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Abstract:

Thermal stability of oxygen vacancy stabilized cubic zirconia (OVSZ) thin films containing 16
and 3 at.% oxygen vacancies, synthesized by reactive magnetron sputter deposition, is reported.
Temperature-resolved grazing incidence X-ray diffraction (TR-GIXRD) measurements (200-
900 °C) in air and nitrogen ambient were performed. TR-GIXRD data show the deposited films
are stable up to 750 °C irrespective of the annealing ambient or the oxygen vacancy
concentration. However, above 750 °C a fraction of zirconia cubic crystals transforms into
monoclinic crystals. Transformation of a fraction of zirconia cubic crystals into monoclinic

crystals is explained by taking into account the compressive stresses generated as a result of
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discrepancy in film-substrate thermal expansion coefficients. Thermal cycling of the deposited

OVSZ thin films is also performed at 700 °C and show films retain their pure c-phase.

Introduction

In order for materials to work properly, particularly in the case of materials for high temperature
applications, materials have to be stable chemically and structurally at elevated temperatures
as the materials properties are very much dependent on these two factors [1,2]. One example
of this is zirconia (ZrO2), a material of high importance for many high temperature applications.
Zirconia is a polymorphic material which exists in three main crystallographic phases at
atmospheric pressure: (i) monoclinic (m, stable up to 1205 °C), (ii) tetragonal (t, stable from
1205 to 2377 °C) and (iii) cubic (c, stable from 2377 to 2710 °C) [3]. Since zirconia exhibits
very low thermal conductivity (1.2- 2.6 Wm K™ [4]) this makes zirconia a material of choice
for thermal barrier coatings (TBCs) [5]. However, the use of zirconia is restricted by the change
in its lattice volume (~5 Vol.%) [6] due to phase transformation at high temperatures. This
phase transformation and change in lattice volume leads to the formation of cracks in the
coating and thus failure of the device. In the last couple of decades, phase transformation of
zirconia at high temperatures is avoided by stabilizing the high temperature c-phase of zirconia
at room temperature. Typically, stabilization is achieved by doping zirconia with cations of
lower valence than Zr e.g., Y or Ca. It is found that doping by 12 mol.% of yttria (Y203) leads
to the stabilization of c-phase of zirconia at room temperature and is known as Yttria Stabilized
Zirconia (YSZ) [7]. Recently, Raza et al. [8] unambiguously demonstrated that the
stabilization of the c-phase of zirconia at room temperature solely dependent on the Vg
concentration as low as 3 at.% in the zirconia lattice. Such oxygen vacancy stabilized zirconia
(OVS2Z) thin films could be a great alternate of YSZ thin films for TBCs, oxygen sensors and

particularly for SOFCs provided their reliable thermal stability.



In the present work, we report the thermal stability i.e., chemical and crystal structure
stability of OVSZ thin films synthesized by dc-reactive magnetron sputtering. Temperature-
resolved Grazing Incidence X-ray Diffraction (TR-GIXRD) measurements are performed in

air and nitrogen ambient.

Experimental

Two set of OVSZ (c-ZrO) thin films containing ~16 (x=0.31) and 3 (x=0.06) at.% V¢ of
thickness 100£10 nm were deposited by working inside the so-called transition zone using
direct current Reactive Magnetron Sputtering (dc-RMS), as shown in Fig. 1. Films were
deposited on Si(100) substrates whose thickness is 525 £20 um (Siegert Wafer) as well as on
graphite sheet for chemical composition analysis. Those samples were deposited from a
zirconium target (purity 99.97%, 5 cm in diameter) bought from Kurt J. Lesker, sputtered in
argon-oxygen plasma. To work inside the transition zone, a voltage feedback control unit
Speedflo mini from Gencoa, was implemented in order to provide a rapid control over O
partial pressure and deposit oxygen deficient zirconia films. During the deposition, substrates
were placed at 6.5 cm from the Zr target. To sputter the Zr target, cathode was fed with 200
mA of discharge current by an Advanced Energy MDX 500 DC power supply equipped with
an arc suppressor (Sparkle from Advanced Energy). During the deposition, O> was injected at
the target surface and Ar was injected away from the target surface. Total working pressure
was kept constant at 1.33 Pa. During the deposition no intentional heating or bias was applied
to the substrate. Prior to the deposition, the substrates were cleaned with methanol in an
ultrasonic bathtub for 10 minutes. To minimize possible impurities in the deposited films, each
time a base pressure < 4x10** Pa was reached inside the vacuum chamber. Oxygen vacancy
concentration in the as deposited films was measured from a combination of Rutherford Back
Scattering (RBS) and Nuclear Reaction Analysis (NRA), as reported in [17]. The latter method

