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ABSTRACT
Zirconium oxide thin films were deposited by dual magnetron AC sputtering from rotary cathodes, using both metallic
zirconium and novel ceramic zirconium oxide targets. It was
found that the ceramic targets can alleviate the severe hysteresis behavior and allows three times higher film deposition
rates over the poisoned metal case. Resulting optical and
mechanical ZrO2 film properties were found to be similar,
with absorption coefficients below ~5•10-4@550nm and hardness
of ~10 GPa; making the oxide targets an attractive alternative
over the metal counterpart for low-e glass applications. The
refractive index correlates with the film hardness and elastic
modulus, which, in turn, was related to the compactness of the
columnar crystal structure of the films. It was inferred that film
densification and compaction was influenced by the degree of
O- ion bombardment during film growth. In scratch testing,
the ZrO2 coatings effectively protected the underlying glass
substrate by virtue of high toughness and low friction coefficient, substantially outperforming standard Si3N4 coatings.
INTRODUCTION
Zirconium oxide (ZrO2) is extensively used as an optical
coating in a wide range of applications [1, 2]. In recent years,
ZrO2 coatings are increasingly applied in architectural glass
as a protective overcoat for advanced low-emissivity (lowE) stacks, including double and triple silver. The ZrO2 layer
can be applied in conjunction with silicon nitride (Si3N4) on
the inside surface of the insulating glass (IG) window unit,
protecting the functional stack from scratches and damage
during installation of the window and extending the shelf-life.
Reactive magnetron sputtering from a metal Zr targets with
Ar/O2 gas mixtures is commonly used for depositing the ZrO2
layer. At low oxygen flow the target sputters in a metallic
mode at high sputter rates but yields mostly opaque coatings,
while at higher oxygen flow the target transitions to the wellknown poisoned mode, governed by high oxygen coverage
of the target surface and the formation of transparent oxide
films. For zirconium targets this transition can be very abrupt,
accompanied by a severe drop in sputter rate. Furthermore, a

