and discharge target
current, I4(t), were recorded by a digital oscilloscope (PicoScope
6403C, Pico Technology) using voltage (TT-HV 150, Testec) and
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current (CT-E0.5-B, Bergoz) probes. The average discharge target power
density in a pulse was evaluated as

1

loNAr

P = L7 uonod,

@
where Ar stands for the total target area (~ 20 cm? in our case). The
average discharge target power density in a period, Py, was evaluated
accordingly as

— 1

P=—

T
= Ur(t)Iq(t)dt.
ol AIOUIO)

(2)
In this work, Py, and P; values were kept constant at 1000 W/cm? and
10 W/cm?, respectively.

The films were deposited onto polished and ultrasonically pre-
cleaned Si(100) substrates or Si(100) substrates covered with thermally
grown SiO, (for electrical resistivity measurements), held at a floating
potential without any external heating. The substrates were positioned
at a distance of 100 mm from the target (see Fig. 1) and were rotated at
a speed of 40 rpm. The deposition time was 50 min. The resulting film
thickness was measured by profilometry (DEKTAK 8 Stylus Profiler,
Veeco) at the film edge formed by an application of a removable thin
silicon mask on the substrate during the deposition. The resulting va-
lues of the deposition rate gradually increased from 8.5 nm/min at
fx, = 0% up to the maximum value of 13.0 nm/min at fi, = 75 % and
then gradually decreased down to 4.6 nm/min at fy, = 100 %.

The prepared films were annealed for 5 min at temperatures up to
900°C in a stainless-steel vacuum furnace (AS-One 100 RTP, Annealsys);
heating and cooling were carried out both at a rate of 30°C/min. The
pressure in the furnace prior to each annealing process was 1 x 1073 Pa.

2.2. Film characterization

2.2.1. Elemental composition and structure of films

The elemental composition was determined by wavelength dis-
persive spectroscopy (MagnaRay, Thermo Scientific) performed in a
scanning electron microscope (SU-70, Hitachi) using a primary electron
energy of 10kV.

X-ray diffraction (XRD) measurements were carried out at room
temperature using a diffractometer (Xpert PRO, PANalytical) in the
Bragg-Brentano configuration with CuKa (40 kV, 40 mA) radiation. To
avoid a strong reflection from the Si(100) substrate, a slightly asym-
metrical diffraction geometry with an w-offset of 1.5° was used.

The grain size of the annealed films was estimated from scanning
electron micrographs (top views) of the films acquired by a scanning
electron microscope (SU-70, Hitachi) operated in a secondary electron
mode with a primary electron energy of 5kV. Good contrast of in-
dividual grains and observable grain boundaries enabled determination
of statistics of equivalent diameters of the projected areas of the grains.
In the text bellow we discuss a mean grain size diameter gathered from
these statistics.

2.2.2. Optical properties of films

The refractive index, n, and extinction coefficient, k, were de-
termined by variable angle spectroscopic ellipsometry (VASE) using the
J.A. Woollam Co. Inc. instrument. The measurements were performed
using angles of incidence of 65°, 70° and 75° in reflection. The optical
data were fitted for wavelength, A, in the range 250-2000 nm using the
WVASE software (below we also discuss n and k at a specific
A = 550 nm, nssy and kssq). The optical model consisted of a Si substrate,
a Ta-O-N layer and a surface roughness layer.

The optical band gap (except the zero band gap of N-rich compo-
sitions) was evaluated by describing the dispersion of optical constants
of Ta-O-N by a single dispersion formula which includes the band gap
amongst its parameters: the CodyLorentz formula (oscillator) [25]
which for the imaginary part of the relative permittivity, &, reads
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Fig. 2. Example of UPS spectra for the Ta-O-N film and the circular gold area (deposited on the film) (a), and of the band gap alignment determined based on a
combination of the UPS and spectroscopic ellipsometry data (b). The presented data are for the annealed film prepared at fy, = 90 % exhibiting the single TaON phase

with the monoclinic lattice structure.

& =L(E)G(E) for E>FE,+FE 3)
and
E, + E E — E, — E,
& = L(E; + E)G(E, + Et)( & - v Xp( Eg ‘) for E<E,+E,
(C))

where
L(E) = L];:”E (Lorentz oscillator)

(E>-E})" + B*E? (5)
and

(E_Eg)z . .

G(E) = ——5 5 (Cody form of the variable band edge function).

(E-Ep)* + E,

(6)
Here, E is the photon energy, A is the oscillator amplitude, B is the
oscillator broadening, E, is the energy at which the Lorentz oscillator is
centered (also referred to as the peak transition energy), E, is the
transition energy between the onset behavior (at
E,+ E.<E<E;+E,) and the Lorentz oscillator behavior (at
E > E; + Ej,; note that G(E) = 1 at E>E, + E}), E; is the (“narrowly
defined” - see E; below) optical band gap, E; + E, is the transition
between band-to-band transitions and the exponential Urbach absorp-
tion tail (that is, a more “widely defined” optical band gap) and E, is
the energy representing the shape of the Urbach absorption tail (which
exists when the structural disorder and defects and the consequent
presence of highly localized states in the material (particularly close to
the band gap edges) lead to E; > 0).
The presented dispersions of optical constants themselves were
obtained from high-precision optical models where the particular
Ta-O-N material was described by a variety of oscillators:

® Cody-Lorentz: fy, in the range 0-80 % for the as-deposited films and
50-80 % for the annealed films,

® Cody-Lorentz + two UV-centered Lorentz oscillators: fy, in the
range 0-37.5 % for the annealed films,

® Cody-Lorentz + one IR-centered Lorentz oscillator: fy, in the range
85-95 % for the as-deposited films and 85-90 % for the annealed
films, and

e combination of 4-5 Lorentz oscillators (including one centered
around zero energy, i.e. Drude oscillator representing free charge
carriers): fy, in the range 97.5-100 % for the as-deposited films and
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90-100 % for the annealed films.

These optical models constitute reasonable trade-offs between the
fit quality and the number of oscillators. In parallel, there is a
straightforward physical motivation behind the oscillator selection: the
Cody-Lorentz oscillator is one of the state of the art choices for mate-
rials with a band gap, the Lorentz oscillators centered in UV capture the
effect of large grains formation during the annealing of the films and
the resulting light scattering on the grains (discussed in Section 3.3.2),
and the Lorentz oscillators centered in IR (at zero energy - which
converts the Lorentz oscillator to the Drude oscillator - or close to it)
capture the effect of free charge carriers (discussed in Sec. 3.3.4).

2.2.3. Electrical resistivity and band gap alignment

Electrical resistivity of the films was measured by a standard four-
point technique with a 1.047-mm spacing between tips.

Band gap alignment of the films was determined by ultraviolet
photoemission spectroscopy (UPS) following the methodology de-
scribed in detail in Ref. [26]. UPS spectra were taken with He I (21.2 eV)
UV light and recorded with a constant pass energy of 1.5 eV. The film
was biased to — 10 V during each measurement in order to measure the
secondary electron cutoff. The measuring spot was cleaned prior to the
measurement for 30 min by Ar ions using ion energy of 1 keV and ion
current density of 300 nA/cm?.

As demonstrated in Fig. 2, the obtained UPS spectrum of the film
was first referenced to the Fermi edge, Ef, of a circular gold area with a
diameter of 2 mm, which was ex-situ sputter-deposited onto the film.
Upon the determination of the cutoff of the UPS spectrum of the film,
the corresponding energy position of the vacuum level, Ey,., was ob-
tained by taking into account the energy of the used UV photons
(21.2 V). Based on works of Matsumoto [27] and Chun et al. [26], one
can expect that the bottom level of the conduction band of a Ta-O-N
film is not more positive than 0.3 eV with respect to Eg. In this work we
thus assume a fixed difference AE = Er — E. = —0.3 eV. Note that this
difference is the worst possible situation for the band gap alignment
with respect to the water splitting potentials. Due to a large error in the
determination of the E, value from the UPS spectra, we present E,
calculated as E, = E. — (Eg + E;), where E, and E; values were ob-
tained during the spectroscopic ellipsometry measurements (described
above in Section 2.2.2).
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Fig. 3. Elemental composition of Ta—O-N films before (a) and after (b) annealing at 900°C in a vacuum furnace. The films were prepared at various nitrogen fractions

in the total reactive gas flow, fy,. The indicated values are rounded to integers.

3. Results and discussion

In this part, we first systematically present and discuss the effect of
annealing of the Ta—O-N films on elemental composition (Fig. 3),
structure (Fig. 4), dispersion curves of refractive index, n (top panels in
Fig. 5) and extinction coefficient, k (bottom panels in Fig. 5), optical
band gap width, E, (Fig. 6) and electrical resistivity, o (Fig. 7) of the
Ta-O-N films. On the basis of these results we discuss the possible
Ta-O-N candidates for water-splitting application. We also discuss how
the band gap of the most promising candidate is aligned with respect to

redox potentials for water splitting (Fig. 8).
3.1. Elemental composition

Fig. 3 shows that the elemental composition (in at %) of the as-de-
posited Ta—O-N films was systematically varied in a wide range from
Tay;073Ng to TayyO;Nsg by controlling the nitrogen fraction in the total
reactive gas flow, f,. The elemental composition of the film prepared
at fi, = 0% (Tay;07,3N;) corresponds to a stoichiometric Ta,0s. Al-
though the increase in fy, from 0 to 62.5 % leads to only a small rise in
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Fig. 4. XRD patterns taken from Ta—O-N films before (a) and after (b) annealing at 900°C in a vacuum furnace. The films were prepared at various nitrogen fractions
in the total reactive gas flow, fy,. XRD patterns were recorded at room temperature. The identified phases of orthorhombic Ta,0s, monoclinic TaON, orthorhombic
Ta;Ns and cubic TaN are indicated by circles, triangles, squares and diamonds, respectively.

34



J. Capek et dl.

Ceramics International 45 (2019) 9454-9461

6 T T 1 T T 1
(@) o .
fi, =100% .. f, =100% .. ’
I~ 5F N \f_-‘ _0_—‘ 3 \?_'_.- T
5 - : e
()] : B P
© 3
£ 4 . L §
c o .
= 5
= ..
= 95% |
£ .
o 90 %
2 i -'-.n.-..,__,___‘__'.'__.___‘__'-—‘___-_'-;__‘_‘_'_'_r'_‘._'-'___ -
| | 0;50 %I 75 %
x 10° X
€ §
@
O
S
2 10
(&]
C
RS
46 .
S 102k
= i
L : )
E L \\ b __-. llllllllllllllllllll 800/
ol . | [ 75%: B0% gy 0
500 1000 1500 2000 500 1000 1500 2000

Wavelength, A (nm)

Wavelength, A (nm)

Fig. 5. Dispersion curves of refractive index, n, (top panels) and extinction coefficient, k, (bottom panels) for TaON films before (a) and after (b) annealing at 900°C in
a vacuum furnace. The films were prepared at various nitrogen fractions in the total reactive gas flow, fy,.

the N content in the films (from 0 to 3 at %), the further increase in f,
from 62.5 to 100 % results in a significant rising incorporation of N atoms
(from 3 to 50 at %) into the films at a decreasing content of O atoms
(from 68 to 7 at %). The non-zero content of oxygen at fi, = 100 % is a
consequence of the release of the adsorbed and subplanted oxygen from
the chamber walls during the deposition. The rise in the Ta content

(from 27 to 44 at. %) with the increasing f, value can be mainly at-
tributed to different Ta contents in the corresponding stoichiometric
binary phases (Ta,0s versus TaN).

The annealing of the prepared films practically did not affect their
elemental composition as can be seen by comparing Figs. 3a and 3b (the
small variation in the values is within the error of the analysis used).
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Fig. 6. Optical band gap widths, E; and E; + E, of Ta-O-N films before (a) and after (b) annealing at 900°C in a vacuum furnace. The films were prepared at various

nitrogen fractions in the total reactive gas flow, fy,.
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This is very beneficial for the present study because of the possibility to
investigate properties of not only amorphous, but also crystalline
Ta-O-N films in wide ranges of practically identical elemental com-
positions.

3.2. Structure of films

The XRD patterns presented in Fig. 4a indicate X-ray amorphous
structure of all the as-deposited Ta-O-N films except for the film pre-
pared at fy, = 100 %, which exhibits a single nanocrystalline cubic TaN
(c-TaN) structure (PDF Card No. 00-049-1283). A similar set of XRD
patterns was also obtained after their annealing at temperatures up to
800°C (results not presented here), which indicates that the X-ray
amorphous structure of the films prepared in a wide range of elemental
compositions (i.e., at fy, in the range 0 — 95 %) is thermally stable up to
such a high temperature.

The annealing of the films at 900°C leads to their crystallization as
indicated by the corresponding XRD patterns in Fig. 4b. The films
prepared at fy, in the range 0 — 75 % exhibit a single orthorhombic
Ta,0s (0-Ta,0s) phase (PDF Card No. 00-025-0922). A further in-
corporation of N atoms into the films corresponding to the rise in fy,
from 75 to 90 % leads to a gradual replacement of the 0-Ta,0s phase by a
monoclinic TaON (m-TaON) phase (PDF Card No. 01-083-4964). Here,
we highlight for the further discussion below that the annealing of the
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Ta—O-N film prepared at fi,, = 90 % leads to a crystallization of a single
m-TaON phase. A further increase in the f, value up to 95 % leads to a
formation of an orthorhombic Ta;Ns (0-Ta;Ns) phase (PDF Card No. 04-
007-1969) along with the m-TaON phase. At f,= 100 %, a single
c-TaN phase is observed.

For the rest of this work the investigated as-deposited and annealed
films are categorized based on their structure after the annealing into
three material groups: (i) Oxide-based films (fy, <75%), (ii)
Oxynitride films (75% < fy, < 95%) and (iii) Nitride-based films
(fa2 > 95 %) as also indicated in Fig. 4.

3.3. Properties of films based on their electronic structure

Generally, n, k, E and p of the as-deposited films change gradually
and monotonically (in a wide range of 1 in the case of n and k) as
functions of f, value (see the top and bottom panels in Fig. 5a, Figs. 6a
and 7, respectively), which is a consequence of the gradual and fine
change of the elemental composition (discussed in Section 3.1). This
brings an advantage of tuning the material properties for a particular
application.

The individual characteristics of the as-deposited and annealed
films are further discussed in detail in the following paragraphs related
to the three material groups. Note that discussed changes in the char-
acteristics of the annealed films are with respect to their as-deposited
counterparts.

3.3.1. As-deposited oxide-based films (f, < 75 %)

The optical properties of the as-deposited oxide-based films are
characterized by a variable E; at E; = 0 (indicating sharp edges of the
bands).

The high refractive index nssp = 2.11 confirms (by agreement with
e.g. nsso = 2.13 in Ref. [28]) that the film deposited at fN2 = 0% is well
densified. This material is further described by a wide E; of 4.1 eV al-
lowing absorption of only UV light up to 300 nm. The wide band gap
also leads to a very high value of p (higher than1 x 10° Q cm — which is
the limit of our electrical resistivity measurement).

