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Post-annealing effect on the structural and mechanical properties of
multiphase zirconia films deposited by a plasma focus device
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Nanostructured multiphase zirconia films (MZFs) are deposited on Zr substrate by the irradiation of energetic oxygen
ions emanated from a plasma focus device. The oxygen operating gas pressure of 1 mbar (1 bar = 105 Pa) provides the
most appropriate ion energy flux to deposit crystalline ZrO2 films. X-ray diffraction (XRD) patterns reveal the formation
of polycrystalline ZrO2 films. The crystallite size (CS), crystal growth, and dislocation densities are attributed to increasing
focus shots, sample axial distances, and working gas pressures. Phase and orientation transformations from t-ZrO2 to
m-ZrO2 and c-ZrO2 are associated with increasing focus shots and continuous annealing. For lower (200 ◦C) annealing
temperature (AT), full width at half maximum (FWHM) of diffraction peak, CS, and dislocation density (δ ) for (020)
plane are found to be 0.494, 16.6 nm, and 3.63× 10−3 nm−2 while for higher (400 ◦C) AT, these parameters for (111)
plane are found to be 0.388, 20.87 nm, and 2.29×10−3 nm−2, respectively. Scanning electron microscope (SEM) results
demonstrate the formation of rounded grains with uniform distribution. The estimated values of atomic ratio (O/Zr) in
ZrO2 films deposited for different axial distances (6 cm, 9 cm, and 12 cm) are found to be 2.1, 2.2, and 2.3, respectively.
Fourier transform infrared (FTIR) analysis reveals that the bands appearing at 441 cm−1 and 480 cm−1 belong to m-ZrO2
and t-ZrO2 phases, respectively. Maximum microhardness (8.65± 0.45 GPa) of ZrO2 film is ∼ 6.7 times higher than the
microhardness of virgin Zr.
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1. Introduction
Zirconium oxide (ZrO2), commonly known as zirconia,

films have attracted huge attention as an important ceramic
material because of their enhanced optical, chemical, and me-
chanical properties. High chemical stability, hardness, dielec-
tric constant and index of refraction and low absorption of
light make it an attractive material. ZrO2 films have been
utilized for a wide range of applications like wear resistant
coatings, protective coating for optical mirrors and filters,
thermal-barrier coatings, and high temperature fuel cells and
oxygen detectors.[1–5] Moreover, ZrO2 films have been em-
ployed in many engineering applications like automobile en-
gine parts.[1–5] Additionally, materials (HfO2 and ZrO2) of
high dielectric (k ∼ 20) constant have been considered as SiO2

substitutes, fundamentally due to their superior physical and
electrical properties. Some leading companies are also using
ZrO2 as a dielectric material for metal–oxide semiconductor
applications. ZrO2 film, which is thermodynamically stable
with respect to solid state reaction with silicon, is a promis-
ing candidate for SiO2 replacement. It has a large band gap
(∼ 5.8 eV) and high dielectric constant (k ∼ 20).[6–10] Actu-
ally, ZrO2 exhibits various structural polymorphs; the most
familiar are monoclinic, tetragonal, and cubic phases. Due
to high fracture resistance, tetragonal phase has been the pre-

ferred material for wear and mechanical application while cu-
bic phase is a diamond stimulant because of its high refractive
index. Addition of trivalent and tetravalent dopants in ZrO2

films is known to stabilize these metastable phases by creating
oxygen vacancies to energetically favor structure. Cubic phase
of ZrO2 is mostly produced by the addition of up to 20% triva-
lent stabilizer oxides such as yttria or ceria.[11]

To deposit such types of important materials, various de-
position techniques like ion beam assisted deposition, liquid
thermal spray synthesis, ion implantation, and sol–gel[12–15]

are being employed. However, deposition of ZrO2 films at
low temperatures has become more important and valuable in
thin film industry because it eliminates the requirement of high
substrate temperature which reduces the manufacturing cost.
Moreover, the deposition of different polymorphs like mono-
clinic, tetragonal, and cubic phases of ZrO2 without the addi-
tion of trivalent and tetravalent dopants also reduces the man-
ufacturing cost but it is necessary to use high purity source
material and impurities free environment.

