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Substoichiometric Zirconia Thin Films Prepared by Reactive Sputtering of
Metallic Zirconium Using a Direct Current Ion Beam Source

Thomas Go6tsch?, Benedict Neumann?®, Bernhard Klotzer®, Simon Penner®*

% Department of Physical Chemistry, Universitat Innsbruck, A-6020 Innsbruck, Austria

Abstract

An ultra-high-vacuum-compatible direct current ion beam sputter source is usedt@ydeposit ‘strongly defec-
tive zirconium dioxide thin films by operation in high vacuum with different oxygén and hydrogen partial
pressures. It is shown that the target drain current can be used as a quantity to measure the deposition
rate and the film thickness (via integration over time). The latter has alinear relation to the integrated
drain current, enabling the simple prediction of the thicknesses after ‘calibration, enabling a large range of
possible thicknesses (from small sub-monolayer islands to mete than 50 nm). Furthermore, the defective
nature of the films is shown when sputter-depositing onté*copper. and silicon substrates in different low
oxygen (and hydrogen) pressures. When sputtering inshydrogen, traces of metallic Zr appear, which are
much more pronounced for the deposition on Si, éwing\to a possible reactive sputtering mechanism that
involves a reaction with oxygen that is adsorbed on the substrate. In the end, we show calculations that
demonstrate that, with simple modifications, multiple sputter source configurations for different purposes
are possible, leading to different deposition rages.

Keywords: sputtering, zirconium, /ZrQ,, XPS, thin films

1. Introduction

Zirconia (ZrO,)ig,an industrially important material. Its uses comprise a wide selection of fields, in-
cluding catalysis,[1] high-k gate materials in semiconductors,[2-5] special cutting tools,[6] oxygen sensors,|7]
as well as dental applications[8, 9] and coatings in nuclear reactors.[10] In many cases, (point) defects play
a large roleyin determining the properties, as they can for instance stabilize the tetragonal polymorph.[11]
Additionally, zirconia species that are doped with trivalent ions (especially yttria-stabilized zirconia) con-
tain oxygen vacancies as well, and are highly relevant due to their high ionic conductivity at elevated
temperatures.[12] This renders them ideal for applications such as solid oxide fuel cells (SOFCs)[13] or
chemical sensors.[14] Additionally, like ZrO,, these materials exhibit a high hardness[15] and a high thermal
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stability, making them perfect candidates for thermal barrier coatings,[16] as well as for optical devices such
as switchable mirrors.[17]

For many of these applications, including inverse model catalysts,[18, 19] or ultra-thin/submonolayer films
for surface science applications,[20-22] thin films are required, which often are prepared using sputtering
techniques, especially with reactive sputtering, where the metallic material is brought to reaction during
the deposition process itself. Reactive sputtering has multiple benefits as compared to employing an oxide
target. Metallic targets, because of their high electric conductivity, allow the use of direct current (DC)
power supplies instead of more expensive radio-frequency (RF) generators (which are required for the usually
insulating oxides). Moreover, it increases the flexibility as the metallic target can be.used'to deposit multiple
different compounds — for example, metallic and oxidic thin films are possible”(usingspure Ar or an Ar/O,
mixture, respectively), but by mixing carbon sources such as methane into the sputter gas, carbides can be
prepared.[23-29] Similarly, using nitrogen leads to nitrides.[30, 31] Furthermeoreyreactive sputtering is not
limited to metallic targets, but can be used to transform one compo6und into'another.[32)

The most common usage of reactive sputtering with zirconiumis related to exploiting the reaction of Zr
and O, to form ZrO, thin films,[33-44] and particles.[45] The,addition of N,O to this mixture influences the
glass temperature of the resulting thin films, but can also result'in the formation of oxynitride compounds.[46]

Reactive sputtering is not limited to pure ZrQs,, but/can also be used to deposit mixed oxides. For
instance, the possibility to deposit yttria-stabilized, zizconia (YSZ) films was demonstrated using metallic
targets made out of Zr-Y alloys,[15, 47, 48] or by employing separate Zr and Y targets (and varying the
target-to-substrate distances independently for both, leading to different compositions).[49] Zirconia-doped
hafnia (HfO,) films were likewise preparediby sputtering of Zr-Hf alloys.[50] Additionally, Cry ,Zr,O5 phases
were deposited with a segmented Cr/Zr target.[51] Similarly, using a metallic Zr target, onto which a Ta
ring was fixed, zirconium-tantalum oxides could be formed.[52]