pronounced hysteresis effect is typically observed, such that
stable operation at a working point for high deposition rate
of transparent coatings is not easily achieved [3, 4].
One approach is the use of nitrogen as an additional reactive gas
invoking a more gradual transition to the compound mode [3,
4]. Another development proposes the use of active feedback
control for operation in the transition region [2]. For large area
deposition of dielectrics, such as ZrO2, medium frequency
(MF) AC driven dual magnetrons are the preferred choice.
For those systems, implementation of active feedback control
is in many cases impractical. For some materials, the use of
conductive oxide ceramic targets is increasingly considered
as an alternative to the metal targets. The steep transition can,
in principle, be avoided by sputtering the sub-oxide coming from the target, rather than sputtering the metal and the
stoichiometric oxide forming on the metal surface [5, 6]. For
example, ceramic titanium and niobium oxide targets have
gained an important share over the metallic counterparts in
many applications, including large area architectural glass.
The novel concept of a conductive ceramic ZrOx rotary target
was recently developed and is currently being introduced.
In this paper, the sputter behavior of ceramic sub-oxidic zirconia rotary targets is investigated in MF-AC and compared
with results from metal targets. The influence of process
parameters on the resulting ZrO2 coating is studied. Coating
properties such as refractive index, absorption, hardness and
wear resistance are compared with sputtered Si3N4. Further,
the magnet bars were modified to a closed-field un-balanced
configuration in an attempt to increase the positive ion current
on the substrate thereby manipulating the coating properties
[7]. Many authors report that film properties show a strong
dependence on the deposition process [3]; in particular, ion
bombardment is considered an important factor [1, 4]. One
aspect of reactive sputtering is the formation of high-energy
negatively charged oxygen ions on the oxide fraction of the
target surface. These ions are accelerated within the cathode
dark space towards the substrate and impinge on the growing
film with energies of the order of the cathode potential fall
(few hundreds of electron volts).
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O- emission from the target surface is highly directional, only
within a small angle orthogonal to the target surface inside the
race-track [8]. Their energy depends on the target voltage and
to some extent their mean-free path to the substrate (pressure),
while their number is determined by the sputter current, the
degree of target coverage with the oxide layer and the intrinsic
oxide material properties (work function) [4,6]. High energy
negative ion impingement is known for producing changes
in the film texturing in crystalline materials, in some cases
leading to removal of voids and densification, in other cases
inducing defects and stresses. Various groups [3, 4, 8, 9] found
that energetic oxygen ion bombardment crucially affects the
structure formation and phase composition of metal oxides,
including ZrO2.
EXPERIMENTAL
Zirconium oxide films with thicknesses between 50 and 500 nm
were deposited on microscope slides in a dual magnetronsputtering system. MF (5kHz) AC power from 5 to 25 kW
was applied in constant power control with a 100 kW DC
power supply (FDC100) combined with a bipolar switching
unit (INV300). The target length was 878 mm over a 133mm
diameter backing tube. Depositions were made with extruded
metal zirconium targets with 99.2 % purity and a thickness of
4 mm, as well as zirconium oxide targets with 99. 5 % purity,
thickness of 6 mm and a density of 93 %. The oxide targets
were produced by thermal spraying and are slightly sub-oxidic
at ZrO1,93 with an electrical resistance of ~0,2 Ω•cm (4-pointprobe). For comparison purposes, Si3N4 coatings were also
deposited from thermal sprayed rotary silicon (SiAl) targets
in the same configuration.
Both a standard magnet bar (~550 Gauss) (AMBV3.0) and a
high field version with ~1000 Gauss tangential field strength
were used. Further, a closed field un-balanced MB configuration was tested, using an inverted high-field MB and additional
magnets located underneath the substrate.
The sputter chamber was evacuated to a base pressure of
~5•10-6 mbar before introducing an Ar /O2 gas mixture to
reach operating pressures between 1.1 and 8,9•10-3mbar.
The substrates were moved across the sputter zone/racetracks underneath the targets at a sputter distance of 90 mm
at constant speed of 1m/min. Film thickness was adjusted by
the number of passes.
Film thickness was measured with a stylus profilometer (Sloan
Dektak IIA). Optical transmission and reflection spectra of
~500 nm thick ZrO2 films were measured with a Shimadzu
UV-2600 spectrophotometer in the spectral range from 300
to 1400 nm. For selected samples on Corning Eagle XG glass
substrates, a Cary7000 UV-VIS (Agilent technologies) was
used in P-polarization with angles of incidence of 10° and 65°.
Using WVASE32 and OPTILAYER software, experimental