Plasma focus (PF) offers a simple, cost effective and
promising deposition technique, in which the electrical en-
ergy stored in the capacitor bank is rapidly converted into
plasma energy resulting in the formation of short lived but hot
(∼ 1 keV–2 keV) and dense (∼ 1025 m−3–1026 m−3) plasma
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column. It is a source of neutrons (in the case of deuterium
gas operation), X-rays, highly energetic ions, and relativis-
tic electrons.[16–18] These energetic ions and hot dense plasma
have been used to deposit thin films of different materials like
TiC, TiN, ZrN, ZrON, and ZrAlON.[19–29] In the present work,
we employed the PF deposition technique to deposit multi-
phase zirconia films (MPFs) at room temperature. The MZFs
deposited on Zr substrate are characterized by X-rays diffrac-
tion (XRD), field emission scanning electron microscope (FE-
SEM), energy dispersive X-rays (EDX) spectroscopy, Fourier
transformed infrared (FTIR) spectroscopy, and Vickers mi-
crohardness techniques in order to explore the film surface
properties like crystal structure, crystallite size, surface mor-
phology, grain size, elemental concentrations, and microhard-
ness. The post annealing effect on multiphase zirconia film
deposited using 10 focus shots at 1-mbar oxygen ambient pres-
sure and at the axial deposition distance of 6 cm is also exam-
ined by the above-mentioned characterization techniques.

2. Experimental setup
Nanostructured MZFs are deposited on Zr substrate at

room temperature using low energy Mather-type PF device,
powered by a single Maxwell 30 µF, 15 kV; fast discharging
capacitor with a maximum storage energy of 3.3 kJ. The de-
tails of PF facility are provided elsewhere.[24–31] The shot-to-
shot interval of PF operation is 3 min. An extremely hot dense
focused plasma column[16] is formed in front of central elec-
trode during the radial collapse phase of PF operation. Pinch
plasma temperature gets high enough to completely ionize the
filling gas species. Sausage instabilities are developed result-
ing in an induced electric field which accelerates oxygen ions
towards the top plate of the chamber while relativistic elec-
trons towards the anode.[32] Engraved anode is used in order
to minimize the impurities of anode material which can be ab-
lated by relativistic electron beam bombardment. High voltage
signals are recorded using fast response high voltage probes
on Tektronix (TDS 3054B 500 MHz) oscilloscope. A stain-
less steel shutter is used to avoid the sample exposure during
first few weak focus shots. The Zr substrate samples, used for
ion irradiation, are prepared in the form of disk with a diame-
ter of 10 mm and thickness of 4 mm. The substrate surface is
polished with SiC abrasive paper of 2000 grid, ultrasonically
cleaned in acetone for 30 min and finally washed with deion-
ized water.

The basic mechanism behind the formation of MZFs can
be illustrated as follows: the energetic oxygen ions emanated
during the radial collapse phase of PF operation reach the sub-
strate surface first, causing etching and hence cleaning the
substrate surface prior to the deposition of MZFs. However,
the ions are emitted in more than one bunches with a period
of a few to tens of nanoseconds.[33] During ion irradiation,
substrate surface’s transient temperature increases, resulting

in substrate sputtering, creating substrate plasma which reacts
with ambient oxygen species to form MZFs. It is well known
that total energy delivered to the substrate surface increases
with the increase of focus shots since energy deliverance to
the substrate surface is associated with the total number of in-
corporated ions and the total number of these ions increases
with increase of focus shots. Therefore, increasing number
of incorporated ions (due to the larger number of PF deposi-
tion shots) will change the film surface properties like phases,
crystallinity, crystallite size, residual stresses, shape and size
of grains, surface morphology, compactness, elemental com-
position, and chemical bonding. Moreover, the nucleation and
growth of different phases of zirconia depend on the total ion
energy flux delivered to the substrate surface, energy of the
sputtered Zr, and ionized oxygen species. The sputtered Zr
species react with the subsequent incoming oxygen ions (dur-
ing the next bunches of the same focus shots) which enhances
the nucleation as well as growth rate of MZFs. Additionally,
in order to investigate the annealing effect on the film surface
properties, we anneal the as-deposited MPFs at two different
(200 ◦C and 400 ◦C) temperatures.

3. Structural analysis
XRD analysis is employed to investigate the structural in-

formation of MZFs. The average crystallite size (CS) is calcu-
lated by using Scherrer formula[34,35]

CS =
kλ

wcosθ
,

where numerical constant k = 0.94, wavelength of incident ra-
diation λ = 1.54 Å, and w is the full width at half maximum
(FWHM) of the diffraction peak. The strain (ε) developed in
a plane of zirconia is estimated from the equation[36,37]

ε =
wcosθ

4
.