In addition to oxidess other zirconium compounds have been prepared by reactive sputtering, such as
zirconium nitride,[53] or, zirconium carbonitride.[54] Instead of oxygen, nitrogen (nitride) or a mixture of
butane and nitrogen (earbonitride) were mixed into the argon. Also, as mentioned above, the addition of
methane results\in the/deposition of carbides.[29]

All these depeositions, however, were carried out using magnetron sputter sources, which operate at
relatively highspressures (around 1 x 1072 hPa) that are required to ignite and sustain the plasma, render-
ing thewd unsuitable for ultra-high-vacuum-based surface science studies without additional efforts such as
dedicated, external chambers for the deposition. In this work, we demonstrate the possibility of using an
ion-beam based sputter source, which can be used at significantly lower pressures (in the high 1 x 107° hPa
to the low 1 x 10~* hPa range) and which is compatible with ultra-high vacuum (UHV) systems, for reactive
sputtering of a metallic zirconium target to form strongly reduced, defective oxidic thin films, with nominal
thicknesses ranging from a few angstrom to more than 50 nm (thus covering the regimes of island growth and
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full coverage films). This was achieved using our self-built direct current ion beam sputter source,[55, 56]
which has previously been shown to also work excellently for the non-reactive sputter-deposition of oxidic
YSZ materials,[55, 57, 58] as well as with different oxides such as perovskites or pyrochlores.[59] Further-
more, our sputter source was adapted for UHV-based low-coverage depositions for STM studies by Lackner
et al.,[60] who modified the geometry slightly, featuring two quasi-hemispherical grids in order to increase

the ionization volume and to focus the Ar ions onto a spot on the target.

2. Experimental

2.1. Thin Film Deposition

For the deposition of the thin films, a modular high vacuum chamber (reaching base pressures in the low
1 x 10~ hPa range) was used. This chamber was pumped using a turbomoleculay pump and a small cryo-
pump. The sputter-deposition was carried out in approximately 2. 1054 hPa of Ar mixed with different
oxygen or hydrogen concentrations (between 0.6 % and 2 %), corrésponding to partial pressures in the range
of 1.5 x 107%hPa to 3 x 10~% hPa using a self-developed ion beam direct current sputter source.[55, 56] As
the target, a 10mm x 10mm Zr foil (d = 125 pm) was used that was spot-welded to a Ta wire (with a
diameter of 0.3 mm). The target-to-substrate distance was kept at approximately 30 mm in order to prepare
films with up to 60 nm thickness. At these distances, it is impossible to deposit the material onto a substrate
and a quartz microbalance at the same time, whichuis\why the deposition rate could not be determined using
the latter. Instead, as explained later, thesintegrated drain current (measured at the target) was used to
determine the thicknesses of the resulting thin films.

As substrates, Cu foils and Si(100)*wafers were employed at room temperature and at 680 K. To avoid
transferring surface contaminations fromi the target to the thin films, the targets were pre-sputtered for mul-
tiple hours before starting/the deposition onto the substrates. All gases used were of high purity (99.999 %).

The finite element/calculations of the electric potential around the sputter source head were conducted
for a 2D axisymmetrie/geometry in the stationary case using the COMSOL Multiphysics software pack-
age. Furthermore, this software was used to calculate the ion trajectories in the calculated electric fields

(neglecting’space eharge effects).

2.2. Chagacterization of the Thin Films

X-ray. photoelectron spectrometry was performed using a Thermo Scientific MultiLab 2000 spectrometer,
with base pressures in the low 1 x 10719hPa range. This instrument was equipped with an Alpha 110
hemispherical sector analyzer, as well as a monochromated Al K, X-ray source (1486.6eV). A flood gun,
providing electrons with 6 eV, was utilized for charge neutralization, while an ion source was used for sputter-

depth-profiling (with Art ions at 3keV). The sputter rate during depth profiling was calibrated with an



optical band pass filter, for which the thicknesses of the different layers could be calculated from the UV /VIS
spectrum. At the surface, the charge-induced shifts were corrected for by setting the C—C component of
the C 1s region (which is due to adventitious carbon) to a binding energy of 284.8eV. Since, after the first
sputtering phase, no carbon is present in the spectra, all subsequent spectra were shifted so that the 3ds /5
component of the Zr(IV) oxidation state after the first sputtering phase was located at a binding energy of
182.6eV.[61, 62] For the quantification of the XP spectra, the different escape depths of the/reégions were
corrected for by means of the G-1 formula.[63] Furthermore, the sputter rates were calibrated, using an

optical band pass filter consisting of multiple well defined layers.