The films prepared at fy, of 50 and 75 % exhibit similar dispersion
curves of n and k as in the previous case. However the gradual in-
corporation of N atoms into the Ta,Os lattice results in an increase in n
value (nsso = 2.3 for fi, = 75 %) and a shift of the absorption edge to a
longer 4 corresponding to a decrease in E, (E; = 2.8 €V for fy, = 75 %).
Let us point out that E; = 2.8 eV already corresponds to UV-VIS light
absorption up to 440 nm. The corresponding p value is still beyond the
limit of our four-point probe.

3.3.2. Annealed oxide-based films

The annealing of the oxide-based films leads to only a small increase
or even no changes in n values (nsso = 2.29 for fy, = 75% after the
annealing). However, a considerable shift of the dispersion curves of k
to higher values is observed. This decrease in the transparency of the
films is represented by the increased E; value (see Fig. 6b) in the Cody-
Lorentz formula. This behavior can be correlated with large grains of
the annealed oxide-based films prepared at low fy,. The grain size is on
the same order (~ um) as A of the light used during the ellipsometry
measurements and therefore light scattering takes place on the grains.
Since the grain size of the films decreases with increasing content of N
atoms in the material (from about 2.5 um for sz = 0% down to about
02pm for fy, = 75%), the scattering effect successively diminishes
with increasing f, value in the range 0 — 75 %.

The annealing of the film prepared at f, = 75 % further leads to a
substantial (at least four orders of magnitude) decrease in p from a
value higher than 1 x 10° Q cm (limit of our four-point probe) down to
9.0 X 10* Q cm. This drop can be mainly attributed to the reduced E,
value of 2.5 eV and also an enhanced mobility of the generated charges
in the crystalline material.
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3.3.3. As-deposited oxynitride films (75 % < fy, < 95 %)

The as-deposited film prepared at fy, = 80 % is characterized by
nsso = 2.47 and the dispersion curve of k above 8 x 10~ for all values of
A investigated. The resulting E, and E; values are 2.6 eV and 0.3 eV,
respectively. While E; + E; is larger than for the fy, = 75 % case, the
lower E leads to an enhanced absorption of light in the material and
also to a lower p of 1.3 x 10’ Q cm. The non-zero E, value represents
extra energy levels inside the band gap (as illustrated in the inset in
Fig. 6a and described in detail in Section 2.2.2).

The film prepared at fy, = 85 % exhibits nssy = 2.62. While the band
gap Eg + E; of this film is the same as for fy, = 80 %, k values are higher
for all values of 1 investigated and p decreases down to 1.2 X 10° Q cm.
This probably indicates higher density of the extra energy levels in the
band gap.

An even stronger incorporation of N atoms into the films prepared at
F of 90 and 95 % leads to a further rise in n (nsso = 2.80 and nssy = 3.20
for fy, =90 % and fy, = 95%, respectively), which has also been re-
ported in Ref. [14] and k (ksso = 0.09 and ksso = 0.17 for Jn, =90% and
sz = 95 %, respectively). In addition, E, substantially decreases (1.9 eV
and 1.7eV for fy, =90 % and fy, = 95%, respectively), but at an E;
value of 0.7 eV in both cases. Such low E, values allows absorption of
UV-VIS light up to 650 nm for fy, =90 % or even up to 730 nm for
Jn, = 95 %. However, the relatively high E; value increases the un-
certainty of the narrow band gap alignment with respect to the redox
potentials as discussed in the following Section 3.4. For completeness,
let us also mention here that the decrease in the band gap width also
leads to a considerable drop in p (7.0 x 10°Qcm for fy, = 90 % and
2.4 x 10> Q cm for fi, = 95 %).

3.3.4. Annealed oxynitride films

The annealing of the film prepared at fy, = 80% does not sig-
nificantly affect the dispersion curve of n (nsso = 2.38), but leads to a
decrease in k for all values of 4 investigated. Since the E, value is de-
creased by 0.1 eV down to 2.5eV at E; = 0.4 eV, the decrease in k in-
dicates a lower density of the energy levels in the E; part of the band
gap. However, the situation might be even more complex since the
material is inhomogeneous due to the forming a mixture of Ta,0s and
TaON phases (see Fig. 4b). The slight decrease in E, along with the
crystallization of the material leads to a decrease in p down to
2.0 X 10* Q cm.

The annealing of the films prepared at fy, of 85 and 90 % leads to
dispersion curves characterized by a steeper decrease in n for
A > 500 nm and by a more pronounced decrease in k in the VIS range
followed by an increase in k in the NIR range. The change in k can be
attributed to an increase in the concentration of the free charge carriers.
The film prepared at fy, = 85 % exhibits an unchanged E; value, but E;
decreases down to 0.2 eV. Note that this E; is the minimum value from
among all the crystalline films investigated. This value indicates rela-
tively sharp edges of the band gap despite the fact that the material
consists of a mixture of TaON and Ta,Os phases. Band gap of the
crystalline film prepared at fy, = 90 % is characterized by an increased
E; = 2.45¢eV and decreased E; = 0.3eV. Note that these changes are
crucial for the appropriate band gap alignment of this material with
respect to the redox potentials as discussed in the following Section 3.4.
The crystallization of these films leads to a decrease in p down to
12Qcm and 04 Q cm for fy, = 85% and fy, = 90 %, respectively.

The annealing of the film prepared at fy, = 95 % leads to dispersion
curves characterized by a steeper rise in n for 4 > 650 nm and sig-
nificantly higher k values for A > 500 nm. This behavior can be ex-
plained by a further rise in the concentration of free charge carriers.
Optical band gap of this film is also characterized by an increased
E, = 2.1V, but at a relatively high E; = 0.75 eV. The crystallization of
this film also leads to a decrease in p down to 1.2 x 107! Q cm.

3.3.5. Nitride-based films (fy, > 95 %)
The nitride-based crystalline films exhibit non-measurable Eg, very
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high k values and p = 1.1 X 1073 Q cm, all indicating metallic behavior.
Note that for the as-deposited films the decrease in the slope of p(fy,) is
much larger between fi, = 95 and 100 % than at fy, < 95 % (see Fig. 7).
This is consistent with the fact that in the former case the film structure
changes along with the composition (c-TaN forms at fy, = 100 %, see
Fig. 4a) and the mobility of free charge carriers increases accordingly.
The annealing of the films does not significantly affect any of the dis-
cussed properties since the annealed films exhibit similar nanocrystal-
line structure as the as-deposited counterparts.

3.4. Promising candidates for water splitting

Highly crystalline materials are required for the water-splitting
application to ensure an efficient charge transport leading to a reduced
recombination (longer mean free paths) of the generated electron-hole
pairs in the material as compared to their amorphous counterparts. In
this work, the reduced recombination is indicated by the substantial
drop in the electrical resistivity of the films after the annealing (see
Fig. 7).

The crystalline non-metal films with low band gap values (prepared
at fy, in the range 75 — 95 %) are further favoured from the point of
view of a maximum utilization of sunlight for generation of elec-
tron-hole pairs. Taking into account only the narrowly defined E, va-
lues, these materials absorb UV-VIS light up to 505 nm for f, = 90 % or
even up to 590 nm for fy, = 95 %.

The crystalline single-phase films prepared at fy, of 75 and 90 %
provide two additional advantages. First, grain boundaries of the single-
phase materials are more suitable for charge transport as compared to
the two-phase films. This is due to the appearance of contact potentials
and tunneling barriers from band bending at the two-phase grain
boundaries as the two phases have different band structures. This fea-
ture is important for an optimization of the light absorption in a film
with a required thickness larger than a grain size of the material.
Second, the material characteristics discussed in Section 3.3 represent
the real properties of these single-phase materials and not a combina-
tion of the properties of multiple-constituent phases as it is for the films
prepared at fi, of 80, 85 and 95 %. This may be crucial for the perfor-
mance of the material in the water-splitting application and also for a
detailed understanding of the water-splitting process.

The extra energy levels in the band gap (described by the E; value)
may hinder the alignment of the narrow band gaps with respect to
water-splitting redox potentials. Such a situation is shown in Fig. 8 for
the as-deposited film prepared at fy, = 90 % when the bottom level of
the band gap is undesirably above the potential for oxygen production.
Unfortunately, we cannot state more precisely (based on the analysis
used) how exactly the extra energy levels are distributed at the two
band gap edges. In Fig. 8, we therefore present the worst possible si-
tuation when all the extra levels are positioned at the bottom edge of
the band gap. Taking into account this issue, the crystalline single-
phase material with a minimum E, value is furthermore preferable for
the water-splitting application. This is the case of the annealed film
prepared at fy, =90% exhibiting E; value of only 03eV at
E, = 2.45eV. As one can see in Fig. 8, the alignment of the band gap of
this film is suitable for the water-splitting reactions no matter where the
extra energy levels are.

Based on this discussion, the crystalline single-phase TaON material
with the monoclinic lattice structure (prepared at fy, = 90 % and an-
nealed) exhibits the most promising properties with respect to the water
splitting process among all the Ta—O-N materials investigated and will
be a subject of a future study.

4. Summary and conclusions

In this paper, we investigated the effect of annealing at 900°C in
vacuum on properties of tantalum oxynitride (Ta-O-N) films prepared
by high power impulse magnetron sputtering (HiPIMS). Special
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attention was paid to the possibility to prepare Ta—O-N films with
properties suitable for water-splitting application under visible light
irradiation.

The Ta—O-N films were prepared with a finely controlled elemental
composition in a wide range (from Ta,;O;3Ny to Ta,s0;Ns50) by con-
trolling a single deposition parameter of nitrogen fraction in the re-
active gas flow rate, fy,. The properties (refractive index, n, extinction
coefficient, k, optical band gap width, E,, and electrical resistivity, o) of
the as-deposited films also changed as functions of fy,. However, all the
as-deposited films exhibited amorphous structure, which is undesirable
for the water-splitting application.

The annealing process did not affected the elemental composition of
the films, but led to their crystallization. The structure of the films
gradually changed from an orthorhombic Ta,0s phase via a monoclinic
TaON phase to a cubic TaN phase as a function of fy,.

The important result of the present work is the demonstration that
the used approach (HiPIMS deposition of Ta-O-N films in combination
with the annealing of the films) can be utilized for a preparation of the
crystalline Ta-O-N film exhibiting a single TaON phase with a mono-
clinic structure. This film exhibits E, = 2.45 eV (suitable for visible-light
absorption up to 505nm), low p of 0.4 Qcm (indicating enhanced
charge transport in the material as compared to the as-deposited
counterpart) and appropriate alignment of the band gap with respect to
the redox potentials for water splitting.

In our future work, we will focus on a further optimization of the
deposition conditions (e.g., substrate temperature and substrate bias
potential) in order to induce the growth of the crystalline TaON phase
already during the film deposition at a reasonably low substrate tem-
perature.
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ABSTRACT

High-power impulse magnetron sputtering of a Ta target in precisely controlled Ar+O,+N, gas mixtures was used to prepare amorphous
N-rich tantalum oxynitride (Ta-O-N) films with a finely varied elemental composition. Postdeposition annealing of the films at 900 °C for
5min in vacuum led to their crystallization without any significant change in the elemental composition. The authors show that this
approach allows preparation of a Ta-O-N film with a dominant Ta,N,O phase of the bixbyite structure. As far as the authors know, this
phase has been neither experimentally nor theoretically reported yet. The film exhibits semiconducting properties characterized by two
electrical (indirect or selection-rule forbidden) bandgaps of about 0.2 and 1.0eV and one optical (direct and selection-rule allowed)
bandgap of 2.0 eV (suitable for visible-light absorption up to 620 nm). This observation is in good agreement with the carried out ab initio
calculations and the experimental data obtained by soft and hard X-ray photoelectron spectroscopy. Furthermore, the optical bandgap is
appropriately positioned with respect to the redox potentials for water splitting, which makes this material an interesting candidate for this

application.

Published under license by AVS. https://doi.org/10.1116/6.0000066

I. INTRODUCTION

Binary films from the Ta-N system have interesting properties
including high hardness,"” wear” and corrosion” resistance, or pho-
tocatalytic activity.”® The Ta-N system is quite complex mainly
due to the occurrence of various metastable phases.”” Among
them, there is also a rare one that was first prepared using a CVD
technique by Ganin et al.'’ The authors characterized this phase as
a Ta,N3; compound with a bixbyite structure of the Ia3 space
group (let us denote this phase as b-Ta,N; from now on). This
phase was also later prepared by Salamon et al.'' using magnetron
sputtering followed by postdeposition annealing at 450°C in
vacuum. The authors found that the b-Ta, N3 films were electrically
conductive. This observation was also supported by their ab initio
calculations showing that the Fermi level is positioned in the

conduction band. The calculations further predicted an optical
bandgap of about 2 eV. Upon annealing above 850 °C in vacuum,
the films transformed into the NaCl-type §-TaN phase.

Adding oxygen into the Ta-N system provides a possibility to
prepare Ta—O-N films that have been intensively studied in the last
few years due to their promising mechanical,'>"* electrical,"*"'
optical,’’~"?  antibacterial,”” and especially ~photocatalytic
properties.”'** By far, the most studied phase in the Ta—O-N system
is the monoclinic 8-TaON.”* Some of the less known phases include
the monoclinic }/-TaON,25 the tetragonal S-TaON,”® and the hexago-
nal a-TaON.”” The hexagonal one has, however, been refuted on the
basis of quantum-chemical calculations.*

High-power impulse magnetron sputtering (HiPIMS) is a
modern physical vapor deposition technique utilizing a very high
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discharge power density that is delivered to the target in short
pulses (50-200us) at a relatively low pulse repetition frequency
(50-1000 Hz) in order to avoid target overheating.””"’ The main
benefit of this technique is an enhanced dissociation and/or ioniza-
tion of gas and target species. Recently, it has been demonstrated
in our laboratories that controlled HiPIMS is a suitable technique
for preparation of various oxynitride films with a continuously
varying concentration ratio of N and O atoms and thus their
properties.”'

The present work follows up on our previous study’ focusing
on Ta-O-N films (prepared by HiPIMS) with continuously
varying composition from tantalum oxide (TayOs) to tantalum
nitride (TaN) and particularly on the annealed film with the mono-
clinic B-TaON phase. In the present work, our main focus is on
preparation of N-rich Ta-O-N films, i.e., with a prevalent nitrogen
content, by the same deposition technique. After postdeposition
annealing, we identify a crystalline Ta;N,O phase with the bixbyite
structure in a particular film (let us denote this phase as b-Ta,N,O
from now on). As far as we know, this phase has been neither
experimentally nor theoretically reported yet. Therefore, we pay
great attention to optical and electrical properties of the film with
the dominant b-Ta,N,O phase and its electronic structure in view
of potential applications for water splitting.

Il. EXPERIMENTAL AND METHODOLOGY
A. Film preparation

The Ta-O-N films were deposited using the same deposition
system as described in Ref. 33. The base pressure before each depo-
sition was lower than 5 x 107> Pa. Ar was introduced into the
chamber at a flow rate of 50 sccm. The pumping speed of the tur-
bomolecular pump was adjusted using a throttle valve to attain an
Ar partial pressure of 1.000 Pa. Subsequently, a mixture of N, and
O, was admitted [via individual mass-flow controllers (MFCs)] at
corresponding flow rates, ¢y, and ¢,, into the chamber. Values
of ¢y, and ¢y, were regulated using MFCs controlled by a PID
unit (647C, MKS Instruments) in order to keep the total pressure
during the reactive deposition constant at 1.095Pa for all deposi-
tions, while the preset nitrogen fraction in the total reactive gas
flow, faz = P2/ (Poz + Pnz)> Was set to a constant value from a
narrow range 95%-100% for a given deposition.