data were fitted to Cauchy or Tauc-Lorentz dispersion relations in a multilayer model to obtain the refractive index n
and extinction coefficient k of the films. For film absorption
in the UV range (up to ~6.2 eV), ZrO2 films were deposited
on fused silica substrates (MTI-JGS-2) and analyzed using the
Cary7000 UV-VIS in transmission mode. Optical bandgap Eg
was then approximated using the Tauc-plot method.
Grazing-angle and θ/2 θ X-ray diffraction measurements were
performed with a Bruker D8 Discover system.
Hardness (H) and Young’s modules (reduced) (Er) were obtained by depth-sensing indentation with a (Hysitron, Inc.)
triboindenter equipped with a Berkovich pyramidal tip. The
maximum load was varied from 2 to 98 mN with three replicates. The load-displacement curves were analysed according
to the Oliver-Pharr method (ISO-14577 Part 4 Standard). The
modulus was obtained by extrapolating the Er vs indentation
depth (hc) plot to zero depth. Hardness was determined from
the plateau of H vs hc plot. Evaluation of friction coefficients
was performed with a microscratch tester (CSM, Neuchatel)
equipped with a diamond tip (800 um radium) at 100 mN
constant load at a contact pressure of 500 MPa, using a stroke
length of 2 mm (at 60 mm/min) with 50 cycles. The average
of three tests is reported. Wear was measured with an alumina
tip (6.25 mm diameter) at 2100mN constant load at a contact
pressure of 500MPa, using a stroke length of 2 mm (at 120
mm/min) with 1000 cycles. Residual depth (Rd) (at low load)
and penetration depth (Pd) (at full load) were averaged over
the length and recorded in set intervals. The residual depth
over the last 150 passes, corresponding a scratch distance
from 3500 to 4000 mm, is reported and considered a relative
measure of the wear.
RESULTS AND DISCUSSION
Target Hysteresis and Deposition Characteristics
In Figure 1a the deposition rate of ZrO2 with a standard
magnet bar from the metal zirconium targets is depicted as
a function of oxygen flow at a power of 15 kW. The O2 flow
rate was varied between 0 and 120 sccm, while maintaining a
constant flow of Ar. The chamber pressure varied between 3.7
and 6•10-3mbar, depending on oxygen flow and consumption.
In a typical hysteresis, a very steep drop in deposition rate
from ~5.7 to 0,52 nm m/min / kW/m with increasing oxygen
(~109 sccm) is only fully regained by decreasing the flow to
approximately 33 sccm. At constant power, this is accompanied by a drop in voltage from 345 V in the metal mode to
310V in the oxide mode. This drop can be attributed to the
higher ion-induced secondary electron emission (ISEE) of the
oxides over the metal surface [6]. It is interesting to note the
distinct voltage spikes on the transition points, which can be
interpreted as the formation of sub-oxides having lower ISEE
coefficient than the metal, thereby temporarily increasing the
target voltage [2, 6]. In the present case, transparent ZrO2 films
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were obtained in the poisoned state at an operating point close
to the transition at 33 slpm oxygen at a rate of ~ 1 nm m/min
/ kW/m. Operating on the transition point was not possible.
For the ceramic sub-oxide targets in the same range of power
(15 kW) and pressure (4,5•10-3mbar) transparent films were
already obtained at an oxygen flow of ~6 sccm (Figure1b).
A flow rate of 7 sccm was chosen as the operating point
yielding deposition rates of ~ 3 nm m/min / kW/m, a factor
of three over the metal case. These targets did not exhibit
any hysteresis, however, they showed a slight decrease in
DDR towards the more poisoned condition accompanied by
a slight change in voltage. This was typical for all conditions
investigated. No significant change in DDR was seen between
the standard (550G) and the high field magnet bar (1000G).
It is interesting to note that the target voltage of over 400V
is significantly higher than in the metal case (standard MB).
This suggests that the electron yield (ISEE) is lower here
than from the metal and the oxide on the metal target, and
is governed by the sub-oxide species already present in the
ceramic target. Both the hysteresis and the instability at the
transition point of the metal target are alleviated with the
sub-oxide ceramic target.

Refractive Index
Figure 2 shows the refractive indices of the ZrO2 coatings
obtained at the standard conditions (15 kW) at the respective
operating points from the metal and oxide targets. Values in
the range of 2,15 to 2,18 (at 550 nm) were obtained. The
refractive index of a Si3N4 coating is also depicted for comparison purposes.
The absorption coefficients in the range of 2,5 -3.5•10-4 (at
550 nm) are rather similar between the metal and oxide target coatings. Indeed, an optical bandgap of 4.99 eV (metal
target) and 4.98 eV (oxide targets) was estimated in the UV
range, compared to 4.26 eV for the Si3N4. These values are
comparable to those reported in the literature [2]. There is,
however, a noticeable decrease in refractive index from the
metal to the oxide target condition. The refractive index can
be strongly influenced the crystal phase, the film structure
and density, as reported by many authors [1, 3, 8]. This, in
turn, is often related to the high energy ion impingement,
in particular O- ions [8, 9]. Some of these negative oxygen
ions might be neutralized due to scattering events as they
travers the plasma. However, due to the high kinetic energy,
the scattering cross section is generally reduced over other
plasma species [4, 10]. For example, Severin et al. reports
the formation of a cubic ZrO2 phase with tailoring the O- ion
bombardment. Vergöhl et al. [8] reports increased refractive
indices and film density of ZrO2 deposited in regions with
higher O- flux (in front of a racetrack), but also points out
damaging effects of high O- ions energies.

a.