3. Results

8.1. Operation and Calibration of the Sputter Source

Figure 1a) shows a CAD drawing of the direct current ion beamn sputter source used in this work, as
described in [55]. The filament is mounted on small Ta hooks) which are electrically isolated from the
shielding (at the top) by double-bored ceramic elements, exceptrat one point, which is used to conduct the
current to the filament (via the threaded rod seen on the right; the other end of the filament is connected
to the ground (not shown)). This current is used to heat the filament, causing it to emit electrons, which
are subsequently accelerated toward the conical gridy, which is kept at 250 V. Inside this grid, they ionize
that fraction of the Ar atoms of the sputter gasywhich become accelerated toward the target (kept at
—2kV), causing the ablation of this targetymaterial. The target shown in this image can be a metal foil
or, for instance, a ceramic pellet. A“big advantage of this particular source is the unobstructed line of
sight between the target and the substrate (with no grids in-between), as well as the large area that can be
deposited upon.

An analysis of the electrie potentials in the source head, calculated using a finite element method (FEM),
is given in Figure 1b),/The geometry shown in panel a) was approximated by a radially symmetrical version
to speed up the computations and is represented by the black lines and curves. Thus, the grid is replaced
by a series of ¢o-axial,circular wires (ignoring the vertical supports), and the helically coiled filament is
substituted by a eircular tube serving as an estimation. In the graphic, these elements are displayed as
different cireles (with black outlines). Similarly, the cross-sections of the target and the shielding are shown
as black Jines. The color scale denotes the potential, ranging from —2kV (blue) to 250V (red). Two iso-
potential curves are drawn that represent regions where the electrons have 16eV and 60eV, respectively.
The former corresponds to the minimal energy required for electron impact ionization of Ar, whereas the
ionization cross section is maximized at the latter.[64-66] While the volume inside of which the ionization is
possible is larger outside of the conical grid, these ions are not accelerated toward the target as the positive

potential of the grid itself forms an efficient blockade. Thus, the Ar ions bombarding the target originate from
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Figure 1: a) The geometry of our sputter'souree (adapted from Ref. [55]). b) Finite element simulation of the electric potentials
at the sputter source head. For thegake of simplicity, the geometry of the source was approximated by a radially symmetric
system. The iso-potential lines show the regions where the electrons have above 16 and 60eV. c) The trajactories of Art
ions that are formed in thesvolume shown in b). d) Electric configuration of the source. To log the sputter current, an

RS232-to-Bluetooth converter was employed.

a relatively small volume just inside of the grid, resulting in a relatively low deposition rate, which is desired
for highly epitaxiakgrowth. This ionization volume was increased by a modified version reported by Lackner
et al. via the use/of two grids that, however, are located between the target and the substrate,[60] blocking
some of the sputtered material from being deposited onto the substrate. Furthermore, the sputtering of
the backside of the target is minimized, which is important as this could lead to the coverage of insulating
ceramic elements by a conducting layer.

This is confirmed by simulations of the ion trajectories for the Ar™ particles that are formed in the volume
where electrons have more than 60eV. The results of these calculations are shown in Figure 1c). The color

scale denotes the kinetic energy of the particles, with blue corresponding to 0 eV and red representing 2 keV.



