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COMMUNICATIONS

A study of properties of ZrO2 thin films deposited by magnetron
sputtering under different plasma parameters: Biomedical application
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ZrO2 thin films were deposited on 316L stainless steel substrate by a radio-frequency magnetron sputtering system. The
substrate bias voltage, the working gas rate and the reactive gas fraction in the gas mixture were varied. These variations
produce a variation in the deferent properties of the obtained films. The deposited films were characterized by X-Rays
Diffraction, Atomic Force Microscopy, nano-indentation and potentio-dynamic polarization. The experimental results show
that the film thickness and the roughness of the films are highly influenced by the plasma parameters. XRD results show
that the monoclinic phase is predominant in unbiased deposited films. The best anti-corrosion performance and hardness
were obtained for ZrO2 deposited with a substrate bias voltage of −75 V, Ar rate of 6 sccm and oxygen fraction of 25%.
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1 Introduction

Zirconia (ZrO2 ) is a metal dioxide known for its
unique properties such as inertness, biocompatibility,
along with mechanical strength and toughness, coupled
with Young’s modulus similar to stainless steels, which
makes it a good choice for many applications. In order
to be used as a biomaterial, materials need to be ’inert’
to prevent any biological rejection. They should also have
sufficient mechanical strength and more importantly, very
high corrosion and wear resistance in the highly corrosive
body environment [1]. Stainless Steel is regarded as one
of the most suitable materials for the manufacture in the
medical industry for biomedical implants [2]. However,
an acceleration of the fatigue failure of type 316 stainless
steel is observed in simulated body fluids relative to that
of air [3]. The modification of the surface or depositing
films such as ZrO2 could be the solution to solve this
problem [2].

Magnetron sputtering is widely used for the deposi-
tion of various range on thin films on many types of sub-
strates because of its ability to achieve a high rate and
good quality film properties [4]. The different properties
of the films can be controlled by the sputtering param-
eters: reactive gases [5], deposition rate [6], deposition
temperature [5] and the negative substrate bias voltage
[7]. The latter is considered as a critical parameter, be-
cause it allows to control the energy of the ions bombard-
ment on the substrate witch can affect the properties of

the deposited films [2]. In this study, ZrO2 thin films
are deposited by radio-frequency magnetron sputtering
(RFMS) process on stainless steel (316L). The negative
bias voltage [0 to −75 V] was applied to the substrate in
order to investigate the effect of ion bombardment on the
growth of ZrO2 films. In addition, the objective of this
work was to study the effect of the bias voltage applied to
the substrate (Vs), the working gas rate and the reactive
gas fraction on the corrosion and mechanical properties
of ZrO2 films.

2 Experimental details

2.1 Coating deposition

In this work zirconia thin films were deposited on
cylindrical 316L stainless steel; Fig. 1(a): thickness of
8 mm and diameter of 10 mm. The working faces of
the samples were polished until their surfaces became
smooth and mirror-like bright, Fig. 1(b), then they were
ultrasonically cleaned in acetone and ethanol and sub-
sequently dried prior to the deposition process. Finally,
The ZrO2 films were deposited by radio-frequency (13.56
MHz) magnetron sputtering at room temperature using
a sputtering system which is described in Fig. 1(c). The
sputtering cathode was thick pure zirconium target. This
latter is distanced from the substrate holder (diameter
100 mm) by 30 mm. The gases used are high-purity argon
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Fig. 1. Experimental setup: (a) – pre-polished substrate, (b) – polished substrate, and (c) – sputtering system

Table 1. Sputtering conditions for the deposition of ZrO2 thin films

Samples Target-substrate Substrate bias Ar rate Reactive gas Working gas Sputtering Deposition

distance voltage (V) fraction (O2 ) (%) pressure power time

S1 0
20 sccm

15

S2
30 mm

0 25
20 mTorr 250 W 50 min

S3 0
6 sccm

25

S4 -75 25

Target: Pure Zr (99.99%), Base Pressure: 1.0 × 10-6 Torr

(99.99990%) as the working gas and mixture of oxygen
(99.99%) as a reactive gas. Argon and oxygen flow rates
were controlled separately using mass flow controllers.
The sputtering chamber was evacuated to less than 10-6

Torr before introducing the gases into the chamber. The
flow rate of O2 was set as 15 and 25% of the gas mixture
of Ar+O2 while the substrate bias voltage that was ap-
plied to the substrate was changed by 0 and −75 V. The
detailed deposition conditions are listed in Table 1. In all
the runs, the substrate was not heated.