was used to detect isotopic oxygen (*30) which was specifically admixed to the argon gas
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during some deposition runs. This way, one could distinguish the oxygen atoms incorporated
in the film during the deposition process from the one incorporated in the film upon venting
the samples. The crystallographic information of the as-deposited oxygen-deficient films was
obtained first by Grazing Incidence X-Ray Diffraction (GIXRD) which was performed using
PANalytical Empyrean with a radiation source 4 = 0.15418 nm (value averaged over the Cu
Kq1 and Kq lines). The diffractograms were recorded with a step size of 0.07° and a duration
of 15 seconds using an incidence angle of 0.5° at 40 mA, 45 kV of generator settings. Detailed
study regarding deposition, chemical composition analysis, characterization of c-phase and c-
phase stabilization of OVSZ thin films can be found in Raza et al. [8,9] work.

Temperature resolved XRD measurements were performed on a Bruker D8 Discover
diffractometer, using a Co-Kq radiation (4 = 0.17902 nm) and a parallel beam with a diameter
of 1 mm. Samples were annealed with a heating speed of 8 °C/s either in air or in N2 ambient,
with a Domed Hot Stage (DHS1100) from Anton Paar installed on the goniometer. During
annealing in the N2 ambient, a flow of 1-2 I/h of N2 was blown at the sample surface and the
pressure inside the dome was same as outside the dome, i.e. 1 atm. This way sample surface
was prevented to interact with air from surrounding during annealing. The measurements were
carried out in grazing incidence geometry at a grazing angle of 3° with a step size of 0.025°,
and duration of 4 s. During the scan, for each working temperature, the annealing stage
temperature was kept constant for 2 hours to allow the scan to complete at that specific
temperature. Further, the detection was assured by a scintillator counter in front of which long

Sollers slits were installed to select the diffracted X-rays.
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Figure 1: Target voltage curve of Zr as a function of O, flow rate, colour filled stars points the position where the films
containing 16 and 3 at.% O vacancies were obtained.

Results and Discussion

GIXRD patterns of the as-deposited films containing 16 and 3 at.% Vg acquired at an
incidence angle of 0.5° are shown in Fig. 2. The diffraction peaks are identified from the

zirconia c-phase (ICDD PDF# 49-1642).
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Figure 2: GIXRD patterns of the as-deposited films recorded using Cu x-ray source at an incidence angle of 0.5° at room
temperature.



TR-GIXRD patterns acquired at an incidence angle of 3° for the same films containing 16
and 3 at.% Vg and annealed in air and N2 from 200 °C to 900 °C are shown in Fig. 3. It is
observed in Fig. 3, the diffraction peaks are less intense than in the case of Fig. 2. Such reduced
intensity of the GIXRD patterns collected as a function of temperature is primarily due to the
dome utilized for the control of atmosphere and temperature, which attenuates the incident and
diffracted beams. Moreover, in GIXRD measurements, the intensity of the diffraction peaks
also depend on the incidence angle of the x-ray beam. At low incidence angles, such as in Fig.
2 where an incidence angle of 0.5° is used, the penetration depth of the beam is ~470 nm. While
for the incidence angle 3° used for the measurement carried out in the case of Fig. 3, the
penetration depth of the x-ray beam is ~1830 nm. This increased incidence angle makes the x-
ray beam less sensitive to the 100 nm zirconia film and thus resulting in lower intensities of

the diffraction peaks.
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Figure 3: TR-GIXRD patterns of the films containing approximately 16 at.% O vacancies annealed in (a) air and (b) N,. Films
containing 3 at.% O vacancies are also annealed in (c) air and (d) N». X-ray source Co and x-ray incidence angle 3° was used.

