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Abstract. Phase stability of nanostructured thin films can be significantly different from the stability of the same
materials in bulk form because of the increased contribution from surface and interface effects. Zirconia (ZrO2 ),
stabilized in tetragonal and cubic phases, is a technologically important material and is used for most high temperature applications. In literature, zirconia can be found to be stabilized in its high temperature phases down to room
temperature via two routes, doping with divalent or trivalent cations and crystallite size controls. Apart from these,
in the alumina/zirconia thin-film multilayer system, a constraining effect on the zirconia layers provides another
route to stabilization of the tetragonal zirconia phase at room temperature. However, in such nanostructured geometries, at high temperatures, the small diffusion lengths involved can influence the phase stability. The present work
deals with the high-resolution transmission electron microscope (HRTEM) studies of pulsed laser ablated alumina–
zirconia thin-film multilayers in the as deposited state and annealed up to 1473 K at 2 × 10−5 mbar. Conventional
techniques such as X-ray diffraction lack the ability to detect localized phase changes at nanometre length scales and
also for the low volume fraction of newly formed phases. Cross-sectional HRTEM techniques have been successful
in detecting and characterizing these interactions.
Keywords. Alumina + zirconia multilayers; laser ablation; high-resolution transmission electron microscopy;
phase stabilization; amorphous zones.

1.

Introduction

Zirconia (ZrO2 ) has attracted extensive attention among
material scientists owing to its wide technological applications ranging from thermal barrier coatings1,2 to radioactive
waste immobilization matrix.3 Zirconia possesses interesting
properties such as high refractive index, high resistance to
oxidation, good tribological properties, high fracture toughness, high bending strength and tensile strength, oxygen ion
conductivity, low thermal conductivity and high coefficient
of thermal expansion.4
Pure ZrO2 exists in three structural modifications: monoclinic (m-ZrO2 ), tetragonal (t-ZrO2 ) and cubic (c-ZrO2 ) of
which the tetragonal (t-ZrO2 ) phase that is stable at 1443–
2643 K is important for most high temperature applications
and is required to be stabilized down to room temperature.5
Two approaches can be adopted for this purpose: (i) doping
and (ii) size control. Doping zirconia with trivalent (e.g., Y
and rare earth elements) or divalent (e.g., Ca, Mg) cations
can partially or fully stabilize the tetragonal or cubic structure at room temperature.6–8 The reasons can be stated as (a)
the diffused metal ions replace the Zr4+ ions from its mean
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equilibrium positions and hence the c/a ratio is also getting
modified. The change in the c/a axial ratio with composition
for ZrO2 doped with other binary and ternary metal oxides
demonstrates the phase stability of ZrO2 .9 And (b) also the
lattice oxygen ion vacancies in ZrO2 generate at high temperature are primarily responsible for the stabilization of the
tetragonal or cubic phases at high temperatures. To accommodate the thermally generated oxygen ion vacancies, the
structure of ZrO2 changes to the one having eight-fold coordination (tetragonal or cubic). Now under reduced oxygen
partial pressure the same effect can also be obtained by
doping divalent or trivalent cations within the ZrO2 lattice.
The oxygen ion vacancies can be generated at room temperature via this mechanism as a result of charge balance which
in turn stabilized the high temperature tetragonal and cubic
phases down to room temperature.10,11
On the other hand, stabilization of tetragonal morphology
at room temperature can also be achieved by reducing
crystallite size of zirconia below a critical size range.12–15
The phase stability of zirconia changes drastically with
the decrease in the grain size, especially in the nano-sized
regime.16 It was reported from the first-principle calculations that the surface energy of the tetragonal phase is lower
than that of monoclinic phase and a reduction in the grain
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size below a critical value can stabilize the high temperature
tetragonal phase at lower temperature. First-principle calculations also indicate that amorphous zirconia has the smallest surface energy and thus is thermodynamically the most
stable phase and that the surface energy of cubic zirconia
is greater than that of monoclinic or tetragonal polymorphs
making it most unstable and difficult to synthesize.9,17
Mathematically the role of surface energy in determining
the stability of different phases in ZrO2 can also be elaborated. The theoretical variation in the specific surface area as
a function of nanocrystalline size has been shown by Shukla
and Seal10 which is determined by using the relationship
S = 6M/ρR,

