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bstract

hick films with the nominal composition 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (0.65PMN–0.35PT) were produced by screen-printing and firing
aste prepared from an organic vehicle and pre-reacted powder. The films were fired for 2 h at 950 ◦C on alumina (Al2O3), platinum (Pt), aluminium
itride (AlN) and 0.65PMN–0.35PT substrates. The films were then characterized using scanning electron microscopy, X-ray diffraction and
ielectric constant measurements. The X-ray analysis did not detect the presence of any undesirable pyrochlore phase, and the differences in the
hase compositions were determined with a Rietveld refinement. The variations of the cell parameters vs. the temperature for the monoclinic
nd tetragonal phases were calculated. It was demonstrated that under similar processing conditions the microstructures, phase compositions and
ielectric properties strongly depended on the stress in the thick films due to the different temperature expansion coefficients of the thick films and
he substrates. The 0.65PMN–0.35PT thick films under compressive stresses (for the case of the Al2O3 and Pt substrates) exhibited a tetragonal
hase in addition to the monoclinic one. The films were sintered to a high density and with a coarse microstructure. These microstructures favour

high dielectric constant. In contrast, for the films under a tensile stress, like the films on AlN substrates, the films were sintered to a lower density
nd the microstructure consisted of smaller grains. The X-ray analysis showed mainly a monoclinic phase, while the tetragonal phase was not
etected. These results indicate the importance of the stresses in 0.65PMN–0.35PT thick films and their influence on the structural and electrical
haracteristics of the films.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years the fabrication of ceramic ferroelectric and
iezoelectric thick and thin films has been extensively studied,
ith a particular emphasis on the impact with respect to micro

nd nano devices. These films are known to be clamped by the
ubstrates and for this reason their properties, which are stress
ensitive, differ from those of bulk ceramics.1–6 These differ-
nces between the characteristics of the bulk materials and the
lms are still a subject of much interest.

Ferroelectric and piezoelectric films are mostly based on lead

xide compounds, mainly Pb(Zr,Ti)O3 (PZT) solid solutions.
ompositions of the so-called morphotropic phase boundary

MPB) region, where the properties are the highest, in PZT for
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erties

oth bulk ceramics and thin films were studied theoretically and
xperimentally.7–14 A great deal of effort was made to under-
tand the differences in the behaviour between bulk PZT and
hin films.2–4 However, although films with thicknesses below
�m were frequently investigated, thick films with thicknesses
f a few tens of microns have received much less attention.

An alternative to PZT is the relaxor-based systems whose
rototype is the (1 − x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–PT)
aterial. PMN–PT with a MPB composition around x ≈ 0.35

0.65PMN–0.35PT) has always been the subject of intense
esearch, because it exhibits giant piezoelectric properties and
high dielectric constant.15–18 It is worth mentioning that the

trong piezoelectric properties of these solid solutions are related
o the “polarization rotation” between the adjacent rhombohe-

ral and tetragonal phases through one (or more) intermediate
hase(s) of low-symmetry, i.e., a monoclinic (orthorhombic
r triclinic) phase.19 As a consequence, the observation of a
ow-symmetry phase, typically a monoclinic one, may sug-

mailto:hana.ursic@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2010.04.010
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Table 1
The processing conditions and dielectric constants ε of 0.65PMN–0.35 PT
ceramics obtained by different authors.

Literature Processing conditions ε (frequency)

Koo and Cheong15 The columbite method 6350 (1 kHz)
Tfiring 1200–1250 ◦C, 5 h,
poled sample

Alguero et al.16 The mechanochemical
method

∼2000 (2 kHz)

Tfiring 1200 ◦C
Kelly et al.17 The columbite method 5200 (1 kHz)

Tfiring 1250 ◦C, 1.5 h
Singh and Pandey18 The columbite method 3000 (1 kHz)