Figure 1: Deposition rate and target voltage versus oxygen flow
from a) zirconium metal targets and b) zirconium oxide targets.

b.
Figure 2: Dispersion curves for ZrO2 and Si3N4 coatings, a) refractive
index, b) absorption coefficient.
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In the present case, it is possible that there is a difference in
the amount of O- ions emitted from the oxidized metal target
surface over the sub-oxide target surface. A study by Mahieu
et. al.[11] explains a direct correlation between emitted Oions and ion induced secondary electron emission coefficient
(ISEE) though the work function of the material. If this theory
applies here, than the lower ISSE of the sub-oxide target, as
seen earlier, may imply lower O- ion emission of the sub-oxide
over the poisoned metal target. The higher refractive index of
the films from the metal target may then be a related to a higher
flux of high energy O- ions, bombarding and densifying the
film, albeit at lower kinetic energy (voltage). Even with similar
O- emission rates from the metal and oxide target, however, the
coating from the metal target builds up significantly slower,
by a factor of 3.5, implying higher O- bombardment flux for
a given film thickness (or per particle deposited).
Effect of Sputter Pressure and Power
The sputter rate from the sub-oxide target increases with rising
pressure, as seen in Figure 3a. This can be attributed to higher
degree of ionization in the race track, as also reflected in a
lowering of the sputter voltage. At the same time, a significant
drop in refractive index down to n = 2.1 (550 nm) is observed.
While the degree of oxygen loss in the film may play a role
[1], a likely explanation here is the decreased mean-free-path
between collisions neutralizing, at least partially, the high energy ions, thereby lowering the ion bombardment of the film.
Coincidentally, the voltage (and thereby the kinetic energy of
the O- ions) also decreases with pressure. This may indicate
that ion bombardment, dominated by high-energy O- ions,
can be beneficial for higher refractive indices.
Figure 3b shows a monotonic increase in deposition rate
with power at constant oxygen flow (7sccm-O). However,
the deposition rates (per kW) at the operating points, i.e.
adjusted to the additional oxygen requirements, are nearly
constant or decrease slightly. A substantial increase in the
refractive index is observed. Since O- generation is a direct
function of the sputter current (power), the higher n-value
could be induced by the increased ion bombardment flux
to the substrate. Again, the voltages and thereby the ion
energies also increase slightly, further contributing to the
bombardment effect. At 25 kW, an average n-value of 2.21
(@550 nm) was measured (on display glass), exceeding the
refractive index of the films produced with the metal target.
However, further optical analysis indicated inhomogeneity in
refractive index and higher absorption of this film. The film
formation could be disturbed by the much higher particle
arrival rate. [2] Simultaneously, the high O- bombardment
may have become damaging.

a.

b.
Figure 3: Effect of a) process pressure and b) sputter power on
deposition rate and refractive index from oxide targets.

Film Hardness and Elastic Modulus
Figure 4 summarizes the hardness and elastic moduli for the
ZrO2 coatings (~ 500 nm thicknesses). ZrO2 coating hardness
of ~10 GPa with moduli up to ~150 GPa were obtained. These
values are lower than for Si3N4, as expected from literature
values. It is interesting to note that the H and E values for the
different sputter conditions correlate directly with the measured
refractive indices described above. The highest H-values of
10,4 and 9,8 GPa were obtained from the metal target, with
refractive indexes of 2.18 and 2.17 with the standard and
high-field magnet bar, respectively. The oxide target yields
somewhat lower values of 7.1 and 8 GPa, corresponding to
n-values of ~2.16. The high pressure condition (0,9 Pa) gave
both the lowest hardness and n-value, while the high power
sample (25 kW) is at the other extreme. This supports the
idea that high energy O- bombardment as a function of sputter conditions and target material influences the compactness
and density of the film structure in agreement with both the
optical refractive index and mechanical hardness and modulus.
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coating from the oxide target shows the least packing with
discrete columns and some gaps. This is further reflected in
the top surface of the films with large and clearly demarcated
crystals at the high-pressure condition, transitioning to smaller
crystal features at standard pressure (oxide target), to finally
a smoother and more compact surface on the metal-target
films. The high-power oxide-target film was equally highly
compact (not shown). This increased compactness and densification supports the observation of higher n-values and
hardness for those films.
Figure 4: Hardness and Young’s Modulus by depth-sensing
indentation.