The magnetron (HVM Plasma Ltd.) was driven by a high-
power pulsed direct-current power supply (HMP 2/1, Hiittinger
Elektronik). The negative-voltage pulse duration, tox, and the pulse
repetition frequency, f;, were kept constant at 50us and 170 Hz,
respectively. The corresponding duty cycle, ton/T, was 0.85%,
where the pulse period T = 1/f,.

The waveforms of the target voltage, Ur(t), and discharge
target current, I4(t), were recorded by a digital oscilloscope
(PicoScope 6403C, Pico Technology) using voltage (TT-HV 150,
Testec) and current (CT-E0.5-B, Bergoz) probes. The average dis-
charge target power density in a pulse was evaluated as

Py, =

toN
J Un() Lo(t) dt, (1)

tonAT Jo

where At stands for the total target area (~20cm? in our case).
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The average discharge target power density in a period, Py, was
evaluated accordingly as
T
|

In this work, Py, and Py values were kept constant at 1000 W /cm?
and 10 W /cm?, respectively.

The films were deposited onto polished and ultrasonically pre-
cleaned Si(100) or fused-silica (for measurements of electrical
properties) substrates. The deposition time was 50 min. The film
thickness was measured by profilometry (DEKTAK 8 Stylus
Profiler, Veeco) at the film edge created by using a removable thin
silicon mask on the substrate during the deposition. The deposition
rate was 7.5nm/min at fy, = 95% and gradually decreased down
to 4.6 nm/min at fy, = 100%.

P —
47 TA;

Ur(t) Ia(t) dt. 2

B. Film annealing

The as-deposited films were annealed at temperatures of 800,
900, 1000, or 1100°C for 5 or 10 min in a stainless-steel vacuum
furnace of a rapid thermal processor (AS-One 100 RTP,
Annealsys); heating and cooling were carried out at the same rate
of 30°C/min. The base pressure in the furnace prior to each
annealing process was 1 x 1072 Pa.

C. Film characterization and ab initio calculations

1. Elemental composition, microstructure, and
crystal structure

The elemental composition was determined by wavelength
dispersive spectroscopy (MagnaRay, Thermo Scientific) performed
in a scanning electron microscope (SU-70, Hitachi) using a primary
electron energy of 10kV. The same instrument was used to obtain
cross-sectional and top-view images of the films.

X-ray diffraction (XRD) measurements were carried out at
room temperature using a diffractometer (Xpert PRO, PANalytical)
in the Bragg-Brentano configuration with CuKa (40kV, 40 mA)
radiation. To avoid a strong reflection from the Si(100) substrate, a
slightly asymmetrical diffraction geometry with an w-offset of 1.5°
was used.

2. Optical properties

The refractive index, #, and extinction coefficient, k, were deter-
mined by a variable angle spectroscopic ellipsometry instrument
(J.A. Woollam Co., Inc.). The measurements were performed using
angles of incidence of 65°, 70°, and 75° in reflection. The optical
data were fitted for wavelength, A, in the range of 300-2000 nm using
the WVASE software. The optical model consisted of a Si substrate, a
Ta-O-N layer, and a surface roughness layer. The Ta-O-N layer was
represented by a sum of the Cody-Lorentz oscillator (described, e.g.,
in our previous work™”) and the Drude oscillator.

3. Electrical properties

The electrical resistivity and the Hall coefficient of the films
prepared on 8 x 8 mm? fused-silica substrates were measured in
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the Van der Pauw configuration using a Hall measurement system
(MMR Technologies). The measurements were carried out at a
controlled temperature of the sample in the range of 90-725K
under vacuum (to prevent oxidation of the films). Gold contacts
were sputter-deposited onto the corners of the square sample prior
to the measurement to avoid nonohmic contacts between the film
and the spring-loaded probe tips.

4. Electronic structure

The electronic structure of the investigated materials was cal-
culated using a density-functional theory as implemented in the
plane-wave self-consistent field (PWscf) code’” of the Quantum
ESPRESSO software package and also using the density-functional
theory taking into account fully relativistic Green functions
as implemented in the spin polarized relativistic Korringa-
Kohn-Rostoker (SPR-KKR) code’™” of the Munich SPR-KKR
band structure software package.

In the case of the PWscf calculations, atom cores and inner
electron shells were represented by Vanderbilt-type pseudopoten-
tials,”® and the Kohn-Sham equations for the valence electrons were
expanded in a basis of plane waves with wavefunctions and density
energy cutoffs of 30 Ry and 240 Ry, respectively. The exchange and
correlation term was treated using the Perdew-Burke-Ernzerhof
functional.>’ The cubic periodic simulation cell of the b-Ta,N; had a
lattice constant, a = 9.8205 A (selected based on Ref. 10) and con-
sisted of 32 Ta and 48 N atoms in the bixbyite structure.”’ The cubic
periodic simulation cell of the b-Ta;N,O had an experimentally
(by XRD) determined a = 9.7744 A and consisted of 32 Ta, 32N,
and 16 O atoms with O atoms regularly occupying one third of the
anion positions, chosen as the lowest-energy set of three tested
ones. For both materials, also, slightly higher and lower lattice
constants were tested to confirm that the chosen ones correspond
to energetic minima. The Brillouin zone was sampled with a
4 x 4 x 4 Monkhorst-Pack k-point grid. After a full geometrical
relaxation, the electronic density of states (EDOS), both total and
projected onto individual orbitals, was calculated.

In the case of the SPR-KKR calculations, the oxygen atoms
were considered as randomly distributed at the nitrogen positions
in the lattice of the b-Ta,N,O by utilizing coherent potential,
atomic sphere, and local density approximations. The cubic simu-
lated cell of the b-Ta,N,O had the same value of a as in the case of
PWscf calculations and consisted of 16 Ta atoms, 24 atomic posi-
tions of which 67% are occupied by nitrogen atoms and 33% by
oxygen atoms, and 24 vacuum atoms.

X-ray photoelectron spectroscopy (XPS) was carried out at the
109 Diamond light source beamline equipped with a high-energy
electron analyzer. The measurements were done using soft and
hard X rays with a photon energy of 800 eV (an experimental reso-
lution of 200 meV) and 3000eV (an experimental resolution of
300 meV), respectively. The obtained spectra were normalized on
the same number of counts, and the Fermi level was aligned to 0 of
the energy scale at the Fermi edge at room temperature.

5. Bandgap position

The bandgap position of the selected film was determined by
ultraviolet photoemission spectroscopy (UPS) performed in a UHV
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apparatus (ESCA 2SR, Scienta-Omicron) following the methodol-
ogy described in detail in Ref. 41. UPS spectra were taken with He
I (21.2eV) UV light and recorded with a constant pass energy of
2.0 eV. The film was biased to —10V during each measurement in
order to measure the secondary electron cutoff. The film was
cleaned for 15 min prior to the measurement using an ion beam of
Ar clusters consisting of 1000 atoms. The energy of clusters and the
sputtering current were set to 10 keV and 9 nA, respectively.

The obtained UPS spectrum of the film was first referenced to
the Fermi edge, Ep, of a circular gold area with a diameter of 2 mm,
which was ex situ sputter-deposited onto the film. Upon the determi-
nation of the cutoff of the UPS spectrum of the film, the correspond-
ing energy position of the vacuum level, E,., was obtained by taking
into account the energy of the used UV photons (21.2 V).

lll. RESULTS AND DISCUSSION

In this section, we first present the elemental composition of
the prepared Ta-O-N films (Fig. 1) and the structure of the films
after their annealing at 900 °C in vacuum (Fig. 2). Based on these
results, we further focus our investigation on the properties of the
film with the dominant b-Ta,N,O phase. We study the morphol-
ogy of the film (Fig. 3), the temperature stability of the crystal
structure (Fig. 4), optical (Fig. 5) and electrical (Fig. 6) properties
of the film, and the electronic structure of the film determined by
ab initio calculations (Fig. 7) and XPS (Fig. 8). Finally, we elaborate
on a possible application of the film for photocatalytic water split-
ting, which also includes discussion of the bandgap position of the
film with respect to the corresponding redox potentials (Fig. 9).

A. Elemental composition of Ta-O-N films

The used deposition technique allowed us to very finely
control the elemental composition of the as-deposited Ta-O-N
films [see Fig. 1(a)]. The nitrogen fraction in the total reactive gas
flow, fx,, was precisely varied (with a minimum step of only 0.5 %)
in the range of 95.0%-100.0%. Its increasing value leads to a
gradual (nearly linear) substitution of O atoms by N atoms at a
concurrent slight increase in the content of Ta atoms in the films.
This corresponds to a gradual change in the elemental composition
of the films from Ta3;0,3Ny9 to TauO;Nsy with a typical variation
step for the individual elements in the range of 1-3at. %. Let us
mention that the content of oxygen of 7at. % at fy, = 100% is a
consequence of a release of oxygen from the chamber walls during
the deposition due to preceding depositions in an oxygen contain-
ing atmosphere.

The annealing of the prepared films at 900 °C for 5min in a
vacuum furnace (a base pressure of 1 x 1073 Pa) practically did not
affect their elemental composition as can be seen by comparing
Figs. 1(a) and 1(b). The small variation in the values is within the
error of the analysis used.

B. Crystal structure of Ta-O-N films

All the as-deposited Ta-O-N films were X-ray amorphous
except for the film prepared at fy, = 100.0%, which possessed a
single nanocrystalline cubic TaN structure. The amorphous struc-
ture of the films was retained up to a temperature of 800 °C upon
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FIG. 1. Elemental composition of the Ta-O-N films after deposition (a) and
after their annealing at 900°C for 5min in a vacuum furnace (b). The
as-deposited films were prepared at various nitrogen fractions in the total reac-
tive gas flow, fy, .

their annealing in vacuum. Note that the corresponding XRD data
showing the temperature evolution of the structures are not pre-
sented here except for the film prepared at fy, = 97.0% (Fig. 4).
This film will be discussed in more detail below.

XRD patterns presented in Fig. 2 show that all the Ta-O-N
films are crystalline after their annealing at 900 °C in vacuum. The
films prepared at fy, in the range of 95.0%-96.5% exhibit a mixture
of two phases, monoclinic 3-TaON (PDF Card No. 01-083-4964)
and bixbyite-Ta-O-N (b-Ta—O-N). The b-Ta-O-N phase was
identified based on the work of Ganin et al.'’ Here, we intention-
ally do not specify the elemental composition in the notation of
the b-Ta-O-N phase since the elemental composition discussed in
Sec. IIT A corresponds to a mixture of two phases. This is, however,
not the case for the film prepared at fy, = 97.0% because the
annealing of this film leads to crystallization of a dominant bixbyite
phase (with a lattice constant, a = 9.7744 A). Therefore, in this
case, we denote the phase as b-Ta;N,O based on the elemental
composition of the film (i.e., 40% Ta, 40% N, and 20% O, as seen in
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FIG. 2. XRD patterns taken from the Ta—O-N films deposited at various nitro-
gen fractions in the total reactive gas flow, fy,, and subsequently annealed at
900°C in a vacuum furnace. The patterns were recorded at room temperature.
The identified phases of monoclinic 5-TaON, cubic bixbyite-Ta-O-N (b-Ta—O-N),
cubic bixbyite-TazN,O (b-Ta;N20), and cubic TaN (c-TaN) are indicated by trian-
gles, empty circles, full circles, and diamonds, respectively.

Fig. 1). Annealing of the film prepared at fy, = 98.0% leads to
crystallization of the cubic TaN phase (c-TaN, PDF Card No.
04-007-1969) along with the b-Ta-O-N phase. For fy, = 100%,
the film retains its single nanocrystalline cubic TaN structure
without any pronounced changes after the annealing.

C. Bixbyite-Ta;N,O film
1. Microstructure

Despite the very high annealing temperature, the images pre-
sented in Fig. 3 indicate a crack-free surface with barely observable
grains and a densified volume of the b-Ta,N,O film.

2. Temperature stability of the crystal structure

Figure 4(a) shows XRD patterns of four samples (from one
batch) of the film prepared at fy, = 97.0% and each annealed at a
different temperature in the range of 800-1100°C for 5min in
vacuum. It is obvious that the film is amorphous up to 800 °C and
crystallizes into the dominant b-Ta,N,O phase between 800 and
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FIG. 3. Top-view and cross-sectional images of the bixbyite-TayN,O

(b-TazNzo) film.
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FIG. 4. XRD patterns taken from the Ta—O-N films prepared at a nitrogen frac-
tion in the total reactive gas flow, fy, = 97%, and subsequently annealed in a
vacuum furnace: four samples from one batch annealed at various temperatures
(800, 900, 1000, and 1100°C) for 5min in vacuum (a) and one sample
annealed during two successive annealing cycles at 900 °C for 5 and 10 min in
vacuum (b). The patterns were recorded at room temperature. The identified
phases of monoclinic B-TaON, cubic bixbyite-Ta-O-N (b-Ta-O-N), cubic
bixbyite-TayN,O (b-TayN,0), and cubic TaN (c-TaN) are indicated by triangles,
empty circles, full circles, and diamonds, respectively.
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900°C. A further rise in the temperature up to 1000 °C destabilizes
the bixbyite structure and leads to its gradual decomposition into
c-TaN and B-TaON phases with increasing temperature. The domi-
nant phase in the film after annealing to 1100 °C is c-TaN.

Figure 4(b) shows XRD patterns of one sample of the film
prepared at fy, = 97.0% annealed during two successive annealing
cycles at 900 °C for 5 and 10 min in vacuum. Since both patterns
are practically identical, we suppose that the b-Ta,N,O film is fully
crystalline (i.e., without any residual amorphous phase in the film)
already upon 5 min of the annealing.

3. Optical properties

The b-Ta;N,O film was semitransparent with an optical
bandgap width, Eg, of 2.0 eV, as measured by spectroscopic ellips-
ometry. The corresponding dispersion curves of n and k (Fig. 5)
are consistent with the aforementioned optical gap: there is a
strong interband absorption (as seen from the dispersion of k) and
nonmonotonically changing n at A < 620 nm and monotonically
decreasing n at A > 620 nm. Furthermore, increasing k in the long-
wavelength range is a fingerprint of an absorption by free charge
carriers as further discussed below.

4. Electrical properties

From the Arrhenius plot of the electrical conductivity, o, mea-
sured using the Hall measurement system, for the b-Ta,N,O film
(Fig. 6), one can see that the film exhibits semiconducting behavior
because ¢ increases with increasing temperature (controlled in the
range of 90-725 K).