The dislocation density (δ ), defined as the length of disloca-
tion lines per unit volume of the crystal, is estimated from the
relation[36,37]

δ =
1

(CS)2 .

4. Results and discussion
4.1. Voltage signal analysis

Figure 1 demonstrates the intensities of high voltage
probe signals recorded for different oxygen gas pressures of
1, 2, and 3 mbar. It is worth noticing that oxygen ions are
emitted in more than one bunch since each high voltage sig-
nal consists of more than one peak. This result accords well
with the result in Ref. [33]. Moreover, the ions belonging to
different bunches are of different energies as typically the ions
coming out from the first bunch are energetic comparatively. It
is well known that ion energy flux is associated with the focus-
ing efficiency of voltage signal; the higher the voltage probe
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peak, the more energetic the ions will be. However, the estima-
tion of ion beam parameters like ion velocity, ion energy, and
ion number density are found in the literature.[26–28,38,39] For
more detailed emission characteristics of ions emanated from
plasma focus devices, the readers are advised to refer to the
recent work by Lee and Saw.[40] It is found that the estimated
ions energy ranges from few tens of keV to few MeV and the
ion number density is found to be the order of 1019 m−3. Addi-
tionally, the energy of the irradiated ions is associated with the
working gas pressure since the intensity of high voltage probe
signal depends on working gas pressure. Figure 1 reveals that
voltage signal recorded for 2-mbar working gas pressure gives
more ion energy flux because the peak in the voltage probe
signal is comparatively intense. While XRD results (discussed
later) exhibit that ion energy flux for 1-mbar pressure is more
suitable for the growth of MZFs.
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Fig. 1. High voltage probe signals recorded at different working
gas pressures (1 mbar, 2 mbar, and 3 mbar).

4.2. XRD analysis

Figure 2 exhibits XRD patterns of MZFs deposited for
different number of focus shots (5, 10, 15, and 20), while
the sample axial distance (6 cm) and working gas pressure
(1 mbar) are kept constant. XRD patterns show that vir-
gin Zr has major diffraction peak appearing at 2θ value of
36.85◦. For 5 focus shots, diffraction peaks related to Zr be-
come weaker and broader. The weakening of Zr peak can be
attributed to the partial amorphization of top Zr surface by en-
ergetic ion irradiation as well as to the partial oxide (zirconia)
phase formation. The amorphization of bulk target surface has
also been reported earlier in plasma focus irradiation.[41] The
broadening of peaks can be attributed to nanostructurization
of the exposed Zr surface. The absence of zirconia phase for
5 shot irradiation is due to insufficient oxygen ion and oxy-
gen plasma treatment of the exposed Zr substrate. For 10
focus shots, the diffraction peaks appearing at 2θ values of
35◦ and 36.1◦ are related to t-ZrO2 and m-ZrO2 phases, re-
spectively. It is clear that the growth of t-ZrO2 phase is more

than m-ZrO2 since the peak intensity related to t-ZrO2 phase is
higher. For 15 focus shots, the peak intensity of t-ZrO2 phase
decreases while that of m-ZrO2 phase increases. For 20 focus
shots, again the growth of t-ZrO2 phase is more than m-ZrO2

since the peak intensity related to t-ZrO2 phase is again higher.
However, the broadening of diffraction peak indicates the for-
mation of nanocrystallite of zirconia since crystallite size is
inversely related to peak broadening. It is concluded that min-
imum ion dose (focus shots) for the better growth of t-ZrO2 is
about 10 focus shots.
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Fig. 2. XRD patterns of multiphase ZrO2 films deposited for dif-
ferent focus deposition shots (5, 10, 15, and 20) at a fixed axial
distance (6 cm) and working gas pressure (1 mbar).

