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1. Introduction

film can be carried out by high temperature X-Ray
diffraction (HTXRD) [4], ellipsometer [5] and
micromachined cantilever techniques [6].
Among
these techniques, HTXRD finds its importance in
determination of CTE values due to the advantages
such as (i) smaller size (nanometre length scale and
low volume fraction of the newly formed phases) of
sample (ii) simultaneous measurement of CTE of
different phases due to phase transformation, and (iii)
the expansion along different crystallographic
directions can also be determined. Since the unit cell
size of the crystalline solid changes with temperature
due to anharmonic component in lattice vibrations,
HTXRD is suitable only for crystalline films.
However, HTXRD can be used to study the thermal
stability, phase evolution as well as inter-diffusion
occurring during the heat treatment. Other methods
like dilatometry requires specimen compacted to near
theoretical density in order to obtain reliable values.

Evaluation of coefficient of thermal expansion
(CTE) of films is an important parameter to choose a
material for different applications such as solid oxide
fuel cells (SOFC), thermal barrier coatings (TBC),
microelectronics and micromechanical systems. The
common techniques that are being used to measure the
CTE values for bulk materials are mechanical
dilatometry [1], optical interferometry [2] and
diffraction techniques [3]. In case of the thin film
structures, these methods cannot be used because of
lack of accuracy in the measurements due to smaller
thickness. Measurement of the CTE values of a thin

Multilayers are composed of two different alternating
layers of metals, nitrides, carbides or oxides. In the 20
years, several
nitride multilayers with different
thermal stability have been reported [7,8]. It has been
recommended that for high thermal stability, the
material structure must exhibit stable thermodynamic
behaviour and form interfaces of high coherent
strength [9]. Multilayers with coherent low energy
interfaces are isostructural materials such as Cu/Ni and
TiN/ NbN and they undergo inter-diffusion at elevated
temperatures [9]. Balakrishnan et al. [10,11] have
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analyzed the thermal stability and thermal expansion
behaviour of ZrO2/Al2O3 and CeO2/ZrO2 multilayer
films deposited by PLD technique. Barshilia et al. [12]
have prepared ZrO2/Al2O3 and ZrO2/Y2O3 by
sputtering technique and analyzed the microstructural
and nanomechanical properties of the films. Maneesha
et al. [13] have recently reported the thermal expansion
of multilayers of ZrO2/Y2O3 prepared by pulsed laser
deposition (PLD) with variation in ZrO2 layer
thickness from 5 to 30 nm, while keeping Y2O3 layer
thickness constant. The present work investigates the
complexities involved in the analysis of the thermal
expansion coefficients and the inter-diffusion and the
thermal stability of multilayers of ZrO2/Y2O3 in the
above work. PLD has been used in the present study
because of the following advantages of PLD compared
to other established deposition methods: (i) capability
of stoichiometric transfer of the target composition to
the film, (ii) decoupling of the vacuum system and
laser energy source, (iii) deposition from ambient to
high vacuum, and (iv) deposition of metastable
materials due to non-equilibrium conditions during
laser ablation.

temperature arrangement (Buhler HDK 2.4) at an
incident angle of (ω) 5˚. Films deposited on Si (100)
substrates were kept on a tantalum base and in-situ
heated in the temperature range of 300 - 1373 K with a
heating rate of 10 K/min and the patterns were
recorded for a time period of 15 minutes and after 3
minutes of stabilization time using a curved position
sensitive detector in the 2Ɵ range of 10º – 100º. After
the measurements, the samples were cooled at a rate of
50 K/min to room temperature.
In the present study, all the multilayer films were heat
treated for two times under similar conditions in the
temperature range of 300-1373 K as mentioned
above. The first heat treatment was carried out to
relieve stress and to form a crystalline film and the
second heat treatment was carried out to collect the
data on lattice parameter in order to determine the
thermal expansion values [14].
From the HTXRD pattern, the changes in the lattice
parameter and phase stability were monitored and the
lattice parameters were calculated using “unit cell”
program with second order polynomial fitting [15].
From the lattice parameter data, average linear
coefficient of thermal expansion (αa) as well as
instantaneous coefficient of thermal expansion (αinst)
values were calculated using equation 1 and 2,
respectively [16].