In general, ¢ = neu, where n is the density of charge carriers,
e is the elementary charge, and y is the mobility of charge carriers.
The temperature dependence of n for an intrinsic semiconductor
with a bandgap of Ej is given by
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FIG. 5. Dispersion curves of refractive index, n, and extinction coefficient, k, for
the bixbyite-Ta;N,O (b-TazN,O) film.
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FIG. 6. Arrhenius plot for the measured conductivity of the bixbyite-TayN,O
(b-TagN,O) film.

where k is the Boltzmann constant. At high temperatures, u oc
T—3/2 due to dominant carrier scattering by acoustic phonons. One
can then write

o(T) oc T2 Fe/2KT T=3/2 _ o~Fo/24T

(4)

which implies that the E; value can be determined directly from
the linear region of the Arrhenius plot. At lower temperatures, the
determination of E; may be more difficult since the charge scatter-
ing by ionized impurities [described by a different u(T) function]
may become an important or an even dominant scattering mecha-
nism. In such a case, #n(T) and u(T) need to be measured together
with o(T') as discussed in more detail in Ref. 42,

Unfortunately, the measured Hall coefficient for the
b-Ta,N,O film exhibited large fluctuations over consecutive mea-
surements. Hence, n(T) and u(T) could not be reliably evaluated
separately. In this work, we thus assume that the relation & oc T=3/2
is valid for T in the range of 180-725 K, where the Arrhenius plot
is characterized by two linear regions allowing us to determine E,
values from linear fits of the plot. Based on this, we can say that
the b-Ta,N,O film is characterized by at least two electrical bandg-
aps of about 0.2 and 1.0 eV. Note that the temperature during the
Hall probe measurements was not sufficiently high to observe the
aforementioned optical bandgap of 2.0 eV.

The large difference of the electrical and optical bandgaps
indicates that the former may be indirect ones or may have optical
transitions forbidden by selection rules as discussed in Sec. I1I C 5,
while the latter may be a direct one and allowed by the selection
rules. The indirect or optically forbidden gap is narrow enough for
thermal excitations across it, giving rise to a considerable concen-
tration of free carriers (see the dispersion of k).
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5. Bixbyite-Ta,N,O vs bixbyite-Ta,N3 films

Magnetron sputtered nitride films typically exhibit some low
level of contamination by O atoms (a few at. %) owing to the fact
that O, molecules are contained in the residual gas in the chamber
and also desorb from the chamber walls during the deposition.
As discussed in Sec. ITI A, the latter effect led to a certain oxygen
concentration also in our films prepared in a pure nitrogen atmo-
sphere. A similar effect was also responsible for a low contamina-
tion level (=2 at.%) of oxygen in the amorphous as-deposited
tantalum nitride films prepared by Salamon et al.'' Annealing of
these films in vacuum resulted not only in crystallization of the
b-Ta, N3 phase (at 425°C) but also in an increase of oxygen con-
centration in the films up to 6 at. % (at 750 °C).

Comparing the above-presented properties of the b-Ta,N,O
film with those presented in Ref. 11 for the b-Ta,Nj; film, we can
identify two important roles of the enhanced concentration of
oxygen (20 at. %) in our film. First, the crystallization temperature
is increased from 425°C for the b-Ta,N; film to a much higher
value of above 800 °C for the b-Ta,N,O film. This effect indicates a
slower diffusion of atoms in the b-Ta,N,O film at a given tempera-
ture, which can be most probably attributed to an increased atomic
density. This explanation is supported by a lower value of
a =9.7744 A of the b-Ta,N,O film (see Sec. III B) as compared to
a = 9.8205 A of the b-Ta,N; film.'” Second, the electrical proper-
ties change from conducting for the b-Ta,;Nj3 film to semiconduct-
ing for the b-Ta,N,O film. To further understand this effect, the
electronic structure of both materials was calculated (Fig. 7), and
the electronic structure of the b-Ta;N,O film was also experimen-
tally measured (Fig. 8).

The electronic structure of the b-Ta,N3; and b-Ta,N,O mate-
rials was first calculated using a PWscf code. In agreement with
Ref. 11, the calculated EDOS for the b-Ta,N; material [Fig. 7(a)]
indicates that the material exhibits a metallic character due to a
nonzero population at the Fermi level, Eg. For energies below Ep,
there is a region from about —2.1 to —0.3 eV where only a small
number of electronic states or even no states at all (from —1.9 to
—1.4eV) are present. Due to the high nitrogen electronegativity,
the occupied states below this range have most of their weight on
N(p) orbitals [hybridized with Ta(d) orbitals], while the lowest
unoccupied states above Ep have their weight mostly on Ta(d)
orbitals. Let us highlight that optical transitions between the Ta(d)
states below and above Ep (having the same parity) are forbidden
by electric-dipole selection rules. Therefore, the most probable
optical excitations are expected between the N(p) states at around
—2.2¢V and the Ta(d) states just above Ep. Despite the metallic
character of the material, a certain optical bandgap of about 2.2 eV
can thus also be identified from the electronic structure.

In the case of the b-Ta,N,O material, the electronic structure
for three different atomic configurations (with periodically substi-
tuted O for N atoms in the b-Ta,Nj lattice with a = 9.7744 A) was
investigated. The one leading to the lowest energy is considered in
this work [Fig. 7(b)]. Total EDOS for the valence band exhibits a
pronounced local minimum at Ep, indicating a semiconducting
character of the material. The density of unoccupied Ta(d) states
above Ep is significantly lower compared to the b-Ta,N; material,
which is compensated by new occupied states whose weight is
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FIG. 7. EDOS for the bixbyite-TayN; (b-TaaN3) (a) and the bixbyite-TaN,O
(b-TagN,0O) (b) materials both calculated using the PWscf code and for the
bixbyite-TagN,O (b-TazN,O) material calculated using the SPR-KKR code (c).
The total EDOS (solid black line) is projected onto individual valence orbitals
(dashed and dotted lines). The Fermi level is at zero energy.

mostly on Ta(d) orbitals inside the former bandgap. These states
are probably responsible for the two bandgaps of about 0.2 and
1.0 eV determined from the Arrhenius plot in Sec. III C 4. In this
case, the temperature-driven transitions between these emerged
Ta(d) states and unoccupied Ta(d) states are allowed. However,

ARTICLE avs.scitation.org/journalljva

Intensity [arb. units]

E — Er [eV]

FIG. 8. XPS spectra for the bixbyite-Ta;N,O (b-TazN,O) film. Soft and hard
X rays with photon energies of 800 and 3000 eV, respectively, were used.

optical transitions between these states are also forbidden similarly
as in the case of b-Ta,Nj;. In the case of b-Ta;N,O, one can thus
expect an optical bandgap of about 2.5 eV. This prediction is con-
sistent with an optical bandgap width of 2.0 eV measured by spec-
troscopic ellipsometry (discussed in Sec. IIT C 3).

In order to also consider a random substitution of O for N
atoms in the b-Ta,Nj lattice (which is not possible with the PWscf
code), calculations of the electronic structure taking into account
fully relativistic Green functions as implemented in the SPR-KKR
code were also carried out. The calculated EDOS [Fig. 7(c)] shows
that the SPR-KKR calculation leads to a similar electronic structure
as in the case of the PWscf, but with only a shoulder instead of a
minimum at Ep. Let us mention that a similar electronic structure
would also be obtained with the PWscf code in a case where the
electronic structures obtained for the three investigated atomic con-
figurations were averaged instead of choosing the one with the
minimum energy.

The measured semiconducting electrical properties of the
b-Ta,N,O film (discussed in Sec. I1I C 4) indicate that there should
be a pronounced local minimum in the total EDOS at an Eg level
typical for semiconductors. In addition, the annealing, as a slow
equilibrium process, probably helps O atoms to be periodically dis-
tributed in the material at energetically favorable positions rather
than to be at random positions. For these two reasons, we believe
that the electronic structure calculated using the PWscf code better
describes the real electronic properties of the b-Ta,N,O material.

In Fig. 8, we present patterns showing an experimentally mea-
sured electronic structure of the b-Ta;N,O film below Er obtained
using soft and hard XPS with photon energies of 800 and 3000 eV,
respectively. The higher photon energy substantially increases
(about five times) the bulk sensitivity of the measurement due to a
higher inelastic mean free path of the photoemitted electrons in the
material. Both patterns are very similar and are characterized by a
distinct peak corresponding to the valence band for energies from
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—2 to —10eV. In addition, the energy levels below Eg (i.e., from 0
to —2eV) predicted by the ab initio calculations are here observed
as well.

6. Potential applications for water splitting

Materials for a successful one-step overall photocatalytic
decomposition of H,O into H, and O, under visible light must
satisfy several principal requirements.”> Among these are (i) a suit-
able bandgap width for visible-light absorption, (ii) an appropriate
bandgap position with respect to redox potentials for water split-
ting, (iii) a sufficient lifetime of the photogenerated electron-hole
pairs (governed by their recombination) in the material allowing
charge transfer to the surface of the material where the water-
splitting reactions occur, and (iv) a suppressed photocorrosion of
the material.

As discussed in Sec. III C 3, the b-Ta,N,O film is character-
ized by an optical bandgap width of 2.0 eV. This facilitates visible-
light absorption for wavelengths up to 620 nm and thus efficient
utilization of a large fraction of the overall sunlight intensity for
production of electron-hole pairs in the material.

In order to determine the position of the optical bandgap, the
distance between Ep of the b-Ta,N,O film and the vacuum level
was first determined using UPS as —4.34eV; see Fig. 9(a).
An experimental determination of the position of the bottom level
of the conduction band, E., is difficult. In this work, we, therefore,
assume (based on the works of Matsumoto™ and Chun et al*')
that E. of the film is not more positive than 0.3 eV with respect to
Ep, which is also in a good agreement with our ab initio calcula-
tions discussed in Sec. IIT C 5. In Fig. 9(b), we, therefore, take into
account the maximum possible difference, E. — Er = 0.3 €V.
Furthermore, due to a large error in the determination of the top
level of the valence band, E,, from the UPS spectra, we present E,
calculated as E, = E. — Eg, where E; was determined by the spec-
troscopic ellipsometry measurements (discussed in Sec. I1I C 3).

As one can see from Fig. 9(b), the bottom level of the conduc-
tion band and the top level of the valence band (both correspond-
ing to the optical bandgap) are above and below the redox
potentials for HT and O, production, respectively. This indicates
that the b-Ta,N,O film exhibits a very promising position of the
optical bandgap with respect to the water-splitting application.

Let us here highlight that such a combination of the narrow
bandgap and its position is quite unique among the candidates for
the water-splitting application.***’

The number, An, and the lifetime, 7., of the photoexcited
charge carriers are important characteristics for all photocatalytic
materials. In the case of the b-Ta,N,O film, 7, requires special
attention because it may be influenced by thermally excited charge
carriers. As discussed in more detail in the Appendix, low- and
high-injection regimes can be distinguished when considering the
effect of thermally excited pairs. The regimes are separated by the
condition

, ®)

where E is the photoexcitation rate, B, is the recombination rate
constant, and #y is the equilibrium density of the thermally excited
electrons. In the low-injection regime, i.e., for \/E/B, < ny/2, An
increases linearly with E and hence with the power of the exciting
light, whereas 7, is independent of this power. Both An and 7, are
inversely proportional to ng. In the high-injection regime, i.., for
VE/B, > ny/2, the growth of An slows down from linear to the
square root of the exciting-light power, and 7, starts decaying as
the inverse square root of this power. The values of An and 7, are,
however, independent of ny, which makes this regime more favor-
able with respect to the water-splitting application.

An investigation of the photocorrosion of the b-Ta,N,O film
is beyond the scope of this paper, but it is definitely an important
topic for a further work since generally oxynitride materials may be
thermodynamically unstable in an aqueous solution and thus oxi-
dized by the holes under illumination.*’

IV. CONCLUSIONS

In this work, we investigated properties of crystalline N-rich
Ta-O-N films with a finely varied elemental composition. The
films were prepared by utilizing high-power impulse magnetron
sputtering of a Ta target in precisely controlled Ar+O,+N, gas
mixtures followed by postdeposition annealing at 900 °C for 5 min
in vacuum.
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We showed that the deposition at an optimum gas mixture
composition led to preparation of the Ta,N,O film exhibiting the
dominant bixbyite structure. As far as we know, this phase has
been neither experimentally nor theoretically reported yet. The film
was semitransparent with an optical bandgap width of 2.0eV as
measured by spectroscopic ellipsometry. Measurements of the elec-
trical conductivity as a function of temperature further showed a
semiconducting dependence characterized by two electrical bandg-
aps of about 0.2 and 1.0 eV. The carried out ab initio calculations
indicated that these two bandgaps are associated with a negligible
probability of excitations due to a photon absorption.

We also discussed the potential of this material for water split-
ting. Its optical bandgap of 2.0 eV is suitable for utilization of a
large fraction of the visible light (up to 620 nm) for generation of
electron-hole pairs required for the process. Furthermore, the
bandgap position is quite unique with respect to the redox poten-
tials for H* and O, production. In addition, the possible effect of
thermally excited charge carriers (due to the narrow electrical
bandgaps) on the recombination of the photogenerated charge car-
riers was thoroughly discussed. However, further experiments such
as photocatalytic activities and photocorrosion tests need to be
carried out to make the discussion conclusive.
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APPENDIX: EFFECT OF THERMALLY EXCITED
ELECTRON-HOLE PAIRS ON THE LIFETIME OF THE
PHOTOGENERATED ONES

Denoting the equilibrium density of the thermally excited
electrons and holes as ny and p,, respectively, and the excess
density of electrons and holes due to photoexcitations as An and
Ap, respectively, the net recombination rate is

B.Ap(no + An), (A1)

where B, is the recombination rate constant with the dimension of
inverse time times inverse density, and we have neglected the recom-
bination of electrons with the thermally excited holes because the
thermally excited holes have predominantly the same d-symmetry as
the thermally excited electrons, and thus, their radiative recombina-
tion is dipole-forbidden. Using the neutrality condition An = Ap, the

ARTICLE avs.scitation.org/journalljva

equation for the time evolution of An is

dAn

o= —B.An(ny + An) + E, (A2)

where E is the photoexcitation rate with the dimension of inverse
time times density. In the steady state,

@70. (A3)
a7

therefore, the equation for the time evolution becomes a quadratic
equation for the steady-state value of An whose positive root is

E no 2 no
An= |~ (—) o A4
n +15 5 (A4)

This formula shows that An has two regimes”” separated by

E no
— A5
B2 (A5)

consistently with the dimensional analysis, showing that E/B, has
the dimension of density squared. In the low-injection regime,

E no
— <=, A6
VB, <5 (A6)
we expand the square root to the first order in E/(n2B,),

no 4E
An = — 1+——1| ~ , A7
"= ( + n3B; ) 1B, (A7)

whereas in the high-injection regime,

E no
—>—, A8
\/Br>> 5 (A8)

we neglect 15 compared to E/B, and get

E
An =\ |—. A9
ne/ B, (A9)

The radiative lifetime 7, is given by"’

An 1

T, = = (A10)
r —% E—0 Br(l’lo + AT’!)
and is
1
T, R~ (A11)
BrnO
38, 033409-9
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in the low-injection regime and

T~

1 1
S — (A12)
B \/E VEB;
4/ B,

in the high-injection regime consistently with the dimensional analy-
sis, showing that EB, has a dimension of inverse time squared.
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ARTICLE INFO ABSTRACT

CrN films were prepared using three different configurations of the HiPIMS discharge mode and the substrate
holder potential. We investigate the effect of a positive pulse voltage (30-400 V) in bipolar HiPIMS on the crystal
structure, microstructure and resulting mechanical properties of the films, and compare it to the effect of a
standard DC bias voltage applied to the substrate holder in unipolar HiPIMS. We find that when the substrate
holder is at a floating potential, its charging causes the loss of the plasma-substrate potential difference, ne-
cessary for ion acceleration, and no obvious evolution is thus observed with increasing positive pulse voltage.
However, when the substrate holder is grounded, the effect of the positive pulse voltage is apparent and different
from the effect of the DC bias substrate voltage. That is mainly due to differences in energies delivered into the
growing film by bombarding ions. Films prepared using bipolar HiPIMS at a positive pulse voltage of 90 and
120V exhibit the most interesting properties, namely high hardness (23.5 and 23.1 GPa, respectively) at a re-
latively low residual compressive stress (1.7 and 1.5 GPa, respectively). The results indicate that as long as the
growing film is conductively connected with the ground, bipolar HiPIMS is a suitable method to tailor and
improve the film properties.