Tfiring 1260 ◦C, 2 h
Leite et al.25 The columbite method ∼4000 (1 kHz)

hot-pressed Tfiring 1150 ◦C,
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5 h
ia et al.26 Tfiring 1200 ◦C, 2 h 4000 (1 kHz)

est strong electromechanical responses. In 2001, Singh and
andey reported that the structure of 0.66PMN–0.34PT can be
escribed by a monoclinic phase with the space group Pm,
hile 0.65PMN–0.35PT has a tetragonal structure with the space
roup P4mm.20 Nevertheless, one year later, in 2002, a mono-
linic phase with the space group Pm for the 0.65PMN–0.35PT
omposition at room temperature was also reported.21 The tem-
erature dependence of the Pm monoclinic phase was studied for
ompositions between 0.7PMN–0.3PT and 0.61PMN–0.39PT,
nd the stability region of the monoclinic phase at 20 K was
etermined, i.e., x = 0.31–0.37.22 Later results16,18,23,24 showed
he coexistence of the monoclinic Pm and the tetragonal P4mm
hases at room temperature for non-poled 0.65PMN–0.35PT
eramics. For example, Alguero et al.23 reported that the ratio of
he tetragonal-to-monoclinic phases is higher for larger grains.
he ceramics with 4-�m grains contain 11% of the tetrago-
al phase, while the ceramics with 0.15-�m grains contain 5%
f tetragonal phase. In fact, many published results about the
tructure–composition relationship are puzzling, confusing and
ven contradictory, which highlights the key role played by the
ynthesis process.

Moreover, for 0.65PMN–0.35PT ceramics, different values
f the dielectric constant ε measured at ∼1 kHz were reported,
.e., from 2000 to 6350.15,17,18,23,25,26 Some values, together
ith processing conditions, are summarized in Table 1.
Thick films with the 0.65PMN–0.35PT composition were

repared on both Al2O3 and Si substrates.5,6,27,28 When fired
t around 950 ◦C, the values of ε for the thick films on Al2O3
ubstrates were found to vary from 3600 to 4100 when measured
t 1 kHz,6,27,28 while for 0.65PMN–0.35PT thick films on Si
ubstrates the values were around 2000.27

The aim of this study was to investigate the influence of
he substrates on the properties of 0.65PMN–0.35PT thick
lms. Here, we report on the structure, microstructure and
ielectric properties obtained from thick films deposited on

lumina (Al2O3), platinum (Pt), aluminium nitride (AlN) and
.65PMN–0.35PT substrates. These substrates were chosen
ecause of their different temperature coefficients of expansion
TEC). Two of the substrates have higher TECs in comparison

t
i
h
i

ig. 1. The particle-size distribution of the 0.65PMN–0.35PT powder. The line
s the cumulative curve.

ith the TEC of the 0.65PMN–0.35PT films, i.e., the polycrys-
alline alumina substrates and the metal platinum substrates,
nother substrate had a lower TEC, i.e., the AlN, and the last
ype of substrate was made from a material with the same com-
osition as the films and therefore had the same TEC, i.e.,
.65PMN–0.35PT. To the best of the authors’ knowledge, no
ystematic studies on the influence of the stresses resulting from
he difference in the TECs between the substrates and PMN–PT
hick films were published in the open literature. It was expected
hat even for thick films with thicknesses of a few tens of �m, the
ature of the substrates could affect the structure and microstruc-
ure and thus the dielectric properties. These findings will be of
undamental interest as well as being important for the future
ntegration of these thick films into electronic devices.

. Experimental

As the starting compounds for the synthesis of the
.65PMN–0.35PT material, PbO (99.9%, Aldrich), MgO
98%, Aldrich), TiO2 (99.8%, Alfa Aesar) and Nb2O5
99.9%, Aldrich) were used. A mixture of these oxides
n the molar ratio corresponding to a stoichiometry of
.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (0.65PMN–0.35PT) with
n excess of 2 mol% PbO was high-energy milled in a planetary
ill (Retsch, Model PM 400). An excess amount of PbO was

dded for two reasons: to advance the sintering with the forma-
ion of a liquid phase rich in PbO and to replace the PbO lost from
he PMN–PT during the sintering. After the mechanochemical
ynthesis, the powder was milled in an attritor mill at 800 rpm for
h in isopropanol, and then dried and sieved using a polyethy-

ene sieve with a 0.5-mm opening. The powder was than heated
t 700 ◦C for 1 h.