Tons that crossed the left border in the image, which corresponds to the axis of rotational symmetry of this
system, are reflected in the calculation to account for the symmetry. Due to the limited number of time
steps for this simulation (running up to 1ps), these reflections result in some artifacts of the particle traces
close to the left border, which, however, do not affect the interpretation. In this computation, only those
Ar ions formed within the conical grid (in the regions that are accessible to the electrons from the filament)
are considered as those formed outside exhibit a low kinetic energy and subsequently are effectively caught
by the shielding or the chamber walls and, thus, have no impact on the deposition process.(these,ions have
no line of sight to the substrate, which is located just above the shielding). This imageiconfirms that no
sputtering of the backside of the metallic target occurs, with about 60 % of the total formaed Ar ions hitting
the substrate-facing side of the target. At the current position of the target, someof/thesions are accelerated
towards the mounting wire. In practice, this isn’t much of a problem since this wire is surrounded by an
aluminium oxide ceramic tube. Hence, the impacts of these ions are/mot seemswhen measuring the drain
current of the target. Furthermore, any sputtered Al,Os; from thewceramic cannot be deposited on any
crucial parts such as the target itself or the substrate as no lineyof sight exists. The number of Ar ions
hitting the mounting wire below the target could be reduced by‘moving the target further away from the
grid, which is possible for metallic targets, but poses a problemifor more insulating ones, where the radiative
heating due to the proximity to the hot filament is requiréd to improve the conductivity.[55] Also, moving
the target downward would increase the target-to-substrate distance and thereby reduce the deposition rate
significantly. The ions that hit the target in Figurele) are distributed across the whole surface, leading to
an exceptionally high target utilization,which is desirable for the deposition of thicker films as it increases
the lifetime of the target. The top of*the'eonical grid also effectively creates a potential barrier for Ar ions,
preventing them from hitting the substrate and sputtering the surface of the growing thin film, which is a
problem with the two-grid version used by Lackner et al.[60]

In Figure 1d), the eléctric configuration of the source is shown schematically. Usually, the filament
current is adjusted so that the emission current, Iemission, measured as the drain current of the grid, is in
the range of 120 mA. An amperemeter placed between the high voltage power supply and the target is used
to measure the'drain gurrent at the target, which results from the neutralization of the Ar ions upon their
impacts and acts as a measure for the sputter rate (since the sputter yield will remain constant for a given
target.and thed6ns hitting the insulating ceramic of the mounting wire do ot contribute to this current) and,
by subsequent integration, for the amount of deposited material. Since the battery-powered amperemeter
floats at a potential of —2000V with respect to the ground, the logging of this target drain current was
performed by sending the serial RS232 signal that is provided by the amperemeter to a computer by means
of a Bluetooth connection (with an HC-06 device, Guangzhou HC Information Technology).

An example recording of the drain current acquired this way can be seen in Figure 2. The black curve
represents the current, and the red one its integration with respect to the time (right axis). After the high
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Figure 2: Recorded drain current at the target (black curve), as well as the integrated curve (red), which was used as a measure

for the thickness of the films.

voltage is turned on a few minutes into the measurement; the"eurrent quickly stabilizes at approximately
50pA and remains in the region between 50 and 60 A, throughout the whole experiment, which was a
long-term deposition of a film that was measured.to bé about 55nm thick (see below, the preparation
was performed with 3 x 1075 hPa of O, added.to 2, X 10~ *hPa of Ar). The intermediate decrease of the
current just below the 4h mark was due to a small drop in the argon pressure. The drain current shown
here is representative of the sputter rate — assuming that every particle impinging on the target surface
is a singly charged Ar" ion and every iomyis neutralized upon the Ar™ impact, a drain current of 50 pA
corresponds to a particle current of 3,12 x 10 s~!. However, as demonstrated by Bogaerts and Gijbels for
copper surfaces,[67] the Ar ion impact causes a significant secondary electron emission. For ion energies of
2keV, they obtained a sécondary electron yield of about 0.12 per impinging ion on a clean surface (albeit for
glow discharges at higher-pressures than used in the present work), which would mean that our method of
recording the drain current overestimates the deposition rate. On dirty Cu surfaces, the secondary electron
yield was shewn to be higher due to effects from fast neutral Ar atoms,[67] which, however, is not expected to
be relevant to this'work as our pressures are lower and the surface of the target is automatically cleaned during
the sputter-deposition process. Consequently, for a given ion energy, the electron emission is constant. Thus,
with the assumptions of a constant sputter yield and a constant cross section for the emission of secondary
electrons, this integrated sputter charge is proportional to the sputter rate. Consequently, integrating this
drain current with respect to the time yields information about the thickness of the thin film.