Keywords:

Bipolar reactive HiPIMS
Floating substrate holder
Grounded substrate holder
DC biased substrate holder
CrN films

Microstructure

1. Introduction

Transition metal nitrides (e.g., CrN, TiN, ZrN) are very well known
for having excellent mechanical properties, such as high hardness and
wear resistance, which makes them ideal as hard protective coatings for
cutting and forming tools, engine parts and other mechanical compo-
nents [1-4].

The mechanical properties mainly depend on the microstructure
(e.g. density, grain size), crystal structure and residual stress of the film.
The evolution of these characteristics is directly related to the degree of
mobility of the adatoms on the surface of the growing film. In magne-
tron sputtering, a number of parameters can be varied to change the
deposition conditions and thus the properties of the growing film. Very
often, a bias voltage is applied to the substrates to induce ion bom-
bardment, which enhances the adatoms' mobility and promotes densi-
fication of the film [5-8]. The induced changes in the structure of the
film are then governed by the energy and flux of the particles bom-
barding the film surface during the growth.

The introduction of high-power impulse magnetron sputtering
(HiPIMS) has brought further possibilities of controlling the deposition
process. In HiPIMS, the power density in a pulse exceeds the average
power density in a period usually by two orders of magnitude, resulting
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E-mail address: jcapek@kfy.zcu.cz (J. éapek).
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in high fraction of ionized species of both the working gas and the
target material, and broadened ion energy distribution function [9-12].
This leads to an enhanced ion bombardment of the growing film even
without the application of a substrate bias voltage. However, a sub-
strate bias voltage might still be necessary to control the energy of the
high amount of low-energy thermalized ions [13].

Recently, bipolar HiPIMS, where the main negative voltage pulse is
followed by a positive one, has been suggested to be used instead of a
substrate bias voltage, particularly when a DC substrate bias voltage is
ineffective. The idea is based on “plasma biasing”, where instead of
decreasing the substrate potential, the plasma potential is increased to
create the plasma-substrate potential difference necessary for ion ac-
celeration towards the substrate [14]. In a number of works, energy-
resolved mass spectrometry has been employed to investigate ion en-
ergy distribution functions (IEDFs). These works reveal a high-energy
ion peak corresponding to the applied positive pulse voltage and sug-
gest that by changing the positive pulse voltage, great control over the
ion energies can be achieved [15-20]. However, it is important to take
into consideration that all these data are acquired using a mass spec-
trometer with a grounded orifice and one needs to be careful in gen-
eralizing the results.

In this work, we investigate the possibility of using bipolar reactive
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HiPIMS to control the crystal structure, microstructure and mechanical
properties of CrN films, representative of fcc transition metal nitrides,
with focus on the effect of the substrate holder potential during the
deposition. We compare three different configurations of the discharge
mode and the substrate holder potential: bipolar HiPIMS with a floating
substrate holder, bipolar HiPIMS with a grounded substrate holder and
unipolar HiPIMS with a DC biased substrate holder.

2. Experimental details

The CrN films were deposited by reactive HiPIMS in a cylindrical
vacuum chamber (506 mm in diameter and 522 mm in height), pumped
by a diffusion pump to a base pressure of 2 X 10~ 3 Pa. The unbalanced
magnetron was equipped with a circular Cr target (99.95% purity,
100 mm in diameter, 6 mm in thickness).

Argon was introduced into the chamber at a flow rate of 14 sccm
and the pressure was set to 0.8 Pa using a throttle valve between the
chamber and the diffusion pump. Nitrogen was then admitted into the
chamber and the flow rate was regulated by a PID unit (647C, MKS
Instruments) to keep the total pressure constant at 1.4 Pa.

The films were deposited onto polished and ultrasonically cleaned Si
(100) and glass substrates. The substrates were placed at a distance of
100 mm from the target and ohmically heated to 350 °C during de-
position.

The magnetron was driven by a high-power pulsed direct current
power supply (SIPP2000USB, Melec GmbH). The discharge was oper-
ated either in a unipolar HiPIMS mode or a bipolar HiPIMS mode. The
negative voltage pulse length, toy, was always set to 100 us and the
repetition frequency, f, to 100 Hz. The corresponding duty cycle, ton/T,
was 1%, where T = 1/f. In bipolar HiPIMS, the positive voltage pulse
length was 60 s with a delay of 20 us after the negative pulse. The
positive voltages ranged from 30 to 400 V. The waveforms of the target
voltage, U(t), substrate holder potential, Uy(t), target current, I(t), and
substrate holder current, I (t), were recorded using a digital oscilloscope
(PicoScope 5444D, Pico Technology). The average discharge target
power density in a period was calculated as:

= 1

R=— U ()L (t)dt,
lymftox> .
where A, stands for the total target area (78.5 c¢m? in our case) and was
kept at 10 W/cm?. The average substrate holder power density in a
period was calculated as:

E:%fgww:fzf%mmmm .
where A stands for the total substrate holder area facing the target
(95 cm? in our case) and Ups(t) represents the plasma-substrate poten-
tial difference, U,(t) — Uy(t), where U,(t) is the plasma potential. When
the substrate holder was at a floating potential, Ug(t), then I;(t) = 0 and
B was thus not calculated. When a DC bias voltage was applied to the
substrate holder in the unipolar HiPIMS mode, U,(t) = 0 and thus Up(t)
can be approximated as: Ups(t) = |Us(t)|. In the bipolar HiPIMS mode
with a grounded substrate holder during the positive voltage pulse, U,
(t) = U(t), Uy(t) = 0 and thus Up(t) can be here approximated as: Uy,
(t) = U(t). The Uy(t) = U(t) approximation is based on our observation
that during the positive pulse, Uy(t) is lifted to values within several
volts of U(t). To support this, we present Uy(t) and Ug(t) during the
positive pulse in Fig. 1. Both potentials were measured using a Lang-
muir probe in a similar deposition system at similar discharge condi-
tions, namely at a positive voltage pulse of 50 us (following a negative
pulse of 100 ps and a delay of 20 ps) and at a distance of 100 mm from
the target. Therefore, we expect a similar behavior of both potentials in
this work.

The estimated energy delivered into the growing film by bom-
barding ions (assuming a negligible contribution of the secondary
electrons to the measured current) per cm® was calculated as [21]:
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Fig. 1. Example of a measurement of the target voltage, U(t), plasma potential,
Up(t), and floating potential, Ug(t), during a positive pulse. The potentials were
measured using a Langmuir probe in a similar deposition system at similar
discharge conditions as in this work, namely at a positive voltage pulse of 50 ps
(following a negative pulse of 100 s and a delay of 20 us) and at a distance of
100 mm from the target.
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where ay, stands for the deposition rate (calculated as the film thickness
divided by the deposition time). The deposition time was varied de-
pending on the deposition rate, in order to keep the thickness of all
films at approx. 1 um.

The elemental composition was measured using energy dispersive
X-ray spectroscopy (UltraDry, Thermo Scientific) performed in a scan-
ning electron microscope (SU-70, Hitachi). The same instrument was
used to obtain cross-sectional and top-view images of the films.

The crystal structure was studied by X-ray diffraction using a dif-
fractometer (Xpert PRO, PANalytical) in the Bragg-Brentano config-
uration with CuKa (40KkV, 40 mA) radiation. PDF Card No. 04-004-
6868 was used to identify the diffraction peaks.

The residual stress was evaluated from the curvature of a Si sub-
strate measured by a profilometer (DEKTAK 8 Stylus Profiler, Veeco)
and using a modified Stoney's formula. The hardness was measured by a
nanoindenter (TI 950 Triboindenter, Hysitron) equipped with a
Berkovich-type diamond tip. For each film, 16 indents were made at a
load of 5 mN and the obtained data were averaged. The surface
roughness and morphology were determined by atomic force micro-
scopy using a microscope (SmartSPM, AIST-NT) with a silicon tip
(nominal radius below 10 nm) operating in the semicontact mode. The
average roughness of the surface, R,, was computed from a randomly
selected square area of 5 X 5pum?.

3. Results and discussion
3.1. Discharge conditions

The CrN films in this work were prepared so that they could be
divided into three series based on the configuration of the discharge
mode and the substrate holder potential: bipolar HiPIMS with a floating
substrate holder, bipolar HiPIMS with a grounded substrate holder and
unipolar HiPIMS with a DC biased substrate holder. Fig. 2 shows an
example of the recorded waveforms of the target voltage, U,(t), target
current density, Ji(t) = I(t)/A;, substrate holder potential, U(t), and
the calculated waveforms of the substrate holder power density, Py(t),
for comparable conditions (i.e., for both a positive pulse voltage and a
negative DC substrate bias voltage of 400V). Values of the average
substrate holder power density, the deposition rate and the estimated
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Fig. 2. Waveforms of the target voltage, U(t), target current density, Ji(t), substrate holder potential, Uy(t), and substrate holder power density, Py(t), for: bipolar
HiPIMS (positive pulse voltage of 400 V) with the substrate holder at a floating potential (a), bipolar HiPIMS (positive pulse voltage of 400 V) with the substrate
holder grounded with a diode (b) and unipolar HiPIMS with the substrate holder biased (DC bias voltage of —400 V) (c). The substrate holder potential signal is
multiplied 5 times for the duration of the negative pulse of the bipolar HiPIMS discharge.

Table 1

The average substrate holder power density, B, the deposition rate, ap, and the estimated energy delivered into the growing film by bombarding ions per cm?®,

Ey,; = B/ap, for different applied voltage values.

U, (V) or -Us (V) 30 60 90 120 200 400

B (mW/cm?) Bipolar HiPIMS 4 9 13 19 33 73
(grounded substrate holder)
Unipolar HiPIMS 22 63 96 129 227 456
(DC biased substrate holder)

ap (nm/min) Bipolar HiPIMS 55 55 55 55 53 49
(grounded substrate holder)
Unipolar HiPIMS 52 53 49 47 37 24
(DC biased substrate holder)

Ey; (kJ/cm®) Bipolar HiPIMS 44 99 143 207 374 9203
(grounded substrate holder)
Unipolar HiPIMS 254 720 1170 1659 3671 11643

(DC biased substrate holder)

energy delivered into the growing film by bombarding ions per cm? are
summarized in Table 1 for further discussion.

The characteristics of the main HiPIMS negative voltage pulse were
the same in all three cases, with the applied target voltage constant
after the initial oscillation and the target current continuously rising
and not reaching saturation before the end of the pulse. In the bipolar
HiPIMS mode, a positive voltage pulse was applied to the target as soon
as possible after the negative pulse. However, due to the construction of
the HiPIMS power supply, there is a minimum required delay of 20 ps.
This delay contains a short positive voltage overshoot, preceding the
onset of the positive voltage pulse. When the substrate holder is
floating, the overshoot is more pronounced because the substrate
holder represents a smaller load for the power supply. However, the
overshoot never exceeds the value of the positive pulse voltage.

In the first series of the films, the discharge was sustained in the
bipolar HiPIMS mode with the substrate holder at a floating potential,
Ug(t), simulating a deposition of non-conductive materials or a deposi-
tion onto non-conductive substrates. As can be seen in Fig. 2a, during
the positive pulse, Uy(t) = U(t) approaches U(t). This is a consequence
of charging of the substrate holder by the impacting ions due to a lifted
plasma potential, U,(t). As shown in Fig. 1 and also reported by Karkari
et al. [22], U,(t) remains within several volts of the potential of the
most positive electrode (the target cathode in this case) and Uy(t) = Uy
(t) thus quickly rises up to a similar level. As a result, the plasma-sub-
strate potential difference, Up(t), is lost.

The second series of the films was prepared in the bipolar HiPIMS
mode with a diode placed between the substrate holder and the ground.
The use of a diode results in a grounded substrate holder (and Up(t)
almost equal to U(t)) only during the positive pulse and a floating
substrate holder during the negative pulse (see Fig. 2b). In this way, the
conditions remain the same during the negative pulse (high electron
currents and their possible effects are thus eliminated) and the effect of
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the positive pulse only can be investigated.

The third series of the films was prepared in the unipolar HiPIMS
mode with a negative DC bias voltage applied to the substrate holder
(see Fig. 2c). It is worth noting that the substrate bias voltage does not
decrease in absolute value with the incoming ion current during the
negative voltage pulse and remains constant. That is thanks to a very
low internal resistance of the used DC power supply.

3.2. Elemental composition
The chromium and nitrogen contents in all prepared films were
measured to be 50 = 2at.% and are summarized in Table 2. All films

can therefore be considered stoichiometric and the elemental compo-
sition does not enter into further discussion.

3.3. Crystal structure and microstructure

The evolution of the crystal structure, represented by XRD patterns

Table 2
Chromium and nitrogen contents in all prepared films.
U; (V) 0 130 260 400
Bipolar HiPIMS Cr (at.%) 49 51 51 50
(floating substrate holder) N (at.%) 51 49 49 50
U; (V) or -Us (V) 0 30 60 90 120 200 400
Bipolar HiPIMS Cr(at.%) 52 50 50 48 48 51 52
(grounded substrate holder) N (at.%) 48 50 50 52 52 49 48
Unipolar HiPIMS Cr(at%) 52 49 51 51 50 52 52
(DC biased substrate holder) N (at.%) 48 51 49 49 50 48 48
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Fig. 3. XRD patterns of the CrN films prepared by bipolar HiPIMS with a floating substrate holder (a), bipolar HiPIMS with a grounded substrate holder (b) and
unipolar HiPIMS with a DC biased substrate holder (c) at different applied voltage values. The film prepared at 0V is shared for (b) and (c). The vertical lines

correspond to the XRD standard (PDF Card No. 04-004-6868).