(1)

where M is the molecular weight, ρ the density and R the
nanocrystalline size in nm.
Now for the thin film multilayers where the ZrO2
nanocrystalline sizes are within nm range, the particles do
exhibit large surface area to volume ratio and the surface free
energy must also be considered along with the volume energy
in determining the change in free energy for monoclinic to
tetragonal phase transformation.
Garvie12 provided a thermodynamic model for the tetragonal phase stabilization in which at the phase transition
temperature
Gvt + γt At = Gvm + γm Am ,

(2)

where Gvt and Gvm are the volume free energies for the tetragonal
and the monoclinic structures, respectively. γt and γm are
the surface free energies (cal cm−2 ), At and Am are the
specific surface areas (cm2 mol−1 ) of the tetragonal and the
monoclinic phases, respectively.
Rearranging Equation (2)
Gvt − Gvm = γm Am − γt At .

(3)

Substituting Equation (1) into Equation (3)
Gvm→t = γm (6M/ρm R) − γt (6M/ρt R) ,
Gvm→t = (6M/R) ∗ [(γm/ρm ) − (γt /ρt )].
On the basis of the above equations it can be clearly stated
that in the nm size range surface energy has a greater role in
determining the phase transformational behaviour in ZrO2 .
Based on the works of several researchers18–22 the critical size of 10 nm can be obtained on the basis of thermodynamic considerations. The surface energy theory clearly
suggests a critical size of 10 nm below which the high
temperature tetragonal structure is thermodynamically stable at room temperature within an isolated, strain free, ZrO2
nanolaminates.
Multilayer thin films of alumina and zirconia can be
synthesized using different techniques such as plasma
spraying,23 slip casting,24 reactive sputtering25–28 and electron beam evaporation.29 However, these techniques are
not reliable for the deposition of the nanometre thickness layers. In the present paper a pulsed laser deposition

(PLD) system with excimer laser has been used to deposit
nanometre thickness thin films. The main advantages in the
processing of multilayers using PLD are the production of
stoichiometric films of multi-component systems and low
processing temperature. Besides, by controlling the number
of pulses, a fine control of film thickness can be achieved.
A fast response in exploring new material systems is another
unique feature of PLD compared with other deposition
methods.30,31
Unlike CeO2 and Y2 O3 which form solid solutions with
ZrO2 and change the phase boundary, Al2 O3 can alter the
stability through constraint imposed by grain size.32,33 In
this paper we demonstrate the combined effect of alumina
addition and its nanoscale layer thickness on the stabilization of tetragonal zirconia down to room temperature. We
also discuss the formation of amorphous zones due to intermixing of Al2 O3 and ZrO2 and in situ phase separation
at elevated temperature. Conventional techniques are inadequate to detect such changes at the nanometre scale. Highresolution transmission electron microscopy (HRTEM) of
cross-sectional samples has been used to detect and characterize these phase transformations and intermixing of the
layers. The alumina/zirconia multilayer is of interest for the
development of functionally graded thermal barrier coating
having high wear and oxidation resistance. The present work
examines the integrity and phase stability of such multilayers
in the as deposited and at high temperature annealed
conditions.

2.

Materials and methods

Al2 O3 /ZrO2 multilayers were synthesized by pulsed laser
deposition using KrF excimer laser (λ = 248 nm) using
sintered targets of alumina and zirconia (99.99% purity) at
partial pressure of oxygen of 3 × 10−3 mbar at room temperature. PLD was used to obtain the multilayers of alumina
and zirconia on a Si(100) single crystal substrate with different zirconia layer thickness (15 and 7 nm) keeping the alumina thickness same (5 nm). The sintered targets used were
pure α-alumina phase with a rhombohedral structure (a =
4.75 Å, c = 12.99 Å) in agreement with JCPDS data (# 461212) and a pure zirconia pellet that had a higher volume
fraction of monoclinic and small fraction of tetragonal phase
(JCPDS # 65-1025 and # 50-1089, respectively). The multilayer sample was subsequently in situ heat treated up to
1473 K under vacuum of 2 × 10−5 mbar in a high temperature X-ray diffractometer (INEL XRG-3000 Diffractometer) attached with position-sensitive detector and Buehler 2.4
HDK high temperature camera.34–36
Cross-sectional HRTEM (XTEM) of the as-deposited
specimen was carried out on multilayers of alternating
∼15 nm zirconia and ∼5 nm alumina thin films. For XTEM
of the annealed one, multilayer sample with zirconia thickness ∼7 nm was selected. The experimental details of the asdeposited multilayer with 7 nm zirconia layers has already
been reported somewhere else.36
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To prepare the XTEM specimen, the multilayer samples
were diced into 1 × 2 × 0.5 mm cuboids and two such
pieces were glued with G1 epoxy with the nano-laminates
facing each other. The whole assembly was then fitted into
titanium slot grids with slot size 2 × 1.2 mm. This was
thinned down mechanically to ∼30 µm and subsequently
ion-milled to electron transparency in Technoorg Linda IV
4 ion miller. Enough care was taken to remove the surface
damage layers induced by the high-energy ion milling by
low-energy ion milling in a Technoorg Linda IV 6 Gentle
Mill.
HRTEM studies were carried out in a JEOL 2000 EX II
(T) transmission electron microscope having a point resolution of 0.19 nm at an operating voltage of 200 kV. The microscope was equipped with a Lheritier Multi-Scan CCD camera
to record digital images from which quantitative analysis
was performed. Phase identification was made from highresolution digital images by calculating power spectra from
∼5 nm wide crystalline regions and analysing them for
inter-planar spacings and angles.