In Fig. 3 at low temperatures, i.e. from 200-300 °C, diffraction peak intensities are weak.

On further annealing of films to 350 °C, diffraction patterns starts showing the diffraction peaks
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coming from cubic zirconia crystals, which become more prominent with the increase in
temperature. Such appearance of diffractions peaks with the increase in temperature is an
indication of films getting well crystalized with the annealing. Similar behaviour of pure ZrO;
films deposited by sol-gel method has been observed by Mehner et.al. [10], in their case ZrO>
films do not show any diffraction peaks until a temperature of 475 °C is, then peaks related to
tetragonal/cubic crystals appear. Further annealing of the OVSZ samples to 750 °C result in
the appearance of m(111) diffraction peak which gets more and more prominent with the
increase in temperature. It is also observed that neither the annealing ambient (i.e. air or N2),
nor the oxygen vacancy concentration has any influence on the appearance of m-peak. Further,

on cooling of films to 100 °C, films retain both m- and c- peaks (see Fig. 3c and 3d).

As discussed above, films get well crystalized with the increase in annealing temperature.
In Fig. 4, The evolution of the crystallite size as a function of temperature is shown. For both
the 16 and 3 at.% Vg films, crystallite size increases monotonously with the increase in
temperature up to 700 °C. After passing 700 °C, a relatively steep increase is observed. Further,
on cooling down the films after reaching 900 °C, it is observed in both cases that the average
crystallite size remains almost the same i.e. about 20 nm. The crystallite size was calculated
using the Scherrer equation [11] taking the c(111) peak into consideration. The instrumental

broadening was not considered and neither the lattice micro-strains while calculating the



crystallite size. It should be noted that the crystallite size calculated in this work are just to

understand the trend and not to have the absolute values of crystallite size.
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Figure 4: Evolution of cubic crystallite size as a function of temperature, calculated using c(111) peak of films containing
(a) 16 at. % O vacancies and (b) 3 at. % O vacancies.

Further analysis of the temperature—resolved diffraction data of films containing 16 and 3
at.% Vg reveal, in both cases, that the area under the c(111) peak increase with increasing the
temperature (Fig. 5). The increase in area of c(111) peak is steep till 350 °C and is almost
steady up to 750 °C. However, after passing 750 °C, area under the c(111) starts to decrease

(Fig. 5). On the other hand, at this precise temperature, the m(111) peak appears (Fig. 3). The
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variation of the area under the m(111) peak as a function of temperature is almost identical in
absolute values to the decrease in area under the ¢(111) peak, shown in Fig. 5. Such a decrease
in area under the c(111) peak after passing 750 °C indicates the transformation of cubic zirconia

crystals into monoclinic zirconia crystals.
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Figure 5: Area under the ¢(111) and m(111) peak as a function of temperature of film containing 16 at.% O vacancies. After
passing the 750 °C a drop in ¢(111) and increase in m(111) peak area is observed. Same trend is observed for films
containing 3 at.% O vacancies (data not shown here).

With the increase in annealing temperature, a shift of diffraction peaks to lower angles
could be observed as well in Fig. 3, irrespective of the concentration of oxygen vacancies (16
and 3 at.%) or the annealing ambient (air or N2). The magnitude of the peak shift is plotted in

Fig.6.
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Figure 6: Shift of c(111) peak as a function of temperature of the films containing (a) 16 at.% of O vacancies (b) 3 at.% of O
vacancies to lower angles during annealing in Air and N, and recovery while cooling down. Red arrows indicate whether the
peak shift is measured during the annealing or cooling.