Bipolar HiPIMS (grounded substrate holder)

(a) floating potential
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Fig. 4. Selected top-view and cross-sectional images of the CrN films prepared by unipolar HiPIMS with a floating substrate holder (a), bipolar HiPIMS with a
grounded substrate holder (b)-(d) and unipolar HiPIMS with a DC biased substrate holder (e)-(g) at different applied voltage values.

of the CrN films deposited onto Si substrates, is shown in Fig. 3. All
prepared films exhibit a crystalline structure with diffraction peaks
corresponding to the fcc CrN phase only. This is in accordance with the
measured composition stoichiometry. The diffraction peaks are shifted
to lower 20 angles with respect to the XRD standard (PDF Card No. 04-
004-6868) due to a compressive residual stress generated in the films
during their growth (discussed in more detail below). The micro-
structural evolution, represented by top-view and cross-sectional SEM
images of selected CrN films, is shown in Fig. 4.
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3.3.1. Bipolar HiPIMS with a floating substrate holder

XRD patterns in Fig. 3a correspond to the CrN films prepared in the
bipolar HiPIMS mode at different positive pulse voltages, with the
substrate holder at a floating potential. All of the films exhibit a strong
preferential (200) orientation. The microstructure of all of these films
(see a representative SEM image in Fig. 4a) is highly columnar
throughout the whole thickness. The top-view image shows easily dis-
tinguishable domed column tops with boundaries of lower density. In
this case, we observed no obvious evolution with increasing positive
pulse voltage.
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It has been suggested in Ref. [19] that bipolar HiPIMS can be used
for ion bombardment of the growing film, irrespective of whether de-
positing a non-conductive material or depositing onto non-conductive
substrates. Hence, we simulated this condition using a substrate holder
at a floating potential. In order for the bombarding ions to have a sig-
nificant effect on the growing film, they need to be accelerated towards
the substrate holder by a potential difference. Although there might be
a non-negligible U,(t) at the very beginning of the positive pulse, Up(t)
quickly decreases due to the charging effect (described in Section 3.1).
The rate of this decrease depends on the ion flux and the capacitance of
the film, substrate or substrate holder. In our case, Up(t) during the
positive pulse is very low and insufficient to cause any significant ion
bombardment and consequently any changes in the crystal structure
and microstructure of the films.

3.3.2. Bipolar HiPIMS with a grounded substrate holder

In order to have a considerable Uy(t) during the positive pulse and
thus to be able to investigate the effect of the positive pulse voltage, we
grounded the substrate holder during the positive pulse for further
experiments, as described in Section 3.1.

In this case, the evolution of the crystal structure and microstructure
with increasing positive voltage is apparent (see Fig. 3b for XRD pat-
terns and Fig. 4b—d for SEM images). Up to 60V, the XRD patterns
remain almost unchanged, with a strong (200) preferential orientation.
The microstructure in this case corresponds to that described in Section
3.3.1 and only a minor enlarging of the column tops can be seen with
increasing positive voltage (not shown). From 90V to 200V, the in-
tensities of the diffraction peaks decrease, as the energy delivered into
the growing film increases and more lattice defects are generated.
While the cross-sectional images (Fig. 4b and c) still show columnar
structure, the column boundaries are not as pronounced. The top view
images also indicate a gradual loss of surface features and densification
(corresponding to zone Ib in a structure zone model as defined by
Mahieu et al. in Ref. [23]). At 400V, a new preferential (220) or-
ientation emerges. The (220) lattice planes are of a lower atomic den-
sity than the (111) and (200) planes and are thus less prone to re-
sputtering and damage by high-energy ions [24]. The columns become
slightly larger and denser at a higher film thickness and the film ex-
hibits a flaked surface (Fig. 4d).

3.3.3. Unipolar HiPIMS with a DC biased substrate holder

In order to evaluate and assess the effect of the positive pulse vol-
tage in bipolar HiPIMS, another series of films was prepared by unipolar
HiPIMS with a standard DC bias voltage applied to the substrate holder
for comparison.

From Figs. 3c and 4e-g, it is apparent that the effect of a DC sub-
strate bias voltage on the crystal structure and microstructure of the
films is different from that of the positive pulse voltage. Already at
— 60V, the preferential (200) orientation switches to (111), while the
(311) peak also gains on intensity. From the cross-sectional SEM images
(Fig. 4e), it can be seen that initially small grains grow near the sub-
strate and start to become larger towards the surface (also evident from
the top-view image), which is indicative of competitive growth (zone T
in Ref. [23]) and explains the prevalence of the (111) orientation, the
kinetically favored orientation with the highest growth rate under these
conditions. From —60 V on, the XRD intensities decrease, even though
the enlarging of the grains towards the surface becomes more pro-
nounced. That is due to lattice damage introduced by high-energy ion
bombardment. The surface seems to be quite flat, smooth and dense,
with vaguely distinguishable large grains (Fig. 4f). At —400V, how-
ever, the surface roughens, possibly due to resputtering effects. This can
be seen in AFM images in Fig. 5 comparing the surface morphology of
the films prepared at the positive voltage of 400V in bipolar HiPIMS
and the DC substrate bias voltage of —400V in unipolar HiPIMS. The
value of the average surface roughness of the film prepared in unipolar
HiPIMS (R, = 15.0 nm) is almost four times higher than that of the film
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Fig. 5. Surface morphology and roughness of the CrN films prepared by bipolar
HiPIMS with a grounded substrate holder (a) and unipolar HiPIMS with a DC
biased substrate holder (b) at an applied voltage of 400V and —400V, re-
spectively.

prepared in bipolar HiPIMS (R, = 3.9 nm).

The differences in the effect of a positive pulse voltage in the bipolar
HiPIMS discharge and a DC substrate bias voltage in the unipolar
HiPIMS discharge stem from the differences in the energy delivered into
the growing film by bombarding ions (see Table 1). Comparing the
films from the two series where the energies are more or less equivalent
(i.e. 903 kJ/cm? for a positive voltage of 400 V and 720 kJ/cm® for a DC
substrate bias voltage of —60 V), we can clearly see differences in both
the crystal structure and microstructure. Since the ion fluxes towards
the substrate are much lower in bipolar HiPIMS, the voltage necessary
for achieving the same energy must be much higher. While the high
fluxes at relatively low energies promote adatom mobility and con-
tinuous crystal growth, the low fluxes at high energies cause growth
disruption, renucleation and structure damages.

It is worth noting that similar sets of results were also obtained for
all three series of the CrN films grown on glass substrates (not shown
here). Despite the substrates being non-conductive, the films grew at
the same potential as on the Si substrates. The reason is that the sub-
strates were held in place with a small steel strip, creating an electrical
contact between the grounded substrate holder and the conductive CrN
film.

3.4. Mechanical properties

The hardness of the prepared CrN films is displayed in Fig. 6 to-
gether with the residual stress in order to better understand its evolu-
tion with increasing energy delivered into the growing film. Before
discussing this evolution, it is important to realize that the initial value
of 22.2 GPa (for the film prepared by HiPIMS without any positive pulse
or substrate bias voltage) is comparable with the values presented in
Refs. [8, 25]. Therefore any further enhancement in the hardness
cannot be expected to be very pronounced.

To demonstrate the supremacy of the initial value, three films pre-
pared by standard DC magnetron sputtering at the same average power
density as in the HiPIMS discharge are included in Fig. 6. It can be seen
that the first two films prepared at a DC substrate voltage of 0 and
—60V are in a tensile stress and exhibit a very low hardness due to
their presumably underdense microstructure. It takes a DC substrate
bias voltage of —90V to reach the values of the HiPIMS films, where
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Fig. 6. Hardness (a) and residual stress (b) of the CrN films prepared by bipolar
HiPIMS with a floating substrate holder (black triangles), bipolar HiPIMS with a
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substrate holder (green squares) at different applied voltage values. Three films
prepared by standard DCMS at the same average power density are included for
comparison (blue diamonds). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

the ion bombardment is significant even without the application of a
substrate bias voltage.

Even though no obvious evolution was observed in the crystal
structure and microstructure of the series of the films prepared with the
substrate holder at a floating potential, small changes in the hardness
can be observed, corresponding to changes in the residual stress.
However, because the energy delivered into the films during their
growth is negligible due to only very small Up(t) during the positive
pulse, the application of the positive voltage pulses does not lead to a
hardness enhancement.

In the case of the films prepared using bipolar HiPIMS with the
substrate holder grounded, we can, however, see a hardness enhance-
ment. A slight increase in the hardness from 22.2 to 23.4 GPa is ob-
served for the positive pulse voltages ranging from 0 to 60V, which
corresponds to an increase in the residual compressive stress from 1.3 to
2.2 GPa. Further increase in the positive pulse voltage (90 and 120 V)
leads to a decrease in the residual compressive stress (1.7 and 1.5 GPa,
respectively) while the hardness is nearly the same (23.5 and 23.1 GPa,
respectively). This can be related to changes in the crystal structure and
microstructure, as described above. At even higher voltages (200 and
400 V), the residual stress rises significantly while the hardness remains
almost constant, which can probably be explained by increasing in-
corporation of argon atoms.

In the case of unipolar HiPIMS with a DC bias voltage applied to the
substrate holder, the hardness is higher (25.1 GPa) only for —30V
compared to the previous series. This rise is probably connected with a
significant increase in the compressive stress, which reaches, however,
a value (2.5 GPa) that is too high with respect to good adhesion. The
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application of —60V leads to a decrease in both the hardness and
stress, possibly owing to the switch in the preferred crystallographic
orientation from (200) to (111) as described in Section 3.3.3. With
further increase in the substrate bias voltage, the evolution of the stress
follows a trend described in Ref. [26]. In this case, unlike the case of
bipolar HiPIMS, the energies delivered into the growing film at high
applied voltages are high enough (thanks to higher fluxes) to introduce
thermal spikes that allow atomic rearrangement and stress relief. The
stress therefore goes down and thus the hardness decreases along with
it. Moreover, the films exhibit a very rough surface (Fig. 5b) due to
resputtering effects, contributing to very high hardness measurement
€errors.

3.5. Applicability of bipolar HiPIMS

Bipolar HiPIMS has been suggested to be used in cases where a DC
bias voltage applied to the substrates cannot be used, i.e., in the case of
a deposition of non-conductive materials or a deposition onto non-
conductive substrates [19]. From this point of view, we have shown,
using a substrate holder at a floating potential, that bipolar HiPIMS
cannot be used instead of a DC substrate bias voltage for film deposition
where charging of the film or substrate is as rapid as in this work and
thus the plasma and floating potentials are close to each other. How-
ever, there are advantages to bipolar HiPIMS over a DC substrate bias
voltage, discussed in the following paragraphs.

All aspects taken into consideration, the CrN films prepared by bi-
polar HiPIMS (with a grounded substrate holder) at a positive pulse
voltage of 90 and 120 V exhibit the most interesting properties, namely
high hardness at a relatively low residual stress and smooth surface.

For cases where higher voltages might be necessary, it is important
to note that the discharge was stable with minimum arcing for all po-
sitive pulse voltages investigated when bipolar HiPIMS was utilized.
This was not the case for the discharge with a DC substrate bias voltage,
which exhibited a tendency towards severe arcing at the substrate
holder and thus discharge instabilities at applied voltages higher than
—120V. In addition, the deposition rate remained relatively high even
when 400V was applied in bipolar HiPIMS, whereas it decreased sig-
nificantly for higher DC substrate bias voltages due to resputtering ef-
fects.

It can be concluded that while the primary motivation for bipolar
HiPIMS, to be used irrespective of whether depositing a non-conductive
material or depositing onto non-conductive substrate, cannot be ap-
plied, bipolar HiPIMS still holds several advantages over a substrate
bias voltage when the substrates are grounded, and can be expected to
rise in popularity.

4. Conclusions

In this work, we investigated the possibility of using bipolar HiPIMS
to control the crystal structure, microstructure and resulting mechan-
ical properties of CrN films. Special attention was paid to the potential
at which the substrate holder was held during the deposition. A com-
parison was made between bipolar HiPIMS and unipolar HiPIMS with a
DC bias voltage applied to the substrate holder.

Using a substrate holder at a floating potential, we have shown that
bipolar HiPIMS cannot be used instead of a DC substrate bias voltage for
a deposition of non-conductive films or onto non-conductive substrates
when the plasma-substrate potential difference necessary for ion ac-
celeration is lost already at the beginning of the positive pulse due to
rapid charging of the non-conductive material. Changes in the positive
pulse voltage then do not lead to any significant changes in the crystal
structure, microstructure and mechanical properties. However, when
the substrate holder is grounded, an evolution is apparent with in-
creasing positive pulse voltage, even on non-conductive substrates if the
growing film is conductively connected with the ground.

After comparing the effect of a positive pulse voltage to the effect of
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a DC bias voltage applied to the substrate holder, it was found that the
effects are different and that the most interesting properties (high
hardness at a relatively low residual stress) are achieved for the films
prepared using bipolar HiPIMS with a grounded substrate holder at
positive pulse voltages of 90 and 120 V. Additional advantages over a
DC substrate bias voltage are a stable discharge and a negligible de-
position rate reduction. Bipolar HiPIMS can therefore be expected to
gain in popularity, presuming that the growing film is conductive and
can thus be grounded.
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Gas-aggregation source (GAS) was used to prepare Cu nanoparticles. By changing the diameter of the exit orifice
of the aggregation chamber, we were able to isolate and investigate the effect of the flow rate of the working gas
at a constant pressure inside the aggregation chamber. We show that the conventional approach of changing
pressure by adjusting the flow rate (at a constant orifice diameter) does not significantly influence the nano-
particle size. However, when the pressure is held constant, changing the flow rate has a notable effect. Based on a
theoretical study, we suggest that the determining parameter which needs to be considered is the pressure to flow
rate ratio. This ratio determines the residence time of the nanoparticles inside the aggregation chamber (and
therefore the time available for them to grow) and is constant for a constant orifice diameter. Decreasing the
orifice diameter, however, increases the pressure to flow rate ratio, which gives the nanoparticles longer time
inside the aggregation chamber and allows them to grow larger. Apart from their size, the orifice diameter also

influences the mass flux and its angular distribution.

1. Introduction

Nanoparticles (also referred to as nanoclusters or simply clusters) are
very well known to have unique physical and chemical properties due to
their nanoscale size [1]. The properties make them interesting for
numerous applications, for example, in medicine [2], energy harvesting
and storage [3,4], and electronics [5].

There are many types of sources of nanoparticles [6]. The one uti-
lizing gas condensation has become very popular in recent years due to
its enhanced control of nanoparticles’ properties [7-10]. This source
(the so-called gas-aggregation source, GAS) is based on aggregation of
the nanoparticles from a gas phase of a base material, which is super-
saturated in an aggregation chamber by a high-pressure working gas (i.
e., Ar gas or Ar gas with an admixture of reactive gases). The formed
nanoparticles are then carried by the working gas out of the aggregation
chamber through an exit orifice. The aggregating gas phase can be
produced by various techniques (e.g., hollow cathode sputtering [11],
thermal evaporation [12]), but is most often produced by magnetron
sputtering as it is also in this work.

Size control of the nanoparticles is very important in nanoparticle
preparation, as their properties are size-dependent [13,14]. The process

* Corresponding author.
E-mail address: jcapek@kfy.zcu.cz (J. Capek).

https://doi.org/10.1016/j.surfcoat.2021.127196

of nanoparticle formation in GAS has been investigated both experi-
mentally [15,16] and theoretically [17-20] and the resulting nano-
particle beam leaving the source has also been characterized [21].
Several key parameters have been reported to influence the formation
process: the working-gas pressure [22-27], aggregation length (i.e.,
target-to-orifice distance) [24,27], discharge power [24,27,28],
discharge regime (DC, mid-frequence or HiPIMS) [29,30], degree of
target erosion [31] and oxygen admixture into the working gas [32-34].
The first one is possibly the most frequently discussed parameter.
However, conventionally, the control of the pressure is managed by
adjusting the flow rate of the working gas, which leads to an undesirable
simultaneous change of two important parameters, both influencing the
formation of nanoparticles.