Figure 3 shows XRD patterns of MZFs deposited for dif-
ferent axial distances (6, 9, and 12) while keeping the working
gas pressure (1 mbar) and ion doses (10 focus shots) constant.
For 6-cm axial distance, again the diffraction peak intensity
of t-ZrO2 phase is more than that of m-ZrO2 phase. For 9-
cm axial distance, intensities of the diffraction peaks related
to t-ZrO2 phase and m-ZrO2 phase are smaller thereby indi-
cates the formation of nanocrystallites. However, the develop-
ment of three diffraction peaks related Zr3O phase hinders the
growth of t-ZrO2 and m-ZrO2 phases. For 12-cm axial dis-
tance, again t-ZrO2 and m-ZrO2 phases along with the forma-
tion of Zr3O phase having different orientations are observed.
However, the maximum growth of Zr3O phase is observed due
to its comparatively high peak intensity. Once more, it is con-
cluded that maximum growth of zirconia (t-ZrO2 and m-ZrO2)

is obtained for 6-cm axial distance. Moreover, most of the
diffraction peaks are asymmetric which indicates the presence
of defects and more broadened peaks indicating the formation
of nanocrystallites. The variations in CS, ε , and δ with the
increase of focus shots and sample axial distance are shown in
Tables 1 and 2. This variation demonstrates that these parame-
ters are directly related to the relative number of incorporated
ions and their energies since ion energy decreases with in-
creasing axial distance. Thus one can deposit MZFs of desired
surface properties just by controlling the deposition parame-
ters. The formations of nanocrystallites and the overlapping
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of diffraction peaks confirm the development of micro-strains
which are due to the lattice distortion and point defects devel-
oped in MZFs. Moreover, the mixing of phases improves the
microhardness of the deposited MZFs.

Table 1. Structural parameters of t-ZrO2 nanolayers for different num-
bers of focus shots.

Number of
FWHM 2θ CS/nm ε δ/10−3 nm2

focus shots
10 0.475 34.97 17 0.113 3.46
15 0.532 34.88 16 0.127 3.91
20 0.464 34.99 18 0.111 3.09

Table 2. Structural parameters of t-ZrO2 nanolayers for different sam-
ple axial positions.

Sample axials
FWHM 2θ CS/nm ε δ/10−3 nm2

position
6 0.475 34.97 18 0.113 3.27
9 – – – –
12 0.214 34.95 13.6 0.051 5.41
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Fig. 3. XRD patterns of multiphase ZrO2 films deposited for dif-
ferent (6, 9, and 12) axial positions at a fixed working gas pressure
(1 mbar) and 10 focus deposition shots.

Figure 4 reveals the deposition of MZFs when the sam-
ples are exposed to different (1 mbar, 2 mbar, and 3 mbar)
working gas pressures while the axial distance (6 cm) and ion
doses (10 focus shots) remain constant. For 1-mbar pressure,
the better growth of t-ZrO2 and m-ZrO2 phases is observed
since their peak intensities are superior comparatively. For
2-mbar pressure, t-ZrO2 phase is again observed but shows
small crystallinity (weak peak intensity). For 3-mbar pres-
sure, no diffraction peak related to t-ZrO2 and m-ZrO2 phases
is observed. However, small changes in peak intensity of Zr
phase are observed. Thus it is concluded that the nucleation
and growth of t-ZrO2 and m-ZrO2 phases deposited for (i) 10
focus shots, (ii) 6-cm axial distance, and (iii) 1-mbar pressure
are superior comparatively. Moreover, the variation in growth
behavior of t-ZrO2 and m-ZrO2 phases is correlated with ion
energy flux whereas the ion energy flux goes on decreasing by

increasing the sample axial distance and working gas pressure.
Results show that ion energy flux obtained for 1-mbar working
gas pressure is more suitable for the nucleation and growth of
MZFs. Now we come to discuss the annealing effect on the
as-deposited zirconia film.
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Fig. 4. XRD patterns of multiphase ZrO2 films deposited at differ-
ent working gas pressures (1 mbar, 2 mbar, and 3 mbar) for fixed
axial distance (6 cm) and 10 focus deposition shots.

Figure 5 demonstrates the annealing (200 ◦C and 400 ◦C)
effect on the as-deposited zirconia film. For annealing
(200 ◦C) temperature, zirconia film grows along two differ-
ent (020) and (102) orientations which are related to m-ZrO2

phase. However, zirconia grows more along (020) orientation
while (102) orientation of m-ZrO2 phase is overlapped with
Zr phase. This overlapping of diffraction peaks is due to the
fact that the diffraction peaks are very close and have higher
FWHM due to the formation of nanocrystallites. Moreover, it
is obvious that t-ZrO2 phase observed in the as-deposited zir-
conia film is converted into m-ZrO2 phase during continuous
annealing. Thus phase transformation from t-ZrO2 to m-ZrO2