It can be seen in Fig. 6 that, at 350 °C, the c¢(111) peak exhibits a shift of less than 0.2°. With
the increase in annealing temperature, the c(111) peak shifts further to lower angles. At 900
°C, a shift to lower angle of about 0.5° is reached as shown in Fig. 3 and Fig. 6. The c(311)
peak appearing at 70.66° also shifts by 0.2° when T = 750 °C. This peak shift further by 0.4°
when a temperature of 900 °C is reached. While on cooling down the films, it is observed that
the c(111) peak tries to return to its original position. One should also note that the m(111) peak
also did not vanish upon cooling. It is also observed from Fig. 3 and Fig. 6 that the films

containing 16 and 3 at.% V;; and annealed in air and N2 show similar evolution. Mehner et al.
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also observed such peak shifts on annealing their zirconia thin films to 750 °C [10]. Their study
highlighted a correlation between the peak shift, the appearance of the monoclinic phase, and
the evolution of stress in the film as a function of temperature. It is known that stress in as-
deposited films can develop as a result of deposition conditions [12] (known as intrinsic
stresses) as well as during annealing because of the difference in film-substrate thermal
expansion coefficients (TECs). Since Si has a lower TEC (3.6x10%/K [13]) as compared to c-
zirconia (8.8-10.6x10%/K [4]) and as the deposited film is bound to the substrate, therefore, at
elevated temperature, the OVSZ film will experience compressive stresses. This will cause
diffraction peaks to shift to the lower angles in the diffraction patterns, as seen in Fig. 3 and

Fig. 6. Such thermal stresses were calculated using Eq. 1 where Ef is the Young’s modulus, vy
is the Poisson ratio, ay and a; are the respective TECs of the film and substrate, T is the
substrate temperature during deposition (25 °C), and T, is the temperature during the

measurement [14]. A negative value of a;; corresponds to compressive stress.

Ef

Oth = 1 (“f - as)(Ts - Ta) (1)

To calculate theoretical thermal stress values in deposited films, the Young’s modulus and
Poisson ratio was taken from the literature (Er =200 GPa [15,16], v, = 0.25 [10]) and was
assumed that the zirconia Young’s modulus variation with the temperature is negligible. The
calculated compressive stress was found to increase with the increase in temperature, Fig. 7.
Calculation indicates that at 750 °C, the film stress reaches a value of -856 MPa. At 900 °C,

the value reaches -1032 MPa.
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Figure 7: Evolution of compressive stresses in the films containing 16 and 3 at.% of O vacancies annealed in air and N»
ambient. Stress is assumed to be induced by the discrepancy of TEC between the OVSZ film and the Si substrate. The critical
stress at which zirconia cubic film turns to mixed cubic and monoclinic phase. Stress value reported in the work of Mehner
et al [10] is presented for comparison.

From the above presented data, appearance of monoclinic crystals after passing 750 °C at first
could be related to annihilation of Vg present in the OVSZ films by uptake of oxygen from the
surrounding ambient since OVSZ films, by definition are under-stoichiometric films, and
oxygen vacancies are the sole responsible mechanism for stabilizing zirconia cubic structure
[8]. Monaclinic crystal structure is thermodynamically the most stable for fully stoichiometric
zirconia (ZrOz) below ~ 1200 °C. But it can be also observed in Fig. 3 that diffraction peak
related to c-phase remain at 900 °C and even when cooled down to 100 °C. Since V¢ promotes
the formation of c-phase at low temperatures as Raza et al. [8] has shown, therefore, it would
be inappropriate to say that the O vacancies are annihilated and film turned stoichiometric
(ZrOy). Furthermore, the diffractograms of all the OVSZ films have a similar evolution with
the annealing temperature, whatever they contain 3 or 16 at.% oxygen vacancies or they
annealed in air or nitrogen atmosphere. This situation highlights that the presence of oxygen in
the annealing ambient does not affect the phase transformation. On the other hand, the
transformation of cubic crystals into monoclinic crystals could be related to the martensitic