In this work, we introduce an additional parameter influencing the
working-gas pressure, namely the exit-orifice diameter. This approach
allows us to isolate and investigate, both experimentally and theoreti-
cally, the effect of the working-gas flow rate on the generation of
nanoparticles at a given constant working-gas pressure.

The choice of Cu as a model target material in this study was made in
accordance with previous works of other authors [7,29,35,36]. How-
ever, it is highly expected that the here-presented findings and
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conclusions may be valid for any material in general.
2. Experimental details

The nanoparticles were prepared using a custom-built gas-aggrega-
tion source (GAS) (HVM Plasma) mounted onto a cylindrical vacuum
deposition chamber (500 mm in diameter and 414 mm in height) at an
angle of 30° from the vertical axis of the chamber (see Fig. 1a). The GAS
consists of a cylindrical magnetron (equipped with an in-situ axial
movement) placed inside a grounded cylindrical aggregation chamber of
a diameter of 100 mm terminated by a conical ending with a replaceable
exit orifice (cylindrically-shaped orifices with a diameter, d, of 1.5, 2, 3
and 4 mm and a height of 3 mm were used in this work).

The whole deposition system (including the aggregation chamber of
the GAS) was pumped by a turbomolecular pump (1250 1/s for N,
HiPace 1200, Pfeiffer Vacuum) backed up with a scroll pump (35 m®/h
for Ny, XDS35i, Edwards). A vacuum bypass made of a DN40ISO-CF
corrugated hose connecting the main chamber with the aggregation
chamber was used during the pumping process before the experiments
to improve the vacuum level in the aggregation chamber. The aggre-
gation chamber was baked out up to ~100 °C prior to each deposition
series and during the experiments the chamber was water cooled. The
base pressure before each experiment in the main chamber and the
aggregation chamber was 8 x 107 Pa and 2 x 107° Pa, respectively.

Argon 6.0, at a flow rate ¢, was introduced into the aggregation
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Fig. 1. Schematic diagram of the whole deposition system (a) and detailed
illustration of the aggregation chamber and the measurement of the mass flux of
the nanoparticles (b).
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chamber from in between the target and its shielding (see Fig. 1b). The
flow rate of the Ar gas was controlled by a mass-flow controller (MF1,
MKS Instruments). The resulting Ar pressure in the aggregation cham-
ber, p, was measured by a full-range gauge (PKR 251, Pfeiffer Vacuum),
which was located behind the magnetron, as illustrated in Fig. 1b. It is
important to note that a capacitance gauge placed in the same location
gave values that were higher by a factor of approximately two.

The magnetron was equipped with a circular Cu target (50 mm in
diameter, 3.2 mm in thickness). The magnetron shielding was at a
floating potential and the grounded walls of the aggregation chamber
worked as a discharge anode. The target-to-orifice distance (i.e., the
aggregation length) was set to 150 mm. The magnetron was driven by a
DC power supply (Genesys 750 W, TDK-Lambda) at a constant average
target power density of 5 W/cm?.

The rotating (40 rpm) substrate holder was at a distance of 400 mm
from the exit orifice. The nanoparticles were deposited onto polished
and ultrasonically cleaned Si (100) substrates spanning the whole radius
of the substrate holder (45 mm). The deposition times were varied ac-
cording to the mass flux of the nanoparticles, I, to obtain a comparable
nanoparticle density at the substrate surface.

The value of I' was measured by a quartz crystal microbalance
(QCM) (STM-2, Inficon) with a measurement area of 0.5 cm?. It was
possible to rotate the crystal around an axis parallel to the axis of the
beam of nanoparticles, enabling measurements in a plane perpendicular
to the beam (QCM plane). The distance of the crystal from the exit orifice
when positioned in the beam center was 23.5 cm. The values that were
measured in the QCM plane were subsequently recalculated onto a
sphere with a radius r = 23.5 cm (see Fig. 1b).

The nanoparticle images were obtained using a scanning electron
microscope (SU-70, Hitachi). The images were analyzed using the
Gwyddion software to obtain sizes of individual nanoparticles. For non-
spherical particles, the projected area on the SEM micrograph for each
particle was measured and the radius of an equivalent circle with the
same area was computed. The size distribution was then plotted (see an
example for d = 4 mm at p = 86 Pa in Fig. 2). The number of bins was
chosen based on the number of observed particles (both the Scott’s or
the Rice rule give 24 bins for about 2000 particles). In plots where a high
radii tail exceeds a uni-modal distribution or distinct peaks are observed,
each peak corresponding to a nanoparticle family was fitted with an
individual log-normal distribution. The presented radius is the median
of the fitted distribution.

The computational fluid dynamics (CFD) models of the argon flow in
the nanoparticle source were calculated using the ANSYS Fluent 2020
R2 software. The argon was simulated as an ideal gas with a specific
heat, thermal conductivity and viscosity calculated using the kinetic

200 ]
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Fig. 2. Example of a nanoparticle-size evaluation corresponding to the exit-
orifice diameter, d, of 4 mm and the argon pressure inside the aggregation
chamber, p, of 86 Pa. Each of the peaks was fitted with a log-normal distribution
and its median was used as the presented radius.
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theory. The simulation considered turbulences of the gas using the
generalized k-o model and the energy equation. The three-dimensional
poly-hexcore mesh with about 5 million cells was created in ANSYS
Fluent Meshing with the maximum inverse orthogonal quality of the
cells bellow 0.7. The mesh consisted of eight inflation cells at the walls,
followed by two polyhedral transition cells. The volume of the model
was filled by a hexcore mesh. The experimental value of ¢ was used as
the input flow rate of the model. The pressure outlet of 0.07 Pa was
positioned 300 mm from the orifice, in order to not influence the crea-
tion and the development of the high-velocity jet of the argon gas in the
deposition chamber. The simulations were solved by a coupled scheme
with the pseudo-transient formulation. To calculate residence times, 40
streamlines, starting just above the target, ending at the orifice and
distributed evenly across the flow field, were selected. The mean value
of time spent on these streamlines was taken as the residence time of the
nanoparticles.

3. Experimental results

In this section, we first present the conditions that were chosen for
nanoparticle deposition and for further experiments (Fig. 3). We then
report on the size distribution of the prepared nanoparticles (Figs. 4 and
5), the angular distribution of the mass flux of the nanoparticles (Fig. 6),
the mass flux of the nanoparticles at the center of the nanoparticle beam
(Fig. 7a) and the total (i.e., integrated over the whole sphere) mass flow
rate of the nanoparticles (Fig. 7b).

3.1. Experimental conditions

First, Ar gas pressure inside the aggregation chamber, p, as a function
of the Ar gas flow rate, ¢, was investigated for exit orifices with a
diameter, d, of 1.5, 2, 3 and 4 mm as presented in Fig. 3. As might be
expected, the measured dependencies are linear in the working range.
Let us note that an orifice with d = 1 mm was not used in this study due
to a very low flux of nanoparticles at the substrate hindering a correct
evaluation of the nanoparticles’ characteristics discussed further.

The presented data demonstrate that with the used orifice diameters,
it is not possible to obtain conditions where we could keep a constant ¢
and set p to more than two different values. The control of d does,
however, allow us to investigate the formation of nanoparticles at
selected pressures, but at significantly different flow rates. For further
experiments, five values of p (60, 70, 86, 100 and 120 Pa) were thus
selected, as indicated by horizontal lines in Fig. 3.
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Fig. 3. Argon pressure inside the aggregation chamber, p, as a function of Ar
flow rate, ¢, for the exit-orifice diameter, d, of 1.5, 2, 3 and 4 mm. Horizontal
lines denote values of p chosen for further experiments (60, 70, 86, 100 and
120 Pa). Red lines denote a linear fit of the measured data.
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3.2. Size distribution of nanoparticles

Fig. 4 shows SEM images of the nanoparticles prepared at the con-
ditions described above. Columns show the conventional approach of
increasing p by increasing ¢. In rows, however, we were able to keep a
constant p value while significantly changing ¢ (refer to the bottom-left
corner of each slot) by using orifices with different d.

Images were taken at 5 different positions on the substrate. The first
image was taken in the center of the substrate holder, e.g., center of the
nanoparticles beam. The next images were then taken with a step of 10
mm in the radial range (see Fig. 1a). No obvious spatial variation in
nanoparticle size was observed and a place with nanoparticle density
appropriate for further analysis was chosen for each specimen.

The evaluated nanoparticle sizes are plotted in Fig. 5. At some con-
ditions, more than one size family can be distinguished. In such a case,
the height of each subcolumn (marked by different colors) represents the
nanoparticle radius, while the width of each subcolumn (the total width
of the columns is conserved) indicates the relative amount of nano-
particles of the respective size. The dominant family is always denoted
black. It can be seen that at p = 60 Pa all distributions exhibit a single
size family. With increasing p, two size families start appearing for d = 4
mm and eventually all distributions exhibit two size families at the
highest pressures (p = 100 and 120 Pa). This indicates that the size
distribution becomes narrower with decreasing d and p.

One can see a trend where the nanoparticle size decreases with
increasing d at constant p (rows in Fig. 4). On the other hand, there is
only a weak dependence on increasing p at constant d (columns in
Fig. 4). In this case, the dependence is not monotonous for lower p values
and very small amounts of larger particles only start appearing at p =
100 Pa and higher for each orifice.

3.3. Mass flux of nanoparticles

The mass flux of the nanoparticles, I, was measured by a quartz
crystal microbalance (QCM). In order to measure the spatial distribution
of the nanoparticles coming out of the exit orifice of the nanoparticle
source, the QCM was motorized. The measured angular distribution of I
was then recalculated onto a sphere as described in Section 2 and shown
in Fig. 1b, and subsequently normalized with respect to the mass flux at
the center of the nanoparticle beam, ™. Fig. 6 shows this normalized
mass flux, I'* = I" / '™, as a function of the angle between the axis of
the nanoparticle beam and the measurement position, @, for two chosen
values of p = 70 Pa (Fig. 6a) and p = 100 Pa (Fig. 6b). The measured data
were fitted by a normal distribution with a fixed amplitude of 1 and
center at 0. It can be clearly seen that the nanoparticle beam gets wider
for smaller d (i.e., lower ¢). Fig. 6 also shows an interesting phenomenon
(more pronounced at smaller d), where some of the measured data
exhibit a deviation from the normal distribution in a form of a rise in I'*
at certain values of 6.

The measured values of I'“"", together with standard deviations as
error bars are plotted in Fig. 7a. The normalized curves from Fig. 6 were
then multiplied by the corresponding ™ value, interpolated and in-
tegrated over the whole sphere to obtain the total mass flow rate, R, as:
R(dp) = / I*(d,p,0)I™ (dp)2nrsin6de. (@)

The values of R for each pressure are plotted in Fig. 7b. The two
missing data points for p = 86 and p = 120 Paatd = 1.5 mm are due to I
being too low for a valid measurement of the angular distribution.

The ™™ values in Fig. 7a would indicate that the mass flux of
nanoparticles increases significantly with increasing d, where the values
span over multiple orders of magnitude. While the R values indicate a
similar trend, the differences are, however, not as large anymore, and it
is not the case for all pressures.
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4 mm

Fig. 4. SEM images of nanoparticles prepared at the exit-orifice diameter, d, of 1.5, 2, 3 and 4 mm (horizontal axis) and the argon pressure inside the aggregation
chamber, p, of 60, 70, 86, 100 and 120 Pa (vertical axis). In columns, p was increased by increase in Ar flow rate, ¢ (conventional approach), while rows show the
effect of changing ¢ at a constant value of p. The corresponding flow rates are displayed in bottom-left corner of each slot.

(a)p=120 Pa
70.0

(b) 100 Pa

100 100

1003 700

Nanoparticle radius (nm)

1.5mm2mm 3 mm 4 mm

d=15mm2mm 3 mm 4 mm

(c) 86 Pa

1.5mm2mm 3mm 4 mm

(d)70 Pa

(e) 60 Pa

1.5mm2mm 3mm 4 mm 1.5mm2mm 3 mm 4 mm

Fig. 5. Size of nanoparticles as a function of the exit-orifice diameter, d, prepared at the argon pressure inside the aggregation chamber, p, of 120 Pa (a), 100 Pa (b),
86 Pa (c), 70 Pa (d) and 60 Pa (e). The height of each subcolumn (marked by different colors) represents the nanoparticle radius, while the width of each individual
subcolumn (the total width is conserved) represents the relative amount of nanoparticles of the respective size. The dominant nanoparticle family is denoted black.

4. Discussion
4.1. Size distribution of nanoparticles

Here, we base our discussion on the work of K. Fujioka [37] and
further expand it. From the balance of the incoming gas flow rate and
that passing through the aggregation chamber (see Section A.1 in Ap-
pendix A) we can calculate the mean drift velocity of Ar gas in cm/s as:

T
Vg = 787ﬁ ¢

¢ @
p
where ¢ and p are in sccm and Pa, respectively, T is the gas temperature
in Kand D is the chamber diameter in cm. The v, values range from 4.25
to 46.88 cm/s for d = 1.5 to d = 4 mm, respectively.

We further assume the nanoparticles to be thermalized and in
equilibrium with the working background gas and therefore have the
same Vg as the gas inside the aggregation chamber. Note that the mean
free path of Cu atoms in Ar gas at p = 40 Pa is less than 0.1 mm, and it
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will be even smaller for larger nanoparticles and higher pressures. The
first approximation for the residence time, 7, of the nanoparticles inside
the nanoparticle source in seconds can be calculated using vy and
chamber length, L, in cm as:
T= L = 0.13D—2L P_ const B.

Ve T ¢ @

This equation indicates an important fact that 7 depends (for a given
experimental setup) on the pressure to flow rate ratio only.

The Péclet number, Pe, is useful to compare the radial (diffusive) and
the axial (drift) transport rates. In Ref. [37] it is defined as:

3

Pe = —ng

T 4D, Q)

where Dy, is the diffusion coefficient of metal atoms in Ar gas (see Sec-
tion A.2 in Appendix A). After substitution, we obtain:
¢

Pe =098 ——

T1/2D' (5)



S. Batkova et al.

129 (a)p=70Pa d(mm)= |
x ,"”. —*-1.5exp
1,01 P 15ft
[:_ N N - 2ew
* — 2fit
2 0,8+ / L T e
@ 3 it
®© i —== 4exp
e 06
B
N 041 1
T
E 02- 1
(e}
P4
007 Ay Vo]
T T T T T T T T T T T T
1210 -8 6 4 2 0 2 4 6 8 10 12
T T T T T T T T T T T
1,24 (b) p=100 Pa 1
*
~ 1,01 ]
)
3 i
“‘0,8‘
(2}
[2]
(0] 4
£ 0,6
he)
[0) 4
N o4
®
E i
50,21
=z
0,0 ]
T T T T T T T T T T T T
1210 -8 6 -4 2 0 2 4 6 8 10 12
o)

Fig. 6. Measured data (connected symbols) and fitted normal distributions
(solid lines) of the angular distribution of the normalized mass flux, I'*, for the
exit-orifice diameter, d, of 1.5, 2, 3 and 4 mm at chosen argon pressures inside
the aggregation chamber, p, of 70 Pa (a) and 100 Pa (b). The legend shown in
(a) applies to (b) as well.