The suitability of the integrated drain current for describing the film thicknesses was tested using XPS

sputter-depth-profiling (with an Ar ion source of 3keV). Several films were deposited for different amounts
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Figure 3: Exemplary a) XP survey spectrum’ (surface) and b) depth profile of a thin film prepared by reactive sputtering in an

Ar/O, mixture (1.3 % oxygen). The solid cutves are’sigmoidal fits of the Zr and Si concentrations.

of time, with the integrated ‘currents ranging from 0.1 As to 2 A's, and depth profiles were recorded subse-
quently. An example is/given in Figure 3, showing the surface spectrum (panel a)) and the compositional
depth profile (b) of & thin.film'that has been sputter-deposited until the transferred charge (time-integrated
target drain cupfent) reached 1 As. As seen in the survey spectrum in a), the film exhibits no contami-
nants apart fromysmall amounts of adventitious carbon (that are removed in an initial cleaning step during
the sputter depthl profiling) and residual amounts of Ar, which result from the sputtering process. The Si
signalgsstem from the underlying substrate as the film only has a nominal thickness of about 1.5nm. The
red squéres’in Figure 3b denote the Zr concentration (determined using the Zr 3d region), while the blue
circles represent oxygen (a result of the quantification of the O 1s peak), and the green triangles show the Si
concentrations, based on the Si 2p region. The oxygen content decreases slightly upon sputtering, which is
due to the preferential sputtering of O due to its lower mass — an effect that has already been demonstrated

in previous works.[55, 68] This and the fact that the surface of the Si wafer contains a very thin passivating
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SiO, layer make it impossible to use the oxygen signal for the determination of the thin film thickness.
However, the Zr and Si signals can be used instead. The concentration profiles as a function of the etching

depth (¢(deten)) can be fitted by a sigmoidal function,

Cmax
e(doten) = co + ’ 1
( t h) 0 1+exp ((dﬁ]m - dctch)/a) ( )

where ¢y and cpax are the offset and the height of the profile, respectively. dg, is the film thickness
(corresponding to the inflection point of the curve) and deten denotes the etching depth at.each peint. Since
the inflection point can be measured for the Zr signal and for the substrate, one depthprofile yields two
thickness values, improving the statistics. In this case, the thickness can be estimated,to be 16.4(2) nm

according to the Zr 3d region and 19.0(2) nm when the Si signal is analyzed.

60 ] ] ] ]

504 O Zr3d
A Si2porCu2p

Film Thickness / nm
w
o
|

| I | |
0.0 0.5 1.0 1.5 2.0

Integrated Target Drain Current / As

Figure 4: The Film thickness shows a linear behavior as a function of the integrated target drain current.

This process was repeated for multiple film thicknesses, and, as shown in Figure 4, the film thickness
can be described adequately by a linear dependence on the integrated drain current. These data include
the thicknesses obtained, with,the Zr 3d region and with the substrate peaks (Cu 2p or Si 2p, depending on
which substrate was used, copper foil or a Si wafer). The slope of the fitted line reveals a deposition rate
of 28.25(8) nm A~ s~ "Also, with —3.12(8) nm, the y axis intersection is not only non-zero, but actually
negative. This indicates that, at low deposited amounts, the films are not growing layer-by-layer (as assumed
during the thickfiess analysis), but rather exhibit an island growth. This calibration can be used to get films

of a desired thickness, removing the need for a quartz crystal microbalance.

8.2. Deposition of Defective Zirconia Thin Films

One advantage of ion-beam-based sputter sources, apart from their low deposition rates facilitating
epitaxial growth, is that they are operated under high vacuum conditions. Thus, very low oxygen partial

pressures are possible, leading to strongly substoichiometric thin films. The defectiveness of the resulting
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Figure 5: positions in different gas atmospheres on Cu substrates. a) Chemical state depth profiles for depositions in
2 x 10~4hP x 1076 hPa O, (left), 1.5 x 1076 hPa O, (center) and 3 x 10~ hPa of H, (right). The axes show only the
region beforexthe inflection point as shown in Figure 3 because the fits are unreliable for low Zr concentrations. b) Exemplary

XP spectra of the surface (top panels) and at the depths indicated by the arrows in a) show different suboxide configurations

within the film. The color-coding in b) is the same as in a).