3.

Results and discussion

Figure 1 shows a relatively low-magnification bright-field
image of the alternate layers of zirconia and alumina in crosssection, illustrating the overall nano-laminate structure. The
silicon substrate and the G1 epoxy can be observed on two
sides of the multilayers. The alumina layer appearing light
in the image, clearly separates the polycrystalline zirconia
layers, which appear dark due to higher atomic number. It
can also be observed that the as-deposited multilayers are
well defined, of uniform thickness over large distances and

Figure 1. Low-magnification bright-field image showing multilayers of Al2 O3 and ZrO2 . Dark bands correspond to ZrO2 while
bright bands in between are Al2 O3 layers. Inset shows the SAD pattern from zirconia–alumina nanolaminate consisting 15-nm-thick
zirconia layers. Pattern is indexed as polycrystalline mostly in
monoclinic phase. No evidence for crystalline alumina is present.
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with flat interfaces in between the two phases. The thickness
of the alumina and zirconia nano-laminates is observed to be
5 and 15 nm, respectively.
The inset of figure 1 shows selected area electron diffraction (SAD) pattern from the multilayer region studied above,
containing both Al2 O3 and ZrO2 nano-layers. The rings are
mostly indexed as monoclinic zirconia, while a very few
are from tetragonal phase. From the ring pattern, it is clear
that ZrO2 is polycrystalline. No rings corresponding to crystalline alumina are observed, indicating that the alumina is
amorphous in nature. In the as-deposited alumina/zirconia
multilayer containing 7-nm-thick zirconia film, alumina is
amorphous and zirconia is found to be tetragonal, which has
already been reported by the authors somewhere else.36
Figure 2 shows the HRTEM images from both alumina and
zirconia region. The alumina layers are observed to be totally
amorphous in nature, while individual zirconia nanocrystallites are seen in the zirconia layers. The image shows that the
size of the individual zirconia crystallites is invariably equal
to, or slightly smaller than the thickness of the zirconia layer.
The observed lattice structures have been analysed for spacings and angles, and individual crystallites can be identified
as tetragonal or monoclinic phases of zirconia in many cases,
when suitably oriented. A couple of examples are annotated
on the right side of figure 2.
The lattice spacings of the zirconia nanocrystallites were
determined by measuring spot positions in the power spectrum corresponding to lattice spacing in the HRTEM image.
Two such calculated power spectrum has been shown in

Figure 2. HRTEM of zirconia from a portion of the multilayer
showing the crystalline nature with lattice spacing indexed both
tetragonal and monoclinic structure. There is no evidence of crystallization from the alumina nanolayer and appear to be totally
amorphous.
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figure 3. They have been generated from the top left corner
of the micrograph shown in figure 2 and has been indexed
with (011) of tetragonal ZrO2 and (111) of monoclinic ZrO2 .
A large number of power spectrums have been analysed from
the different regions of the multilayers and found that ZrO2
is predominantly in the monoclinic structure.
Figure 4 is a relatively low-magnification bright-field
micrograph of the multilayers heat-treated at 1473 K,
showing the overall structures through its cross-sectional
view. Here quite a large number of nano-laminates can be
observed along with the silicon substrate on one side. Alumina layers are seen with higher brightness in between

Figure 3. Power spectrum generated from the ZrO2 nanocrystallites shown in figure 2.