is associated with continuous annealing. For annealing tem-
perature (400 ◦C), all the diffraction peaks appearing in zir-
conia film annealed at lower temperature disappear with the
development of new diffraction peaks (111), (−111), (102),
and (210) which are related to m-ZrO2 phase. However, m-
ZrO2 phase grows much along (111) orientation comparatively
since its peak intensity is maximum. Additionally, a diffrac-
tion peak (111) related to c-ZrO2 phase is also observed. It
is interesting to note that the major content of zirconia film is
still m-ZrO2 phase but its orientation changes for higher AT.
Thus orientation transformation of m-ZrO2 phase occurs dur-
ing continuous annealing. Moreover, reduction in Zr content
(since diffraction peaks are weak and broaden) indicates that
film thickness increases. Moreover, multiphase zirconia film
which is free from t-ZrO2 phase is observed for both ATs. It
is concluded that t-ZrO2 phase is not stable even at lower tem-
perature while m-ZrO2 is stable even at higher AT.
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Fig. 5. XRD patterns of multiphase ZrO2 films annealed at differ-
ent temperatures (200 ◦C and 400 ◦C).

The overlapping of m-ZrO2 and Zr phases, development
of residual stresses, occurrence of new diffraction peaks, re-
crystallization of Zr phase, the formation of nanocrystallites,
and phase and orientation transformations (from t-ZrO2 to m-
ZrO2) are responsible for improving the microhardness value
(discuss later). Additionally, the phase and orientation trans-
formations are associated with AT. The estimated values of
FWHM, CS, and δ for (020) plane observed at lower AT are
found to be 0.494, 16 nm, and 3.63×10−3 nm−2 while these
parameters for (111) plane observed at higher AT are found
to be 0.388, 20.87 nm, and 2.29× 10−3 nm−2, respectively.
These parameters along with the existence of more than one
zirconia phase play an important role in improving the me-
chanical properties of MZFs.

Tian et al.[42] reported on the deposition of MZFs with
electron beam evaporation when the substrate temperature was
573 K. They pointed out that zirconia film contains t-ZrO2

phase before annealing. After annealing at 673 K, the peak
intensity of t-ZrO2 increases but when the zirconia film was
annealed at 1064 K, peak intensity decreased along with the
appearance of m-ZrO2 phase. In our work, we deposit MZFs
which contain both t-ZrO2 phase and m-ZrO2 phase by the ir-
radiation of energetic oxygen ions at room temperature and no
biasing was provided to the substrate. This reduces the de-
position cost of MZFs. When the deposited zirconia film is
annealed at 200 ◦C, t-ZrO2 phase decomposes into m-ZrO2

phase, confirming the phase transformation with improved
crystallinity. The annealing at 400-◦C temperature shows that
m-ZrO2 phase remains stable but grows along other orienta-
tion along with the formation of c-ZrO2 phase. Tian[42] re-
ported on the similar results but at higher AT.

4.3. SEM analysis

Figure 6 exhibits the surface morphologies of MZFs
deposited for different (5, 10, 15, and 20) focus shots by

Fig. 6. Surface morphologies of multiphase ZrO2 films deposited
for different focus deposition shots: (a) 5, (b) 10, (c) 15, and (d) 20
focus shots at 1-mbar working gas pressure and an axial distance
of 6 cm.

keeping the gas pressure (1 mbar) and source to substrate dis-
tance (6 cm) constant. For 5 focus shots, the deposited mul-
tiphase zirconia film demonstrates the formation of rounded
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grains of 66 nm to 132-nm size (Fig. 6(a)). These rounded
grains are distributed uniformly over the entire scanned area.
Careful investigation reveals that rounded grains of smaller di-
mension distributed in the background of the upper zirconia
film make the surface rough. Moreover, the zirconia film is
not compact since grains are not close to each other. For 10 fo-
cus shots, the deposited zirconia film is compact and consists
of many patches. These patches overlap with each other, con-
firming the formation of stacked layers of zirconia (Fig. 6(b)).
However, due to highly compact nature of zirconia film it is
difficult to estimate the size of the particles. For 15 focus
shots, again compact zirconia film is observed, showing huge
irregular patch (Fig. 6(c)) which again confirms the formation
of multiphase zirconia film of two or more stacked layers. For
20 focus shots, an abrupt change in surface morphology of zir-
conia film is observed (Fig. 6(d)). Again rounded grains of
∼ 100-nm size are distributed uniformly in the entire scanned
area.