samples was investigated more closely by varying the oxygen partial pressures. In Figure 5, so-called chemical
state depth profiles, which plot the concentrations of different oxidation states (obtained via peak fitting of

the Zr 3d region) as a function of the etching depth, are shown for films deposited on Cu foil substrates. The
12




left panel was obtained for a film prepared using 3 x 1076 hPa of oxygen in approximately 2 x 10~* hPa Ar.
The surface is fully oxidized, with only Zr(IV) states being present, whereas the amount of Zr(IV) decreases
rapidly upon sputter-etching the specimen during the XPS investigations. As discussed before, this was also
observed for films prepared using oxidic targets and is partially resulting from the preferential removal of
oxygen from the lattice by Ar ions.[55, 59, 68] However, in these previous studies, the Zr(IV) concentration
never dropped to values below 80 %. While preferential sputtering of oxygen plays a role heré as well, the
film itself must already possess a higher amount of suboxides in the first place in order to' yield such low
Zr(IV) concentrations. This is confirmed by the different behavior of the lower oxidation states. Close to the
surface, Zr(III) is the most prominent of these states, whereas, in proximity to the substrate, Zr(I) is more
abundant, which was never observed for fully oxidized systems. That the surfaceis fullyroxidized is a result
of the contact with air of these samples because Zr is prone to oxidation eveén at room temperature (and, in
fact, is an excellent getter material for oxygen even in UHV conditions)— thissis“also observed for metallic
Zr foils for instance that form a relatively thick passivating oxide layer, The left panels in Figure 5b) display
examples of the XP spectra of this specimen. At the surface, the apparent peak splitting between the 3ds /5
and 3ds3/o components is well resolved and only Zr(IV) states, with the 3ds/, peak at 182.6eV,[61, 62] are
present. At a depth of 6 nm, the separation of the two main\peaks is significantly weaker, suggesting an
increased suboxide concentration, which is confirmed by/the low-binding-energy tailing of the region, to
which states ranging from Zr(I) to Zr(III) can be fitted. The 5/2 component of Zr(III) is found at 181.5¢eV,
that of Zr(II) at 180.5eV and the maximum of the Zr(I) 3ds5,, signal is located at 179.4eV.[61, 69

The altered behavior from films depesited, using oxidic targets is even more pronounced for lower oxy-
gen concentrations: the data in the. middle/ panel were recorded for a sample that was synthesized in
1.5 x 1075 hPa oxygen, which is half.the partial pressure used in the left panel. In this specimen, the Zr(IV)
concentration drops even mere tapidly to values of approximately 60 %. Even though the depth-profiling
parameters were the samie, ie. the preferential sputtering of O from the lattice should result in the same
loss of Zr(IV), this filmyis significantly more reduced, indicating the influence of the sputter gas on the
defectiveness of the-films. Additionally, throughout the whole film thickness, Zr(II) is the most prominent
oxidation state, followed by Zr(I). This also shows in the XP spectra in b), where there is a distinct shoulder
at the lower binding energy side at a depth of 30 nm, hinting at an increased Zr(II) and Zr(I) concentration,
whichyis confirmed in the peak fit model.

When the oxygen is replaced by hydrogen (3 x 107% hPa), the degree of reduction is even higher. At a
depth of about 8 nm, the Zr(IV) concentration in Figure 5a) drops even below 60 %, which is accompanied
by an increase in the amount of metallic Zr, which was not observed for the other experiments. In panel
b), the large array of different states can be seen, with there being a very well separated peak just above
178 €V, which contains the Zr(0) and parts of the Zr(I) signals. Metallic zirconium was described using an
asymmetric peak shape (with a high-binding-energy tailing) and its 5/2 component is located at 178.5eV.[61]

13



ACCEPTED MANUSCRIPT

That the film is still fully oxidized at the surface can be attributed to the high reactivity of Zr toward oxygen,
as the same effect is also found for pure metallic Zr.
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Figure 6:, a) Chemical state profiles on Si substrates at different deposition temperatures. b) Exemplary XP spectra at the

surface and the point marked by an arrow in a), analogous to Figure 5.