The size of the particles in the starting 0.65PMN–0.35PT
owder prepared by the mechanochemical synthesis was deter-
ined by a light-scattering technique using a Microtrac S3500
eries Particle Size Analyzer. All the measurements were per-
ormed in isopropanol. The results were derived from the area
article-size distribution, which is shown in Fig. 1. The cumula-

ive curve is also shown. The spread of the particle dimensions
s between 0.1 �m and around 5 �m, with 90% of the particles
aving a size smaller than 1 �m. The particle-size distribution
s narrow; median particle-size d50 is equal to 0.32 �m.
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Fig. 2. Scheme of cross-sections of the 0.65PMN–0.35PT films

The 0.65PMN–0.35PT thick-film paste was prepared from
mixture of a powder with this composition and an organic

ehicle consisting of alpha-terpineol 2-2-butoxy-ethoxy-ethyl
cetate and ethyl cellulose, in the ratio 60:25:15.

The 2-mm-thick platinum substrates were obtained from
latarna Celje (Pt 9 9 9). The 3-mm-thick alumina substrates
ere prepared by slip casting from Alcoa A-16 and sintering

t 1600 ◦C for 4 h. The 1.5-mm-thick 0.65PMN–0.35PT sub-
trates were prepared by pressing this powder isostatically at
00 MPa and then sintering them in a covered alumina vessel in
.65PMN–0.35PT packing powder at 1200 ◦C for 2 h. The heat-
ng rate was 3 ◦C/min. The 0.64-mm-thick aluminium nitride
ubstrates were obtained from CeramTec (AlN AlunitR).

PbZr0.53Ti0.47O3 (PZT-0.53/0.47) powder with an excess of
mol% PbO was used as a barrier between the alumina sub-

trates and the active structure to prevent interactions.29–32 It was
repared by mixed-oxide synthesis at 900 ◦C for 1 h from high-
urity PbO 99.9% (Aldrich), ZrO2 99% (Tosoh), and TiO2 99%
Alfa Aesar). The thick-film paste was prepared from pre-reacted
ZT-0.53/0.47 powder and the organic vehicle. After printing

he PZT-0.53/0.47 layer on the alumina substrate, samples were
eated at 500 ◦C for 1 h to evaporate the organic compounds
rom the PZT-0.53/0.47 paste and then sintered at 1100 ◦C for
h. The thickness of the PZT-0.53/0.47 barrier after firing was
round 15 �m.

A Pt paste (Ferro 6412), which was used as a bot-
om electrode, was printed and fired at 1200 ◦C for 1 h on
.65PMN–0.35PT and AlN substrates and on a PZT-0.53/0.47
ayer in the case of the Al2O3 substrate. The thickness of the
ottom Pt electrode was around 10 �m. On the Pt substrate, a Pt
ottom electrode was not printed as the conductive Pt substrate
tself was used as the electrode.

The 0.65PMN–0.35PT paste was printed twice, with inter-

ediate drying at 150 ◦C after each printing step. The samples
ere then heated for 1 h at 500 ◦C to burn out the organic vehicle

rom the paste, then sintered at 950 ◦C for 2 h in PbZrO3 packing
owder with an excess of 2 mol% PbO and then cooled down

f
i
a
i

) Al2O3, (b) Pt, (c) 0.65PMN–0.35PT and (d) AlN substrates.

ith a rate of 3 ◦C/min. Fig. 2 shows schematically the cross-
ections of each of the 0.65PMN–0.35PT films on the Al2O3,
t, 0.65PMN–0.35PT and AlN substrates.

The thickness of 0.65PMN–0.35PT films with the same num-
er of printed layers, i.e., two layers, prepared at the same firing
nd cooling conditions differs with the choice of the substrates.
or films on Al2O3, Pt, 0.65PMN–0.35PT and AlN substrates

he thicknesses were 21, 20, 26 and 34 �m, respectively. Films on
.65PMN–0.35PT and AlN substrates are thicker than the films
n Al2O3 and Pt substrates due to the lower sintering density of
he films on these substrates.