2.2 Chemical and physical analyses

To investigate the structure of obtained thin films,
XRD measurements were carried out using a Bruker AXS
D8 Advance diffractometer in Bragg-Brentano geometry
(θ−2θ geometry) with CuKα radiation. The morphology
of the films was studied by using an atomic force micro-
scope (type: MFP-3D from Asylum Research an Oxford
Instruments company). The film thicknesses were mea-
sured from cross-sectional scanning electron microscopy
(SEM) micrographs. The micro-hardness of the films was
measured by the dynamical micro-indentation method

with a Nano-test 550 instrument. The load-penetration
curves were obtained using a Berkovich diamond inden-
ter and hardness values were deduced by the Oliver and
Pharr analysis method [8] The corrosion resistance of
ZrO2 coatings was evaluated by potentiodynamic polar-
ization test using a PARSTAT 4000 (Princeton Applied
Research, NJ, USA) potentiostat/Galvanostat with its
VesaStudio software.

3 Results and discussions

3.1 Structure and morphology

The XRD patterns of the ZrO2 deposited films are
shown in Fig. 2. These patterns confirm the crystalliza-
tion of the obtained films. For the deposited films with
no bias applied to the substrate (0 V), the most intense
peaks observed are specific of the monoclinic phase which
is the most stable phase of ZrO2 . While S1 and S3 showed
a preferred orientation to (111) of the monoclinic phase,
the preferred orientation of S2 was (002) of the monoclinic
phase. When a bias was applied to the substrate (−75
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Table 2. Deposition rate, structural and morphological properties of the ZrO2 deposited films

Samples Orientation Deposition rate Thickness Roughness Residual stress FWHM Grain size

(µm/min) (µm) (nm) (GPa) (◦ ) (nm)

S1 111 m 0.011 0.55 4.2 0.71 0.55 14.92

S2 200 m 0.008 0.42 12.1 1.77 0.36 23.34

S3 111 m 0.020 1.00 13.8 0.93 0.40 20.52

S4 002 t 0.015 0.75 4.1 22.32 0.45 18.56

V), mixture phases of monoclinic and tetragonal ZrO2

phases are observed in S4. These results show that the
texture of the films is very sensitive to the substrate bias,
the Ar rate and the O2 fraction. These results show that
the crystallization of the deposited films increases with
the increase of oxygen fraction in the Ar+O2 mixture,
the decrease of the Ar rate in the deposition chamber,
and the decrease of substrate bias voltage. In A similar
study that was done by Wong and et al [9], ZrO2 was
confirmed to be highly resistant to damage caused by ion
bombardment [9].

Fig. 2. XRD diffraction patterns of ZrO2 films obtained for differ-
ent samples (m: monoclinic, t: tetragonal, c: cubic, h: hexagonal)

The mean crystallite size (D ) of ZrO2 thin films was
calculated from the Debye equation, [10]

D =
0.94λ

β cos θ
(1)

where λ , β and θ are the incident wave-length of the

X-ray (for Cu, Kα = 1.54056 Å), the full width at half
maximum (FWHM) of the peak intensity in radian, and
the Bragg angle of the mean diffraction peak, respectively.
The results of the calculations are given in Table 2. The
grain size increases with the increase of the oxygen frac-
tion and Ar rate while it decreases with the increase of the
substrate bias voltage which can explain the phase trans-
formation from monoclinic to tetragonal for S4. Accord-
ing to Ji et al [11], the high-temperature tetragonal phase
can be maintained in pure zirconia at room temperature
by adding a stabilizer, high pressures or producing mate-
rial with very small grain sizes with a critical diameter of

30 nm. They explain the size effect regarding the higher
surface energy of the stable monoclinic phase compared
with that of the tetragonal phase [11]. The thickness of
the film was obtained from a cross-sectional SEM image
of the film. It decreases with the increase of the oxygen
fraction and Ar rate. According to J. Park et al [12], the
increase of the oxygen fraction would lead to the decrease
of the sputtering yield, and as a result, the thickness of the
films would decrease. The film thickness is decreased with
increasing of the applied substrate bias voltage. That’s
could be due to volume change that happened during the
phase transformation.

Fig. 3. AFM micrographs of ZrO2 films obtained for different
samples

The surface morphology of the films of S1 with 15%
of O2 is notably smoother than that of the films of S2
with 25% of O2 as seen in Fig. 3. Table 2 presents the
root-mean-square (rms) surface roughness, acquired by
AFM of the different samples. These results are in a
good agreement with the ones obtained by C. Y. Ma
et al [13]. They showed that the increase of the surface
roughness with the increase of the oxygen partial pressure
is approximately linear. AFM surface images are shown
in Fig. 3. The deposited films of S3 at 0 V exhibited
triangular columnar structure which loses its triangular
form and becomes smoother, smaller granular size and
less rough with the increase of the substrate bias voltage
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to −75 V. When a negative bias voltage is applied to the
substrates, the ion bombardment increases; which reduces
the nucleation energy and giving rise to the variations in
the surface morphology and microstructures of the thin
films [14].