Fig. 7. SEM images of multiphase ZrO2 films deposited at differ-
ent axial positions: (a) 9 cm and (b) 12 cm, 1-mbar working gas
pressure and with 10 focus deposition shots.

Figure 7 shows SEM images of MZFs deposited at differ-
ent (9 cm and 12 cm) axial distances by keeping the working
gas pressure (1 mbar) and focus shots (10) constant. Zirconia
film deposited at 9-cm axial distance shows the formation of
rounded grains ranging from 25 nm to 35 nm in size while for
the deposition done at 12 cm the grain size ranges from 20 nm
to 120 nm. It is well known that ion energy flux decreases with

the increase of sample axial distance. Moreover, high energy
ions have greater ability to diffuse into the substrate surface
and transfer their energies which are absorbed by several par-
ticles, resulting in their better growth. Thus, the growth of dif-
ferent grains makes the surface rough. From the above results
it is concluded that various surface properties like grain size,
grain shape, grain distribution, film compactness, and forma-
tion of multi-layered zirconia films are attributed to ion energy
flux which is controlled by the number of focus shots, sample
axial distance, and working gas pressure.

Fig. 8. Surface morphological features of multiphase ZrO2 films
annealed at different temperatures (a) 200 ◦C and (b) 400 ◦C.

Figure 8 demonstrates the morphological features of
MZFs at annealing temperatures of 200 ◦C and 400 ◦C. The
MZF (annealed at lower temperature) shows the formations
of many patches, overlapping with each other. This confirms
the deposition of multilayered multiphase zirconia film which
is compact in nature. Multiphase zirconia film (annealed at
higher temperature) shows the formation of particles of differ-
ent shapes like cubic and monoclinic. The size of these parti-
cles ranges from 40 nm to 200 nm. During the phase transfor-
mation [from t-ZrO2 to m-ZrO2 phase (at lower AT)], multi-
layered multiphase zirconia films are formed, which is due to
the rearrangement of two phases during continuous anneal-
ing. The re-crystallization of m-ZrO2 (020) plane and devel-
opment of m-ZrO2 (111) plane indicate the orientation trans-
formation. This indicates that m-ZrO2 (020) plane does not
remain stable at higher AT; however it grows along m-ZrO2
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(111) plane at higher AT. Thus the orientation transformation
depends on continuous annealing. Moreover, microstructure
of MZFs changes from a film that contains many patches into
a film having particles of different shapes like cubic and mono-
clinic, which is due to the phase and orientation transformation
during continuous annealing.

4.4. Quantitative elemental analysis

Figure 9 exhibits EDX spectrum of the as-deposited mul-
tiphase zirconia film, which confirms the presence of Zr
(31.12 at.%) and oxygen (65.56 at.%). It is also found that
Zr content decreases while oxygen content increases with the
increase of sample axial distance. The values of ratio (O/Zr)
in MZFs deposited for different (6 cm, 9 cm, and 12 cm) ax-
ial distances are found to be 2.1, 2.3, and 2.5, respectively.
This increasing ratio (O/Zr) is associated with decreasing ion
energy flux. The lower ion energy flux at higher distance of
exposure is expected to result in lower average nanoparticle
size, and due to less energy the agglomeration of neighboring
nanoparticle is less probable. This will result in larger surface-
to-volume ratio and hence the greater probability of oxidation.

Fig. 9. (color online) EDX spectrum of multiphase ZrO2 film de-
posited for 10 focus shots at axial distance of 6 cm and 1-mbar
working gas pressure.

4.5. FTIR analysis

Figure 10 shows FTIR transmittance spectra of MZFs de-
posited for different (5, 10, 15, and 20) focus shots while keep-
ing the sample axial distance (6 cm) and gas pressure (1 mbar)
constant. For 5 focus shots, the transmittance band located
at 441 cm−1 is related to Zr–O vibration mode of m-ZrO2

phase.[37] It may be noted that XRD pattern of this sample
does not show any diffraction peaks related to ZrO2 phase.
Thus XRD could not detect the small content of ZrO2 while
FTIR result confirms the presence of m-ZrO2. For 10 focus
shots, the transmittance band located at 480 cm−1 is related to
Zr–O vibration mode of t-ZrO2 phase.[37]