Figure 4. Low-magnification bright-field image showing the
cross-sectional view of the Al2 O3 –ZrO2 multilayers. Dark bands
correspond to ZrO2 while bright bands in between are Al2 O3 layers.
Here the layers are not well resolved at the interfaces and also they
are not looking straight throughout. Inset shows SAD pattern from
the same region of the multilayers, consisting 7-nm-thick zirconia
layers. Pattern is indexed as polycrystalline tetragonal phase. No
evidence for crystalline alumina is present.

polycrystalline zirconia layers which appear darker in the
micrograph. Zirconia nano-laminates are not continuous
throughout and are also seen to be distorted in some regions.
Nano-layers are not well separated at the interfaces and the
interfaces are also not flat. There are discontinuities in the
zirconia layers where the nano-laminates cannot be identified
separately. The average thickness of each of the nano-layers
is measured to be ∼7 nm. Figure 4 (inset) is the SAD pattern taken from the same region of the multilayer. It shows
a ring pattern, characteristic of diffraction from a polycrystalline specimen, and has been indexed as tetragonal zirconia.
The additional bright spots are from the silicon substrate. No
rings due to monoclinic zirconia or crystalline alumina have
been observed. These results are in agreement with our other
structural characterization studies on similar films reported
earlier.34–36
Figure 5 shows high-resolution phase contrast image from
the heat-treated multilayer sample. In contrast to the asdeposited multilayers, the zirconia layers are discontinuous and the interfaces between the zirconia and alumina
layers are diffuse. While, most part of the multilayer structures are still evident, groups of crystallites in the zirconia layers are seen to be separated by regions which are
seem to be amorphous. This region is actually amorphous
and does not appear so due to grain orientation has
been confirmed by tilting the specimen in different zone
axis orientation. There is a bright/dark contrast difference between the zirconia and alumina layers. Alumina layers are amorphous in all regions. However, in
some regions, the distinction between amorphous alumina

Figure 5. High-resolution lattice image from a multilayer region
portion of the heat treated specimen. Lattice planes of ZrO2 alone
are imaged since the Al2 O3 layers are amorphous. The layer
boundaries are not distinct, t-ZrO2 phases are observed to be
separated by some amorphous regions.
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and zirconia is less clear. The zirconia crystallite sizes
(∼7–8 nm) are almost the same as the thickness of the zirconia layer perpendicular to the substrate. Regions corresponding to crystalline zirconia in figure 5 selected for analysis
are labelled from A to H. Inter-planar spacings and in suitable cases inter-planar angles, measured on power spectra
calculated from each of these regions showed that the crystalline areas in the zirconia layer can be indexed as tetragonal
zirconia.
One such measurement is illustrated in figure 6, where a
detailed view of the lattice structure of a crystallite in the
zirconia layer is presented. The measured lattice spacing is
0.295 nm with an inter-planar angle of about ∼70◦ . These
lattice planes correspond to (011) plane of tetragonal zirconia. Here, the white dots correspond to the atomic columns
from the respective crystalline planes. Multislice simulation
has been carried out along the [11–1] zone axis of t-ZrO2
in support of the experimental results shown in the inset of
figure 6. In the simulated image, the interplanar angle is
found to be 70.3◦ , which matches the experimental results.
An important observation of this work is the stabilization of t-ZrO2 of thickness 7–8 nm which is well in accordance with critical thickness reported for the free-standing
nanocrystalline zirconia in literature.12,14,15,18–22,32 In accordance with our earlier XRD-based studies,34–36 the present
HRTEM evidence shows conclusively that tetragonal ZrO2
has been stabilized in the size range of 7–8 nm after heat
treatment for the multilayer specimen containing 7-nm-thick
ZrO2 laminate. A combination of factors can be responsible