2. Materials and Methods
Multilayers of ZrO2/Y2O3 were prepared from sintered
ZrO2 and Y2O3 targets by pulsed laser deposition
technique. A KrF excimer laser (Lambda Physik
Compex-205, 248 nm wavelength) was used with 300
mJ per pulse at a repetition rate of 10 Hz to evaporate
the targets for multilayer deposition. Before the
deposition of multilayers, single layers of Y2O3 and
ZrO2 were deposited and their deposition rates were
found to be 8 nm/min and 5 nm/min. All these films
were deposited on Si (100) substrates at substrate
temperature of 300 K and oxygen partial pressure of 2
Pa.

αa=
αinst =

K-1………………… (1)
K-1………………… (2)

Where αa is the average thermal expansion coefficient
along a axis, aT and aRT are the lattice parameter values
at temperature T and room temperature (RT),
respectively.

3. Results and Discussion

The layer thickness of ZrO2 was varied from 5 to 30
nm, whereas the Y2O3 layer thickness was kept at 10
nm. The total thickness of the multilayer films were
kept constant by varying the bi-layer thickness. The
total number of bilayers for the ZrO2 layer thickness of
5, 10, 20, and 30 nm were 65, 50, 35 and 25,
respectively The details of target preparation and the
other experimental conditions for the deposition of
multilayers are reported in [13].

As indicated in the experimental conditions, single
layers of yttria, zirconia
and multilayers of
ZrO2/Y2O3 were first heat treated in-situ in high
temperature XRD in the temperature range of 3001373 K with the heating rate of 10 K/min and the
patterns were recorded for a time period of 15 minutes
and after 3 minutes of stabilization time. This treatment
has reduced stress in the film and promoted crystalline
films. In order to determine the CTE, these single
layers and multilayers were subjected to the second
heat treatment schedule under similar heat treatment
conditions followed for the first heat treatment to

HTXRD experiments of the single as well as
multilayer samples were carried out using an INEL
XRG-3000 X-ray diffractometer attached with a high
187
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estimate the CTE of yttria and zirconia and are
reported in detail in ref [13]. The following section
reports and discusses the complexities and various
influencing parameters in the CTE values obtained
after the second heat treatment of these films.

with zirconia. To accommodate the thermally
generated oxygen ion vacancies, the structure of ZrO2
changes to either tetragonal or cubic with eight fold coordination [19]. In contrast, the stabilization of tZrO2 was achieved with Al2O3 through constraint
imposed by grain size [20] or by critical layer thickness
as reported by Balakrishnan et al. [10,11].
The lattice parameter values for t-ZrO2 and c-Y2O3 of
the ZrO2/Y2O3 multilayer were determined and the
lattice parameter values against temperature with the
second order polynomial fitting for t-ZrO2 along a and
c axis and c-Y2O3 are shown below:
……… (3)
……… (4)

Fig. 1 HTXRD of ZrO2/Y2O3 of (20/10 nm) after
second heat treatment. The inset shows the enlarged
view of the (222) reflection from yttria and (011) tzirconia [13].

…… (5)
Using the above equations, the average CTE values
were calculated in the temperature range of 300 - 1373
K. The average CTE values of tetragonal ZrO2 were
found to vary from 4.61- 15.53 x 10-6 K-1, and 12.8518.42 x 10-6 K-1 along a and c-axes respectively and the
variation was in the range 5.83- 8.76 x 10-6 K-1 for cY2O3. In the similar way, the CTE values of t-ZrO2
and c-Y2O3 of ZrO2 /Y2O3 multilayers of (30/10) nm,
(10/10) and (5/10) nm thickness were determined.
Since the expansion along c-axis much larger than
along a-axis, the CTE values along c-axis alone is
considered for t-ZrO2 in the present study for
discussion. Tables 1 and 2 list the CTE values of cyttria and t-ZrO2 along c-axis, respectively. From
Table 1 and 2 it is clear that the CTE values increase
slightly in the case of c-Y2O3, while there is a
significant increase with temperature for t-ZrO2.