The depositions were also carried out on Si substrates, which were kept at different temperatures, using
3 x 107%hPa of Oy in 2 x 104 hPa Ar. Two examples of the resulting depth profiles are shown in Figure 6a).

Both the specimen deposited at room temperature as well as the one prepared at 680 K show drastically
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different oxidation states, with the amount of Zr(IV) decreasing rapidly below the 20 % mark. This decrease
is accompanied by the rise of metallic zirconium in both cases. In fact, these profiles do not exhibit any
discernible influence of the deposition temperature, with both looking very similar. The spectra in Figure 6b)
reveal the difference to the films on the Cu substrates as, while they are fully oxidized at the surface, the
Zr(0) signal is significantly more pronounced than for the other specimens (making up more than 70 % of
the total Zr signal), despite the same (relatively high) oxygen partial pressure being used for thé depositions
on Cu and Si.

According to condensed phase thermodynamic data, ZrO, is more stable than SiO, at alltemperatures, [70]
which excludes a redox reaction between the two species as a possible mechanism leading to the observed
electronic states. Even though more reduced zirconia species are expected to,beilesssstable than fully oxi-
dized ZrO,, the fact that metallic Zr is also found for the substrate deposited at room temperature, where
the diffusion in a solid medium is very low. Thus, such a solid state reactiontis-tnlikely to occur with the
same rate at room temperature as at 680 K. The absence of a temperature dependence of the chemical
states and the different oxidation states of Zr on different substrates at)the same oxygen partial pressures
suggest that the substrates themselves seem to be involved.in the reaction between Zr and O. A possible
explanation of these effects is that the Zr is not primarily oxidized at the target or in the gas phase after
being ejected from the target, but rather at the surface of the substrate. Hence, the sputtered Zr species
are strongly reduced and, to a certain degree, even metallic when they arrive at the substrate, and are
subsequently oxidized by the adsorbed oxygen present on the substrate. This is in good agreement with
data on the sticking coefficient, which js“larger o’ Cu than on Si by a factor of 10.[71, 72] Thus, copper,
where O, adsorption is more favorable, can act as an “oxygen pump”, resulting in an in situ annealing
process on the growing thin filni, leading to higher oxidations states. In contrast, the amount of oxygen
on the surface of the silicondwafer is negligibly small, which is why the zirconia remains strongly substoi-
chiometric/metallic. Dué to jthe island/cluster growth that was inferred from the thickness calibration in
Figure 4 for small dépositediamounts, the surface of the substrate is exposed during the early stages of
the sputter-deposition. Thus, the increased interface between the copper and the substoichiometric zirconia
clusters causes ‘an increased oxidation of the zirconium species. This mechanism is also corroborated by
data from/the variant of our source that was adapted by Lackner et al., where the sputter-deposition in
1 x 10-% hParof'O, onto a Rh(111) single crystal, for which the sticking coefficient of oxygen is very close
to 1,[73)resulted in a fully oxidized ZrO, film.[60]

The proposed mechanism involving the reaction with adsorbed oxygen species on the substrates appar-
ently contradicts other previously reported suggestions such as that by Yoshitake et al.,[74] who were able
to describe their reactive sputtering process (using an ion beam) by reactions solely occurring at the surface
of their zirconium target. In our case, these reactions do not seem to take place, which could be ascribed to
the already mentioned high temperatures the target experiences due to radiative heating from the filament
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that is in close proximity. This could reduce the sticking coefficient of oxygen on the surface, essentially
causing ballistic reflections of all impinging oxygen molecules instead of adsorption reactions. It is possible,
however, that their data could also be described by a quantitative model of the reactions occurring at the

substrate surfaces. In order to set up such a model thoroughly, more experiments are required in the future.

3.8. Proposal for a High Deposition Rate Sputter Source

shielding

Figure 7: Electric potentials of an alternative sputter source geometry. A cylindrical grid leads to an increased volume where

the electron impact ionization of Ar ¢an take place.