Film Structure and Morphology
Monoclinic zirconium oxide was the principal crystalline
phase identified by XRD. No substantial difference could
be resolved between the coating from the metal and oxide
target. The tetragonal phase became only identifiable at the
high pressure condition (oxide target, 0,9 Pa), at which the
lowest O- ion bombardment is expected. Several studies
[2, 4] suggest that the transformation from the monoclinic to
the higher-symmetry cubic or tetragonal phase is due to the
tailoring, i.e. lowering, of the O- ion bombardment, which is
in support of our result here.
Figure 5 illustrates the microstructure of the films. The crosssection appears most compact and dense for the coating from
the metal target, while, on the other extreme, the high-pressure

In close examination, the columns in the oxide targets films
show regular kinks in the growth direction of about 20º.
These kinks coincide with the number of deposition passes
(8-10 passes). Such directional growth may be related to the
impinging O- ion ray, which, for this magnet bar design, emit
from the racetrack at angles of ~19.5º normal to the substrate.
No such kinks are seen on the metal target films, since more
deposition passes (35 passes) were necessary to build the
same thickness, thereby averaging out this directional effect.
It does imply, however, a direct link between the directional
O- ion bombardment and formation of the film crystal structure
and morphology.
Friction Coefficient and Residual Depth
Figure 6 summarizes the friction coefficient and residual depth,
as measured on ~50 nm films. The average residual depth from
the oxide target is slightly higher than from the metal target, as
can be expected from their lower hardness and higher friction
coefficients. The correlation of hardness and friction coeffi-

Figure 5: Microstructure of ZrO2 films from a) zirconium oxide target at high pressure (0,9 Pa), b) zirconium oxide target at normal pressure
(0,4 Pa) and standard conditions, c) zirconium metal target at standard conditions.
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cient with the wear depth applies in most cases. The slightly
higher friction at the high-power condition, although with
little wear, likely relates to micro-fractures observed in this
sample, creating additional hard debris. Ultimately, the wear
rate of all the ZrO2 coatings is rather similar. Even the high
pressure sample leads to low wear, possibly because the soft
film exerts less abrasion on the counter-body, generating less
debris and less friction. A more plastic deformation without
fracturing may also play a role, considering the compliance
and thereby toughness of the distinct crystal columns, as seen
earlier in the microstructure. In contrast, the much harder and
stiffer Si3N4 sample delaminated already early in the test. In
effect, the ZrO2 coatings exerted a high toughness and low
friction that prevented the wear scar to ever penetrate into
the substrate in all cases.

CONCLUSION
The sputter behavior of novel rotary zirconium sub-oxide
ceramic targets was compared with zirconium metal targets in
a semi-industrial MF-AC dual magnetron system. The use of
the ceramic targets alleviates the severe hysteresis behaviors
for improved process stability, and allowed more than three
times higher film deposition rates over the poisoned metal
case. The resulting optical and mechanical ZrO2 film properties
were found to be similar, making the oxide targets an attractive
alternative over the metal counterpart for low-e glass applications. The refractive index at different conditions was found
to correlate with the film hardness and elastic modulus. These
properties were then related to the compactness and density
of the columnar crystal structure of the films. It was found
that the most compact films of monoclinic crystal structure
exhibited the highest hardness and modulus and the highest
refractive index. Based on the voltage behavior of these targets and the film properties at different sputter conditions, it
was speculated that the densification and compaction of the
structure is induced by an increased O- ion bombardment in
conjunction with a lower film deposition rate. In essence, all
the ZrO2 coatings provided a high protection against wear
of the underlying glass substrate by virtue of their toughness and low friction coefficient, which was superior over
a Si3N4 coating.
Acknowledgment

Figure 6: Average residual depth and friction coefficient.

Magnetic Field Considerations
An attempt was made to increase the ion bombardment of
the substrate by modifying the magnet bars to a co-planar
closed field dual un-balanced configuration, as described
by Kelly et. al. [7]. The magnetic polarity of one of the two
high-field magnet bars was changed to a central south and
peripheral north, and additional magnets were placed underneath the substrate, allowing closed field lines between the
two magnet bars and through the substrate. The intent was
to draw electrons away from the race-track confinement into
the substrate region, thereby increasing the low-energy (<100
eV) positive ion (Ar+) density for substrate bombardment. The
normal magnetic field strength at the height of the substrate
was increased to ± 200 Gauss. Visually, a strong plasma glow
emerged from the race tracks following those new field lines.
ZrO2 coatings produced under those unbalanced conditions
showed similar or slightly inferior optical and mechanical
properties than obtained with the normal MB configurations.
Far from being conclusive, this observation suggests that the
flux of low-energy positive ion bombardment is not the main
mechanism governing the film structure in our case, but rather
the higher energy O- ions could be the dominant factor.
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