For 15 focus shots, the transmittance band located at
441 cm−1 is related to Zr–O vibration mode of m-ZrO2 phase.
Careful investigation reveals that t-ZrO2 phase may also ex-
ist since the band related to m-ZrO2 phase is more broaden
which ranges from 430 cm−1 to 530 cm−1. It means that t-
ZrO2 phase could not grow separately but co-exist with m-

ZrO2 phase. For 20 focus shots, the transmittance band is cen-
tered at 459 cm−1 and ranges from 430 cm−1 to 530 cm−1

which again confirms the co-existence of m-ZrO2 and t-ZrO2

phases. Moreover, shifting in the transmittance band position
is also observed, which confirms the development of residual
stress which is attributed to the formation of point defects and
lattice distortions.
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Fig. 10. (color online) FTIR transmittance spectra of multiphase ZrO2
films deposited for different (5, 10, 15, and 20) focus deposition shots.
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Fig. 11. FTIR transmittance spectra of multiphase ZrO2 films an-
nealed at different temperatures (200 ◦C and 400 ◦C).

Figure 11 shows FTIR transmittance spectra of multi-
phase zirconia annealed at different (200 ◦C and 400 ◦C) tem-
peratures. For 200 ◦C annealing temperature, transmittance
bands are observed at 400 cm−1 and 480 cm−1. These bands
are related to m-ZrO2 and t-ZrO2 phases, respectively; how-
ever, t-ZrO2 phase is in small quantity due to weak band
intensity. The band related to m-ZrO2 phase is shifted to-
wards lower values, indicating the presence of residual stresses
which is due to the diffusion of oxygen species during contin-
uous annealing. For 400 ◦C annealing temperature, the band
related to m-ZrO2 phase at 450 cm−1 is observed. This band
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is, however, shifted towards higher values, indicating the pres-
ence of residual stress. Moreover, comparatively stress relax-
ation is observed for higher AT which is due to continuous
annealing and orientation transformation of m-ZrO2 phase.

4.6. Microhardness analysis

Figure 12 shows the values of surface microhardness
(GPa) of MZFs deposited for different (5, 10, 15, and 20) fo-
cus shots keeping the sample axial (6 cm) distance and work-
ing gas pressure (1 mbar) constant. Five measurements (for 50
gf imposed load) are taken in order to estimate the average val-
ues of microhardness. The microhardness of MZFs increases
with increasing number of focus shots. The maximum micro-
hardness of MZFs deposited for 20 focus shots is found to be
8.65±0.45 GPa which is ∼ 6.65 times higher than the micro-
hardness of virgin Zr. In one of our earlier work we showed
that nitrogen content in zirconium nitride film increased with
the increase in number of focus shots.[27] Thus we may say
that oxygen content increases with the increasing number of
focus shots and is one of the main reasons leading to the im-
provement of the microhardness of MZFs. Moreover, the in-
crease in microhardness of MZFs could also be explained in
terms of lattice distortion, defects, and vacancies which are as-
sociated with the total number of incorporated energetic ions.
Actually, Zr lattice is distorted by the incorporation of oxygen
ions interstitially and ions induced collision cascades create
point defects. The lattice distortion, defects, and vacancies in-
hibit the mobility of dislocations, which improves the micro-
hardness of multiphase zirconia films. Moreover, the develop-
ment of different phases of zirconia and their nanocrystallites
also increases the microhardness of MZFs. The co-existence
of multiple zirconia phases is probably the other reason of en-
hancing the microhardness values of MZFs
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Fig. 12. Values of surface microhardness (GPa) of multiphase ZrO2
films deposited for different (5, 10, 15, and 20) focus deposition
shots for constant (i) sample axial (6 cm) distance and (ii) at 1-
mbar working gas pressure.

Figure 13 exhibits the values of surface microhardness
(GPa) of MZFs deposited at different sample axial (6 cm,