transformation caused by compressive stresses after passing a critical temperature where the
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compressive stresses are building up inside the film during annealing due to the difference in
film-substrate TECs. in the present case, it can be assumed that the appearance of m-peaks on
the diffractogram, as shown in Fig. 3, is the achievement of critical stress at 750 °C. Similar
phenomenon i.e., the appearance of m-phase as a result of compressive stresses in zirconia
films of thickness 100-150 nm, was reported by Ngaruiya et al.[17] and Goedicke et al.[12].
Ngaruiya et al.[17] have shown how the film stress evolves as a function of oxygen flow rate
during reactive magnetron sputtering experiments. According to Ngaruiya et al. [17], when the
oxygen flow rate is low i.e. the sputter target is not fully oxidized and the films exhibit low
compressive stress values. As the target gets fully oxidized when higher oxygen flow rates are
used, films exhibit high compressive stress close to -1500 MPa and zirconia films are observed
to form monoclinic crystals. Goedicke et al.[12] also studied the generation of stress in zirconia
coatings as a function of sputtering pressure, using pulsed magnetron sputtering. From their
study, it seems that working at high pressures i.e. 3.5 Pa, lead to tensile stress of approximately
150 MPa in the films. In this case the films XRD patterns exhibited only cubic reflections.
However, when the films were deposited at low pressure i.e. 0.3 Pa, films exhibited high
compressive stress (-1800 MPa) and only monoclinic reflections were observed. It is similar to
c/t —to — m phase transformation in sol-gel based ZrO> films [10] or stress/pressure induced t
—to — m phase transformation in YSZ [18-20]. Mehner et al. [10] deposited c/t 1000 — 1200
nm thick zirconia films on steel substrates using sol-gel method and studied their thermal
stability. Their cubic/tetragonal zirconia films were stable up-to 600 °C and above this
temperature monoclinic peaks appeared on their XRD patterns. They also observed a small
shift in the peak position to lower angles with the increase in temperature, like the shift
monitored in the present study. Mehner et al. [10] attributed the shift to the generation of
compressive stresses in the film during annealing. t-phase transformation into monoclinic has

also been studied by Allahkarami et al.[19,20] who applied a local compressive load on t-YSZ.
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After applying the load, t — to — m phase conversion up to 100% was observed in that area.
Moreover, t—to—m phase transformation in YSZ films has been reported by Piascik et al.[18]
who varied the bias applied to the substrate holder during deposition. Doing so, ion
bombardment during film growth is intensified as the bias voltage/power is increased. The bias
power was applied to vary film stresses. These authors claim that the t — to - m phase
transformation occurs when the film stress reaches a critical threshold level, although no values
were reported in their paper. According to the reported literature and the data presented in the
current study, it seems reasonable to assume that OVSZ thin films reached a critical
compressive stress value after passing 750 °C, and such compressive stress forced cubic
crystals to transform into monoclinic ones. Finally, thermal cycling (6 times) of the OVSZ thin
films to 700 °C showed no sign of appearance of m-phase i.e., films preserved their pure c-

phase.

Conclusion

Thermal stability of oxygen vacancy stabilized zirconia (OVSZ) thin films containing 16
and 3 at.% oxygen vacancies, deposited by dc-reactive magnetron sputtering on Si(100)
substrate is reported in this paper. From our data, it is observed that OVSZ thin films deposited
on Si(100) substrates are stable up-to 750 °C irrespective of annealing ambient i.e., air or Na.
However, above 750 °C, the temperature resolved grazing incidence x-ray diffraction patterns
showed diffraction peak related to the presence of monoclinic crystals, which did not disappear
on cooling down the films. the transformation of a fraction of cubic crystals into monoclinic
crystals above 750 °C most likely originated from increased compressive stress above a
threshold value i.e., -850 MPa in our conditions, caused by the difference in thermal expansion

coefficient of OVSZ thin film and the Si substrate. However, OVSZ thin subjected to thermal
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cycling up to 700 °C showed no sign of appearance of m-phase i.e., films preserved their pure
c-phase. These findings suggest OVSZ thin films could be a promising alternate of yttria
stabilized zirconia (YSZ) in devices needing operating temperature around or below 750 °C,

as reported in M. Raza et al. [21].
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