Figure 1 shows a typical HTXRD pattern of the
(20/10) nm thick ZrO2/Y2O3 multilayer subjected to
the second heat-treatment in the temperature range
300-1373 K. The figure shows (211), (222), (400),
(440), (622), (631) and (640) reflections of cubic yttria
(c-Y2O3) and (011), (002), (112), (020), (121), (220),
(123) and (222) reflections of tetragonal zirconia (tZrO2). Unlike the single layer films of ZrO2 having a
two phase structure (monoclinic and tetragonal), ZrO2
was stabilized in tetragonal structure when deposited
on yttria for all the multilayers [13]. The cubic phase
of yttria could act as a template to force a few atomic
layers of zirconia to stabilize in tetragonal form as the
latter phase differs slightly only along c-axis compared
to that of cubic phase of zirconia. Similar observation
has been reported in TiN/Cr2N superlattice system,
where the usually hexagonal Cr2N is forced into fcc
structure [17]. Also, Y2O3 and ZrO2 are known to form
a limited solid solution, since the solubility of ZrO 2 in
Y2O3 is ~20 %, where as solubility of Y2O3 in ZrO2 is
~50-55% as per the phase diagram of Y2O3 and ZrO2
[18]. The tendency for yttria to form a limited solid
solution with zirconia also changes the phase boundary
and promotes the formation of tetragonal phase at low
temperature. The structural similarity and higher
solubility of yttria and zirconia with negligible
constraint by yttria facilitates the phase stabilization of
t-ZrO2. Another reason for the phase stabilization of tZrO2 is the generation of oxygen ion vacancies at
higher temperatures as a consequence of doping yttria

Fig. 2 Variation in HTXRD profiles of (222) of c-yttria
and (011) of t-zirconia in ZrO2/Y2O3 multilayers after
the second heat treatment.
Fig. 2 shows the variation in the diffraction profiles of
(222) of c-Y2O3 and (011) of t-ZrO2 obtained for the
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multilayers of ZrO2/Y2O3 of (30/10) nm, (20/10) nm
and (5/10) nm in the 2Ɵ scan range of 27º – 33º. It is
clear that with the decreasing thickness of zirconia
layer from 30 nm to 5 nm, there is a decreasing
intensity and peak shift in the c-Y2O3 towards (011) tzirconia. At zirconia layer thickness of 5 nm, there is a
serious overlap of zirconia with yttria peak indicating a
tendency for the dissolution of yttria
in zirconia
which leads to a difficulty in determining the CTE of tzirconia with the multilayers of (5/10) nm.

temperature than that of the single layered materials
[25]. High resolution electron microscopy of the
zirconia/yttria multilayer after first heat treatment
schedule also showed intermixing of a few atomic
layers at the interfaces[13], while in the case of
alumina/ zirconia, alumina was amorphous up to the
annealing temperature of 1473 K [26].
The doping of oversized cations such as Y3+ is found
to favour eight fold co-ordination and allow association
of the oxygen ion vacancies
with the host Zr 4+
cations. As a result, an increased concentration of
oxygen ion vacancies associated with Zr4+ can be
produced. Besides this, inter-diffusion can also lead to
formation of oxygen vacancies [27] and cause an
increase in the thermal expansion. Hayashi et al. [28]
have also reported an increase in the CTE values with
increase in the gadolinia content as a result of
increased oxygen vacancies. Besides these factors, the
decrease in zirconia layer thickness from 30 nm to 5
nm for multilayers of constant thickness also causes an
increase in CTE value due to the increase in number of
interfaces and increase in the total inter-diffusion area.

Table 1: The CTE of c- Y2O3 of single and multilayers
Temperat
ure
(K)

300
373
473
573
673
773
873
973
1073
1173
1273
1373

CTE

CTE

-

-6

x10
6

-1

(K )
Single
layer
5.37
5.58
5.86
6.14
6.42
6.71
6.99
7.27
7.55
7.83
8.11
8.39

x10
-1

(K )
(30/10
) nm
5.16
5.185
5.225
5.26
5.295
5.335
3.37
5.405
5.445
5.480
5.502
5.555

CTEx10
-6

CTE

-1

(K )
(20/10)
nm
5.83
6.03
6.31
6.58
6.85
7.12
7.40
7.67
7.94
8.21
8.49
8.76

CTE

-6

x10
-1

(K )
(10/10
) nm
6.82
6.83
6.85
6.87
6.89
6.90
6.92
6.94
6.96
6.98
7.00
7.01

-

x10
6

-1

(K )
(5/10
) nm
4.86
5.11
5.47
5.82
6.17
6.53
6.88
7.23
7.58
7.94
8.29
8.64

Temperatur
e
(K)