9 cm, and 12 cm) distances keeping the number of focus shots
(10) and working gas pressure (1 mbar) constant. The values
of microhardness of MPFs decrease from ∼ 4.2±0.23 GPa to
∼ 3.6±0.08 GPa with the increase of sample axial distances.
A sharp decrease in microhardness is observed for 9-cm ax-
ial distance while slow decrease in microhardness is observed
for 12-cm axial distance, which is due to the decrease in ion
energy flux with the increase of sample axial distance. Thus
the reductions in lattice distortion and point defects reduce the
microhardness values of MZFs comparatively. Only low en-
ergy ions can reach the Zr substrate, the sputtered Zr species
of comparatively low energy react with the available oxygen
species to nucleate zirconia which is not crystalline but over-
laps with ZrO3 phase. The overlapping of diffraction peaks
and the formation of nanocrystallite of ZrO2 and ZrO3 phases
increase the microhardness of MZFs. Thus, decreasing the
content of Zr, oxygen, m-ZrO2 phase, and t-ZrO2 phase is the
major reason of reducing the microhardness values of MZFs
comparatively but still it is more than that of the virgin Zr.
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Fig. 13. Values of surface microhardness (GPa) of multiphase ZrO2
films deposited at different sample axial distances (6 cm, 9 cm, and
12 cm) for 10 focus deposition shots and 1-mbar working gas pres-
sure.

Figure 14 exhibits the values of surface microhardness
(GPa) of annealed MZFs. The microhardness of the as-
deposited multiphase zirconia film (∼ 4.2 ± 0.23 GPa) in-
creases up to ∼ 5.26± 0.25 GPa for lower (200 ◦C) temper-
ature and up to 7.99± 0.45 GPa for higher (400 ◦C) temper-
ature. The increasing trend in microhardness values is due to
the phase transformation (from t-ZrO2 to m-ZrO2)) and orien-
tation transformation (from m-ZrO2 (020) to m-ZrO2 (111)).
It is concluded that the major factors that enhance the micro-
hardness of annealed MZFs [add s] are i) rearrangement and
re-crystallization of zirconia during its decomposition from t-
ZrO2 phase to m-ZrO2 phase, ii) overlapping of zirconia (m-
ZrO2) with Zr, iii) increasing oxygen content during continu-
ous annealing, iv) the orientation transformation from m-ZrO2

(020) to m-ZrO2 (111), and v) the development of c-ZrO2

phase.
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Fig. 14. Values of surface microhardness (GPa) of the as-deposited
zirconia films annealed at different temperatures (200 ◦C and
400 ◦C).

5. Conclusions
Energetic oxygen ions emanated from PF device are uti-

lized to deposit MZFs. Samples are irradiated for different
numbers of focus shots, sample axial distances, and working
gas pressures. The focusing efficiency of high voltage sig-
nals depends on working gas pressures. Results reveal that
1-mbar pressure is more suitable to deposit MZFs. XRD anal-
ysis reveals the formation of polycrystalline MZFs containing
(t-ZrO2, m-ZrO2, and c-ZrO2) phases. Maximum crystallinity
of t-ZrO2 phase is observed for 10 focus shots. During con-
tinuous (200 ◦C and 400 ◦C) annealing, phase transformation
occurs (from t-ZrO2 to m-ZrO2 and c-ZrO2). The variations in
FWHM, CS, and δ are attributed to the relative quantity of in-
corporated oxygen ions and sample axial distances. At 200-◦C
AT, FWHM, CS, and δ for (020) plane are found to be 0.494,
16.6 nm, and 3.63 × 10−3 nm−2 while at 400-◦C AT, these
parameters for (111) plane are found to be 0.388, 20.87 nm,
and 2.29 × 10−3 nm−2, respectively. SEM images demon-
strate the formation of rounded grains, showing uniform dis-
tribution and the formation of compact MZFs having many
patches, which confirms the formation of multi-layered films
of multiphase zirconia. For 20-focus shot ion irradiation, com-
paratively smooth multiphase zirconia film showing rounded
grains of uniform distribution is formed. The formations of
many patches, cubic, and monoclinic shape of grains and their
size are attributed to annealing (200 ◦C and 400 ◦C) tempera-
tures. EDX result confirms the presence of Zr (31.12 at.%) and
oxygen (65.56 at.%), respectively, in the as-deposited mul-
tiphase zirconia film. The estimated values of atomic ratio
(O/Zr) in MZFs deposited at 6 cm, 9 cm, and 12 cm are found
to be 2.1, 2.2, and 2.3, respectively. FTIR analysis shows
that bands appearing at 441 cm−1 and 480 cm−1 belong to
m-ZrO2 and t-ZrO2 phases, respectively. Results show that t-
ZrO2 phase is not stable even at low AT while m-ZrO2 phase
is stable even at higher AT but with different orientations. It
is concluded that MZFs deposited by PF device are cost ef-
fective because no substrate temperature and no trivalent or
tetravalent dopants are required to stabilize MZFs.
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