For large values of Pe the axial drift dominates and the metal atoms
are expected to be more concentrated along the chamber axis.
Conversely, when Pe is small, the metal atom density is more evenly
distributed in the radial direction.

Nanoparticle formation is a complex matter, where a lot of different
mechanisms contribute to the process (e.g., atom adsorption or coagu-
lation processes). In this work, we focus on a first approximation, where
nanoparticle size should increase linearly with 7 due to the continuous
attachment of metal atoms to the already formed nanoparticles. This is
also confirmed by the results of Fujioka’s detailed simulation [37]. Eq.
(3) indicates that for a constant d, which leads to a constant p to ¢ ratio
(see linear dependence in Fig. 3), 7 is constant. Therefore, no significant
increase in size can be expected when increasing p by the conventional
way of increasing ¢ (columns in Fig. 4). Only a slight increase in size
with increasing ¢, when 7 remains constant, can be observed. This weak
dependence might be connected with the dependence of the Pe number
on ¢ (Eq. (5)), which affects the distribution of the metal atom density
and, consequently, the nucleation rate of nanoparticles in the aggrega-
tion chamber as discussed above.

On the other hand, when p is kept constant and ¢ changes due to the
control of d (rows in Fig. 4), the p to ¢ ratio and therefore also 7z are no
longer constant (Eq. (3)). Given longer 7 inside the aggregation chamber
at smaller d, the nanoparticles can grow significantly larger.

If we then further consider the balance of the incoming Ar gas flow
and the outgoing gas flow through the exit orifice of diameter d (in mm)
(see Section A.3 in Appendix A), we get:

P VT

—=137T—+

; o )

and therefore
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the exit-orifice diameter, d, for the argon pressure inside the aggregation
chamber, p, of 60, 70, 86, 100 and 120 Pa. The legend shown in (a) applies to
(b) as well.

&\T
v, =5.74 I )
For 7 we then get:
1 DL
T57 pyT ®

This equation allows us to express 7 using a single controllable var-
iable d. It clearly shows that decreasing the d value lengthens 7.

To support these results, computer simulations of argon flow in the
aggregation chamber were carried out (see below for more details). The
obtained residence times are 2.11, 0.87, 0.27 and 0.17 s for orifice di-
ameters 1.5, 2, 3 and 4 mm, respectively. For comparison, the residence
times calculated from Eq. (3) for the respective conditions (pressure of
100 Pa) are 3.53, 1.51, 0.50 and 0.32 s, respectively. Fig. 8 shows the
velocity streamlines and it can be seen that the effective diameter of the
flow channel is less than the diameter of the aggregation chamber,
which explains why the simulation results are systematically lower than
calculations based on Eq. (3) (see the assumptions used for its deriva-
tion). The ratio of both results increases monotonously with increasing
orifice diameter and ranges from 1.68 to 1.92. Therefore, we conclude
that there is a close correlation, though not exact agreement, between
the simulated (more accurate) residence time and the one calculated
from Eq. (3). By that we verify that Eq. (3) can be used to qualitatively
assess the effect of residence time on the size of nanoparticles.

Let us note that the exceptionally large nanoparticles that appear at
p =120 Pa for d = 1.5 and 2 mm orifices can probably not be explained
by the provided discussion. It is highly probable that at conditions such



S. Batkova et al.

Surface & Coatings Technology 417 (2021) 127196

———— 1

| ———SSSEAR— |

Fig. 8. Velocity streamlines of the argon working gas for the exit-orifice diameter, d, of 1.5 mm (a), 2 mm (b), 3 mm (c) and 4 mm (d) and the argon pressure inside

the aggregation chamber, p, of 100 Pa.

as these (very high p at low ¢), some other influence is involved. A more
detailed study of the process is necessary.

4.2. Mass flux of nanoparticles

Next, let’s focus on the total (i.e., integrated over the whole sphere)
mass flow rate, R (as presented in Fig. 7b). The metal dimers (two-atom
seeds necessary for further nanoparticle growth) are created by the
nucleation process (three-body collision) with the rate Ryycl = Knucl n,zn
ng, where Kpy is the nucleation rate constant. We assume that the metal
density, n, « 1/vg and the working gas (Ar) density, ng « p/T. If we
further assume that dimers are lost only by exiting the aggregation
chamber, we can estimate the upper bound for the dimer density, n3®,
as:

2
_ KnuclnmngL
2vg

_P_
ST5/2g6"

max
n,

9

where the proportionality was derived using the scalings given above.
This equation indicates that the dimer density strongly depends on d. A
smaller d should thus yield significantly more dimers and therefore more
nanoparticles than a larger one. However, Fig. 7 suggests otherwise. We
believe that at a larger d, both the increased v, and d values allow more
nanoparticles to actually leave the aggregation chamber and hit the
QCM per given time and the differences in the nucleation rate are
insignificant in comparison.

Fig. 6 shows that the nanoparticle beam becomes narrower at larger
d values. To better understand this phenomenon, computer simulations
of argon flow in the aggregation chamber (mentioned above) were
carried out. In Fig. 8 we show the velocity streamlines of the argon gas,
starting at the target, at p = 100 Pa inside the aggregation chamber. It
can be seen that as the gas exits the aggregation chamber through the
orifice, the streamlines form a kind of a narrow high-velocity jet. As ¢
increases with increasing d to maintain constant p, the maximum ve-
locity inside the jet increases (397, 465, 503 and 519 m/s for 1.5, 2, 3
and 4 mm orifice, respectively), the streamlines diverge less and the
stream becomes narrower. The nanoparticles coming out of the exit
orifice are swept along and accelerated by the exiting gas, which limits
their radial diffusion and results in a narrower nanoparticle beam at
larger d.
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4.3. Deviation in angular distribution of the mass flux

The unexpectedly high values of I'* (the normalized mass flux) at
certain angles @ described and shown above in Fig. 6 were measured to
be relatively symmetric around the nanoparticle beam axis. Fig. 9 shows
the measured /'* values for d = 2 mm at p = 30 Pa, where this deviation
was most obvious. These conditions were not included in the above
experiments, because at such low p, the nanoparticle beam was not
formed for all orifice diameters. The figure shows the angular mass flux
distribution for three different targets, each with a different degree of
erosion. It can be seen that when the target is new and flat, the maximum
mass flux is in the center of the nanoparticle beam. When the target is
partly eroded, the deviation starts appearing and is very pronounced for
a target with a high degree of erosion.

As the target becomes more eroded, the spatial distribution of the
sputtered atoms changes. Assuming that most atoms are ejected along
the surface normal, there is a local increase in the metal atom density
above the race track of the eroded target and the probability of a
nanoparticle being created in this area rises. The nanoparticle then
follows the gas velocity streamline from the target (Fig. 8) and since the
streamlines do not cross, the location of the nanoparticle origin is pro-
jected into the spatial distribution of . For higher p and larger d, this
distribution is no longer observable. The reason is that the above
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Fig. 9. Angular distribution of the normalized mass flux, I"*, for the exit-orifice
diameter, d, of 2 mm and the argon pressure inside the aggregation chamber, p,
of 30 Pa for three targets with a different degree of erosion.
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described high-velocity jet sweeps and accelerates the nanoparticles inside the aggregation chamber. These two parameters in turn affect the
along and it no longer matters where they were created. size, the mass flux and its angular distribution.
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Appendix A

A.1. Balance of incoming and passing-through Ar gas flow rate

The Ar gas density in the aggregation chamber, ng, is proportional to its pressure, p, as:

p

T “

g

where kp is the Boltzmann constant and T is the gas temperature. We assume a homogeneous flow of ideal gas across the cross-section of the ag-
gregation chamber and, thus, a constant gas velocity from the gas inlet to the exit orifice. We consider a balance of the incoming gas flow rate, Fj,, in
particles/s and the flow rate through the chamber cross-section:

Fin = p x 448 x 10" = ngv A, (A2)

where ¢ is the flow rate of Ar in sccm (using 101.325 kPa and 273.15 K as standard pressure and temperature, respectively), v, is the mean drift
velocity of Ar and A, is the cross-section area. After substitution we obtain:

4FinkBT
Vg = D (A3)
where D is the chamber diameter. After combining the constants, we can calculate the drift velocity in cm/s as:
T ¢
vy =787 55 > (A4)

where T is in K, D is in cm and p is in Pa.
A.2. Diffusion coefficient

The Chapman-Enskog first approximation for a hard-sphere model gives the diffusion coefficient of metal atoms in a gas as (see Eq. (3.69) in [38]):

3 (2nkeT\'? 1
A , (A5)
16 \ Myeq ngoT

where myeq = mgmy,/(mg + my,) is the reduced mass (mg and my, are the masses of gas and metal atoms, respectively) and ot = n(rg + rm)2 is the collision
cross-section in terms of the hard-sphere model (r; and ry, are the radii of gas and metal atoms, respectively). After substitution, we obtain:

D=3 (2@)‘@2, A6)
]6(rg+rm)2 TMeq p
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Using 0.21 and 0.23 nm for Ar [38] and Cu atom radii, respectively, we can evaluate the diffusion coefficient as:

m

A3

2T3/2

b

Balance of incoming and outgoing Ar gas flow rate

We estimate the flow rate through the exit orifice of diameter d as:

Foul

1 1 p [T 1, pd [x
= Ao =———|— —nd =— A1 4
410 T T\ w47 T 4\ 2mpke T

(A7)

(A8)

where vy 1, is the mean (thermal) velocity of Ar and A, is the orifice area. After setting this equal to Fj,, we have:

¢

p:

4 x 4.48 x 107
42

zmngT
A/ p .

We can evaluate the p to ¢ ratio in Pa/sccm as:

p

¢

=1.37

JF

T
@

where T is in K and d is in mm.
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I\VV Conclusions

This Ph.D. thesis reports on preparation and systematic investigation of Ta—O-N films with

very finely-tuned elemental composition. Films with properties suitable for the light-induced

water splitting application were looked for. Because it should be possible to even further

enhance the water splitting performance in future research by tuning of the material structure

and by addition of nanoparticles, advanced magnetron-based deposition techniques were also

investigated: (a) bipolar HiIPIMS and its effects on the structure and properties of the prepared

films and (b) magnetron-based gas-aggregation source of nanoparticles and the possibility of

nanoparticle size control.

The main results of the investigation can be summarized as follows:

1.

Ta—O-N films were prepared by high power impulse magnetron sputtering (HiPIMS) with
a finely controlled elemental composition in a wide range (from Ta27073No to TassO7Nso)
by controlling a single deposition parameter of nitrogen fraction in the reactive gas flow
rate, fno. The properties (refractive index, extinction coefficient, optical band gap width
and electrical resistivity) of the as-deposited films also changed as functions of fn..
However, all the as-deposited films exhibited amorphous structure, which is undesirable
for the water-splitting application. When investigating the effect of annealing at 900°C in
vacuum, it was found that the annealing process did not affect the elemental composition
of the films, but led to their crystallization. The structure of the films gradually changed
from an orthorhombic Ta>Os phase via a monoclinic TaON phase to a cubic TaN phase as
a function of fn2. The important result is the demonstration that the used approach
(HiPIMS deposition of Ta—O-N films in combination with the annealing of the films) can
be utilized for a preparation of a crystalline Ta—O—N film exhibiting a single TaON phase
with a monoclinic structure. This film exhibits a band gap of 2.45 eV (suitable for visible-
light absorption up to 505 nm), low electrical resistivity of 0.4 Q cm (indicating enhanced
charge transport in the material as compared to the as-deposited counterpart) and

appropriate position of the band gap with respect to the water splitting redox potentials.

After further fine-tuning of the elemental composition of the N-rich Ta—O-N films and post-
annealing them, it was found that a deposition at an optimum gas mixture composition led
to preparation of a Ta2N2O film exhibiting a dominant bixbyite structure. As far as we know,

this phase has been neither experimentally nor theoretically reported yet. The film was
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semitransparent with an optical band gap width of 2.0 eV as measured by spectroscopic
ellipsometry. Measurements of the electrical conductivity as a function of temperature
further showed a semiconducting dependence characterized by two electrical band gaps of
about 0.2 and 1.0 eV. The carried out ab initio calculations indicated that these two band
gaps are associated with a negligible probability of excitations due to a photon absorption.
We also discussed the potential of this material for water splitting. Its optical band gap of
2.0 eV is suitable for utilization of a large fraction of the visible light (up to 620 nm) for
generation of electron—hole pairs required for the process. Furthermore, the band gap
position is quite unique with respect to the water splitting redox potentials. In addition, the
possible effect of thermally excited charge carriers (due to the narrow electrical band gaps)
on the recombination of the photogenerated charge carriers was thoroughly discussed.

. The possibility of using bipolar HiPIMS to control the crystal structure, microstructure and
resulting mechanical properties of CrN films was investigated. Special attention was paid
to the potential at which the substrate holder was held during the deposition. A comparison
was made between bipolar HIPIMS and unipolar HiPIMS with a DC bias voltage applied
to the substrate holder. Using a substrate holder at a floating potential, we have shown that
bipolar HIiPIMS cannot be used instead of a DC substrate bias voltage for a deposition of
non-conductive films or onto non-conductive substrates when the plasma-substrate
potential difference necessary for ion acceleration is lost already at the beginning of the
positive pulse due to rapid charging of the non-conductive material. Changes in the positive
pulse voltage then do not lead to any significant changes in the crystal structure,
microstructure and mechanical properties. However, when the substrate holder is grounded,
an evolution is apparent with increasing positive pulse voltage, even on non-conductive
substrates if the growing film is conductively connected with the ground. After comparing
the effect of a positive pulse voltage to the effect of a DC bias voltage applied to the
substrate holder, it was found that the effects are different and that the most interesting
properties (high hardness at a relatively low residual stress) are achieved for the films
prepared using bipolar HIiPIMS with a grounded substrate holder at positive pulse voltages
of 90 and 120 V. Additional advantages over a DC substrate bias voltage are a stable
discharge and a negligible deposition rate reduction. Bipolar HiPIMS can therefore be
expected to gain in popularity, presuming that the growing film is conductive and can thus

be grounded.

69



4. The effect of an exit-orifice diameter of a gas-aggregation source on the size of the prepared
nanoparticles, the mass flux of the nanoparticles and its angular distribution was
investigated. By changing the orifice diameter, we were able to independently control the
flow rate of the argon working gas at a constant Ar pressure and investigate its effect. We
have shown that the conventional approach of increasing the working-gas pressure by
increasing its flow rate does not significantly influence the nanoparticle size. However,
when the pressure is kept constant and the flow rate changes due to the utilization of various
orifice diameters, the nanoparticle size increases significantly with decreasing orifice
diameter. Furthermore, the mass flux increases and the nanoparticle beam becomes
narrower with increasing orifice diameter. The results suggest that the important parameter
to consider is the pressure to flow rate ratio, which is constant for a constant orifice
diameter, but changes together with the orifice diameter. This ratio determines the drift
velocity and the residence time of the nanoparticles inside the aggregation chamber. These

two parameters in turn affect the size, the mass flux and its angular distribution.
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