Fig. 4. Penetration curves of the indenter in ZrO2 thin films

Fig. 5. H/E , H/E2 and H3/E2 of the deposited films, diamond
[17], TiC [18] and CrN [19] that was calculated from the hardness

and young modulus of measured and literature values

3.2 Mechanical properties

The mechanical properties of the deposited films were
investigated by nanoindentation with continuous stiffness
measurement (CSM) method. Figure 4 shows the force-
penetration curves for all the ZrO2 thin films, which re-
flects the general deformation behavior during the pene-
tration of a Berkovich indenter loaded with CSM mode.
Figure 4 confirms the resistance of the deposited films
to mechanical stresses. The obtained values of the Young
modulus are (S1): 221 GPa, (S2): 245 GPa, (S3): 125 GPa
and (S4): 144 GPa. The obtained values of the hardness
are (S1): 11.5 GPa, (S2): 19.3 GPa, (S3): 6.87 GPa and
(S4): 19.54 GPa. The mean three H to E ratios that
influence the wear resistance of a material are: H/E ,
[2], which characterizes the resistance of the material to

elastic deformation, H/E2 indicates material ability to

resist permanent damage [15] and H3/E2 which allows
estimating the materia ability to dissipate energy at plas-
tic deformation during loading [16]. The samples of this

study show very interesting H/E , H/E2 and H3/E2 ra-

tios as presented in Fig. 5 with a maximum H/E , H/E2

and H3/E2 ratio of 0.13575, 0.94232 and 0.36005 are

found for sample 4, respectively. These values are close

to the values usually obtained for hard covalent materials
such as TiC, and CrN (0.02 ≤ H3/E2 ≤ 0.33; 0.91 GPa

for the diamond is the most important value).

3.3 Electrochemical properties

The electrochemical behavior of the ZrO2 deposited

films on 316L stainless steel was studied in a physiolog-

ical environment (Hank’s Solution). Tafel extrapolation

and polarization resistance are the methods to measure

electrochemical parameters. For an electrochemical reac-

tion under activation control, polarization curves exhibit

linear behavior in the log i vs E plots called Tafel’s be-

havior. The equation Tafel’s law is E = a + b log i ,

where a and b are constants [20].

The obtained results of the potentiodynamic polariza-

tion curves Log i = f(E) are shown in Fig. 6. We notice

a positive shift of the global polarization curves of the

samples deposited under substrate bias with a cathodic

shift of their corrosion potential. Suggesting that there is

a formation of corrosion products on the surface of the

sample [21]. Electrochemical parameters such as corro-

sion potential (Ecorr ), corrosion current density (icorr ),

corrosion rate and polarization resistance (Rp ) were cal-

culated and shown in Table 3. We notice that there is an

increase in the corrosion potential with the rise of sub-

strate bias: from −121 mV for 0 V (S3) to −225 mV for

−75 V (S4) while the samples deposited with higher Ar

rate (S1, S2) present higher values of the corrosion poten-

tial and porosity. The corrosion resistance reaches a value

of 0.1294 MΩ for a polarization of −75 V which is higher

than the ones obtained for the uncoated substrate with

a corrosion rate (0.88135 mpy). These results show that

the obtained films for the highest substrate bias (−75 V)

are more protective than the uncoated steel. The corro-

sion resistance is a very important feature in the choice

of metallic biomaterials.

Fig. 6. Effect of substrate bias voltage on the polarization curves

of ZrO2 /316L thin films and uncoated Steel in Hank’s solution
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Table 3. Electrochemical parameters of potentiodynamic polarization tests for stainless steel with and without a thin film of ZrO2 in
Hank’s Solution

Samples Corrosion Rate (mpy) Rp (MΩ) Ecorr (mV) icorr (nA) Porosity

Stainless steel 316L 0.881 0.139 −550.88 275.76 –

S1 0.578 0.216 −258.326 823.197 0.407

S2 0.399 0.046 −473.903 567.389 2.627

S3 1.523 0.327 −121.13 671.45 0.218

S4 0.278 0.435 −224.85 91.89 0.192

4 Conclusions

In this paper, we describe the effect of the plasma pa-
rameters on the properties of zirconia (ZrO2 ) deposited
on stainless steel using RF magnetron sputtering system.
It was evident that zirconia films deposited consisted of
poly-crystalline phase of monoclinic and tetragonal.

The study shows that the plasma parameters have a
great effect on the electrochemical nature of the films.
The zirconia film deposited at −75 V shows optimum
mechanical and electrochemical properties. The optimum
oxygen fraction for ZrO2 deposition is 25%. And the
optimum Ar rate is 6 sccm.
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