The inter-diffusion effects were also observed from the
XRD analysis of the multilayers across the interfaces
(Fig. 2). Both the intensities as well as peak positions
of yttria and t- ZrO2 change as a function of
temperature and zirconia layer thickness. Tendency for
zirconia to overlap with yttria is evident with the
multilayer, where the thickness of zirconia is 5 nm.
The ionic radii of Y3+ (~101 pm) [21] is greater than
that of Zr4+ ions (~80 pm) [22] and therefore, at higher
temperatures, the Y3+ sites are replaced by Zr4+
resulting in a lattice contraction [23]. The decrease in
the lattice parameter values with the increase in
temperature has also been reported in literature as a
result of replacement of atomic lattice by relatively
smaller sized ions [24]. The CTE values of t-ZrO2 in
the multilayers were found to be higher than that of the
values reported for the single layer films. The reason
could be the replacement of the Zr4+ sites by Y3+. The
CTE values of t-ZrO2 in multilayers increase with
decrease in ZrO2 layer thickness which results in
higher thermal expansion with increase in the

300
373
473
573
673
773
873
973
1073
1173
1273
1373

CTE

CTE

-6

x 10
-1

(K )
along
aaxis,
Singl
e
layer
2.47
2.79
3.23
3.66
4.10
4.53
4.97
5.40
5.84
6.27
6.71
7.15

CTEx

-6

x 10
-1

(K )
along
caxis,
Singl
e
layer
10.05
10.25
10.52
10.79
11.06
11.33
11.59
11.86
12.13
12.40
12.67
12.94

CTEx

-6

10
-1

CTEx

-6

10
-1

-6

10
-1

(K )
along
c-axis,
(30/10
) nm

(K )
along
c-axis,
(20/10
) nm

(K )
along
c-axis,
(10/10
) nm

8.05
8.29
8.61
8.94
9.27
9.59
9.92
10.24
10.57
10.90
11.22
11.55

12.85
13.23
13.75
14.27
14.78
15.30
15.82
16.34
16.86
1784
17.03
18.42

15.95
16.11
16.32
16.52
16.73
16.94
17.15
17.36
17.57
17.78
17.99
18.21

Table 2: The CTE of t-ZrO2 of single and multilayers
along c-axis.

4. Conclusions
Thermal expansion behavior of c-Y2O3 and t-ZrO2 of
the multilayers of ZrO2/Y2O3 multilayer of (30/10) nm,
(20/10) nm, (10/10) and (5/10) nm thickness were
189

International Journal of Advanced Scientific Research and Management, Vol. 1 Issue 6, June 2016.
www.ijasrm.com
ISSN 2455-6378

investigated by high temperature x-ray diffraction.
Several parameters which operate in the phase
stabilization of t-zirconia and the variation in the
coefficient of thermal expansion of the t-ZrO2 and cY2O3 were examined for the samples subjected to two
stage heat treatment in the temperature range 300-1373
K. It is noted that the phase stability of nanostructured
multilayers can be different from the stability of the
same materials in bulk form because of the increased
contribution from surface and interface effects. Some
of the important conclusions are the following:

[4]

(i)The stabilization of tetragonal zirconia in these
multilayers is promoted in the entire temperature
range. The phase stabilization in these multilayers is
promoted because of higher solubility and structural
similarity of zirconia and yttria and thermally
generated oxygen vacancies in zirconia.

[8]

[5]

[6]

[7]

[9]
[10]

(ii) The co-efficient of thermal expansion of t-ZrO2 and
c-Y2O3 of the multilayers are found to be higher than
those of single layers. The co-efficient of thermal
expansion of t-ZrO2 is found to increase with decrease
in layer thickness of ZrO2. The larger ionic size and
increased solubility of yttria in zirconia, enhanced
concentration of oxygen vacancies in zirconia and
increased number of interfaces and interfacial area with
decreasing layer thickness of zirconia could contribute
to the increased co-efficient of thermal expansion
observed in these multilayers.

[11]

[12]

[13]
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