Figure 6. High-resolution lattice image from a zirconia nanocrystallite. The dimension of the crystallite in the perpendicular direction of the substrate is that of the layer width only. The lattice
spacings are 0.295 nm with an interplanar angle of ∼70◦ corresponding to the (011) plane of t-ZrO2 . (inset) Simulated image of
t-ZrO2 along the [11−1] zone axis imaging the (011) planes.
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for this. The tetragonal structure of zirconia has a unit cell
volume that is less than half that of the monoclinic unit cell.
Al2 O3 has high elastic constant (390 GPa), which is almost
twice that of ZrO2 .37 The combination of large volume
expansion required for tetragonal → monoclinic transformation in the presence of high modulus constraining layers
would ensure stability of the tetragonal phase once formed
during heat treatment. It is however, the inter-layer and intralayer interface constraints that contribute significantly to
phase stability at such small length scales.
The possibility for the formation of amorphous zones in
the zirconia layers is another important finding of this study.
The presence of such regions may indicate inter-mixing of
alumina and zirconia leading to formation of zirconium aluminate phase. These non-crystalline zones are not a phase
contrast imaging artefact has been checked by varying the
objective lens defocus as well as by tilting the specimen.
However, there is indication in literature, that this may indeed
take place. It has been reported by Zhao et al38,39 that intermixing of such phases (ZrO2 and Al2 O3 ) could lead to the
formation of amorphous ZrAlx Oy . Annealing at high temperatures could result in the initial stages of the nucleation of
t-ZrO2 which is also supported by the phase diagram.40 It is
interesting to note that, throughout the phase transformation
process, the overall multilayer structure is maintained.
These observations are consistent with other experiments,
including our own, where alumina layers have been replaced
by ceria41–47 or yttria.48–54 In the ceria/zirconia multilayer
system the zirconia nanocrystallites have been observed to
be stabilized in the tetragonal phase even at room temperature, whereas the thermally annealed CeO2 /ZrO2 multilayers at ∼1473 K shows the formation of solid solutions near
the interfaces.46 This is also evident from the equilibrium
phase diagram.55 The structural similarity and higher solubility of ceria in zirconia could possibly lead to the stabilization of the tetragonal structure in zirconia nanolaminate even
at room temperature for CeO2 /ZrO2 multilayers than those
of Al2 O3 /ZrO3 multilayers. On the other hand, the addition
of Y2 O3 to zirconia significantly promotes the diffusionless
cubic phase transition in zirconia, stabilizing the high temperature phases down to room temperature. This transformation is facilitated at a faster rate because of the higher
solubility and structural similarities of yttria and zirconia
with negligible constraint by yttria.
Another important observation of the present study is the
stabilization of the tetragonal phase and not the cubic phase
of zirconia because of the annealing at the high temperature. This can be explained based on the coordination geometry associated with the oxygen ion vacancies with Zr4+
ions. Although the oxygen ion vacancies can be generated
inside the ZrO2 nanocrystals at the higher temperature but
the same effect can also be obtained by replacing Zr4+ ion
with trivalent cations. In literature, it has been reported that
both oversized (e.g., Y3+ , Gd3+ ) and undersized (e.g., Al3+ ,
Ga3+ ) trivalent cations are effective for the stabilization of
the tetragonal and cubic phases. The doped oversized cations
favour the eight-fold coordination and allow associating the
oxygen ion vacancies with the host Zr4+ cations. As a result
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small as well as large concentration of oxygen ion vacancies
associated with Zr4+ can be produced. Thus both tetragonal and cubic phases can be stabilized at room temperature
by doping oversized cations. For doped undersized cations
(Al3+ size = 0.0535 nm), as in the case of present work, they
prefer the six-fold coordination and hence compete with the
host Zr4+ cations (size = 0.0720 nm) for the oxygen vacancies. As a result only small concentrations of oxygen ion
vacancies associated Zr4+ cations can be produced inspite of
doping large amount undersized cations. Hence, only tetragonal phase can be stabilized at room temperature by doping
undersized Al3+ ions in the zirconia nanocrystals.10,11,56
One of the objectives of this paper is also to study the
ZrO2 layer thickness on the stabilization of the high temperature tetragonal phase. For that particular purpose multilayers consisted of alternate layers of ZrO2 and Al2 O3 at
different zirconia layer thicknesses (15 and 7 nm) has been
synthesized keeping the thickness of the alumina layers
same. Further structural characterization suggests that for the
15-nm-thick ZrO2 layers the majority of the phases are of
monoclinic structure whereas for the 7-nm-thick ZrO2 layers,
the nanocrystallites has been stabilized as tetragonal structure in the as-deposited condition. This is also justified based
on the literature reports where the surface energy theory
clearly suggests a critical size of 10 nm below which the high
temperature tetragonal structure is thermodynamically stable
at room temperature.18–22
The phase transformations among monoclinic, tetragonal
and amorphous polymorphs57 have a significant implication
in designing novel ZrO2 -based nanostructures for a wide
range of technological applications. The present work has
also highlighted some of the issues related to the phase and
chemical stability of the multilayers in the as-deposited and
in the high temperature annealed conditions.
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