One of the advantages of the direct current ion beam sputter source used in this work to deposit the
substoichiometric zirgonia thin films is its modularity and flexibility. Thus, different components, such as
the shielding or the grid, can be exchanged easily. Depending on the requirement, different configurations
are possible. For instaice, as shown in Figure 7, replacing the conical grid by a cylindrical one increases the
volume, inside of which the electron impact ionization of argon is possible — even though all parameters,
such as the woltages applied to the different elements, are the same. This leads to a significantly higher
number of At formed, which subsequently increases the deposition rate. However, the potential diagram
also reveals that there is a negative gradient of the potential toward the substrate within the region of Ar
ionization. Consequently, some of the argon ions will be accelerated toward the substrate, which is also a
problem with the two-grid version reported by Lackner et al.[60] Thus, Ar ions with kinetic energies of up to
250 eV can bombard the substrate and roughen up the surface of the thin film by simultaneous sputtering

as it is deposited.
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deflection potential.

This effect, however, can be prevented by adding an Ar'-blocking potential above the shielding, which
hinders the Ar ions from leaving the sputter source head. An example geometry solving the problem of ions
hitting the substrate is shown in Figure 8a). For the sake of simplicity, a slightly different, planar, shielding

is used that, again is kept at ground potential. Just above this shielding, there is an annular aperture biased
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at a voltage that is even more positive than the potential of the grid (in this case, the aperture is at 300 V).
This causes a potential barrier across the whole orifice of the source head, letting sputtered particles through,
but blocking Art. Prove of this behavior is displayed in Figure 8b) in the form of Ar' trajectories. Here,
the ionization volume approximating that obtained for the configuration in Figure 7 is used as the additional
Ar-deflecting aperture does not influence the volume of the electron impact ionization significantly. Even
though the iso-potential lines at 16 and 60 V in panel a) comprise a pronouncedly larger volumé, these areas
are inaccessible to the thermionic electrons emitted by the filament, rendering this approximationwalid. The
Ar paths show that, indeed, no Ar ions move toward the substrate (i.e. to the top in the graphic), with more
than 75 % hitting the target (and the rest being neutralized by the shielding, where no sputtering occurs as
the Ar is slowed down to low energies by the potential caused by the deflectioniaperture). In contrast to
the configuration used in this work (with the conical grid), not the whole grid is sputtered, but a circle of
approximately half the diameter of the whole target. The target utilization could be improved by moving

the target away from the grid.

4. Conclusion

We have demonstrated the applicability of an ion beamssputter source for reactive sputtering in oxygen-
or hydrogen-containing environments. We have shown that the drain current recorded at the target can
be used as a figure of merit for the sputter rate,and, subsequently, also the deposited film thickness. A
systematic study of thin film thicknesses, measuredwsing XPS depth profiling, as a function of the integrated
drain current revealed a linear dependénce between the two properties. The exact control of the deposited
amount makes this source usable for awvariety of surface science applications as, with the same source, the
deposition of sub-monolayers is{just asieasily possible as the preparation of thicker films in the 100 nm range.
Furthermore, based on FEM: calculations, more configurations for different applications were presented.

The influence of the sputter gas on the oxidation states of the thin films deposited on copper foils
was investigated by sputtering at different oxygen and hydrogen partial pressures. While all samples were
oxidized at the gurface, which was ascribed to the reaction with air during the transfer to the photoelectron
spectrometer, distinet differences were observed in the bulk of the films: the lower the p(O), the lower
the amount, of Zr(IV), with increasing suboxidic species. Using 3 x 10~ hPa of hydrogen, mixed into
2 x 107 *hPa Ar, small amounts of metallic Zr could identified in the resulting specimens. The concentration
of Zr(0)\was significantly higher for the thin films deposited onto Si wafer substrates, hinting at a reaction
mechanism where the deposited, strongly reduced Zr species react with oxygen that is adsorbed on the
substrate, in contrast to the usually reported mechanisms for reactive sputtering that take place on the
target surface.[74] Since the sticking coefficient for O, is significantly larger on Cu than on Si, this could

explain the differences in the oxidation states on both substrates, which is not possible by a reaction that
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occurs on the target itself. Further experiments and DFT calculations are needed to formulate a theoretical
model in order to describe this mechanism quantitatively.

The thin films prepared in this work, with the ability to tune their degree of oxidation by variation of
the O, partial pressure during the deposition, are ideal model systems for different applications, including
optical devices and catalysis. Here, the UHV-compatibility of our sputter source becomes important as this
allows the characterization of the samples without contact to air (i.e. without the fully oxidized surface

region).
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