For a comparison with the thick-film samples, which were
red at 950 ◦C for 2 h, bulk ceramics were prepared by using the
ame powder as the films and fired under the same conditions,
.e., in a covered alumina vessel in 0.65PMN–0.35PT packing
owder at 950 ◦C for 2 h. The heating rate was 3 ◦C/min. Before
ring the pellets were isostatically pressed at 300 MPa. After
intering, the pellets were cut, polished and annealed at 600 ◦C
or 1 h with a cooling rate of 1 ◦C/min to release the stresses
nduced by the polishing. After cutting the pellets had a diameter
f 6 mm and a thickness of 1 mm.

The fired films were analyzed by X-ray diffraction using
u K�1 radiation (λ = 1.54051 Å) and a Philips PW 1710
-ray diffractometer. The X-ray diffraction patterns were mea-

ured from 2θ = 10◦ to 2θ = 70◦ using a step of 0.033◦ and a
ime per step of 1 s. The phase composition was determined
ith a Rietveld analysis of these patterns, using the software

ana2006.33 We used the starting unit-cell parameters and the
tomic positions from a former Rietveld study made by Singh
nd Pandey.18 The atomic positions proposed by Singh et al.
ere not modified. The background, the shift, the unit-cell
arameters, the profile parameters, the phase ratio and the pref-
rential orientation were refined to obtain the lowest reliability

actors, corresponding to the best agreement between the exper-
mental and calculated diffraction patterns. This refinement
llowed us to determine the amount of both expected phases,
.e., the monoclinic Pm and the tetragonal P4mm.
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Fig. 3. The X-ray diffraction diagram of 0.65PMN–0.35PT ceramics fired at
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In order to determine the structural phase transitions, a two-
xis diffractometer in Bragg–Brentano geometry with Cu K�

adiation (λ = 1.3922 Å) was measured from −173 to 127 ◦C
sing a temperature interval of 20 ◦C and from 127 to 200 ◦C
sing an interval of 10 ◦C. As such experiments are time con-
uming, selected reflections, corresponding to the pseudocubic
2 0 0), (2 2 0) and (2 2 2) Bragg peaks, were recorded. The cor-
esponding measured intervals are as follows: from 2θ = 39.75◦
o 2θ = 41.25◦ (2 0 0), from 2θ = 58.00◦ to 2θ = 59.5◦ (2 2 0)
nd from 2θ = 73.00◦ to 2θ = 74.3◦ (2 2 2), using a step of
.01◦. These three major reflections were indeed sufficient to
ee the changing of the parameters and the symmetry in the
.65PMN–0.35PT with increasing temperature.

The thermal expansion coefficient (TEC) of the bulk
.65PMN–0.35PT was determined using a dilatometer (Net-
sch DIL 402EP) on samples of cylinders with the diameter
r = 7.5 mm and the length d = 27 mm. The measurements of the
ample expansion vs. temperature were made from 30 to 490 ◦C
ith temperature intervals of 10 ◦C.
For the electrical measurements, round-top electrodes with

3-mm diameter were deposited by sputtering. For the bulk
eramics, gold electrodes with a surface of 19.6 mm2 were sput-
ered on both sides. The dielectric constants were measured with
HP 4284 A Precision LCR impedance meter in the tempera-

ure range −150 to 300 ◦C at 100 kHz. The measurements of
ielectric constant versus temperature were made in two steps:
t a low temperature from −150 to 70 ◦C, in a vacuum chamber,
nd from 70 to 300 ◦C, in a furnace in the air. The dielectric data
ere collected during cooling.
A JEOL JSM 5800 scanning electron microscope (SEM)

quipped with an energy-dispersive X-ray analyser (EDS) was
sed for the overall microstructural analysis. Prior to the SEM
nalysis, the samples were sputtered with a carbon film to
rovide electrical conductivity and to avoid charging. For the
icrograph of the 0.65PMN−0.35PT film on the AlN substrate
nd the bulk ceramics fired at 950 ◦C the FE-SEM, Supra 35 VP,
arl Zeiss was used at 5 kV. For the grain size estimation the
olished cross-sections of the samples were thermally etched at
00 ◦C for 20 min and the SEM micrographs were made. Feret’s

a
o
p
a

ig. 4. Two regions (a) from 2θ = 38◦ to 2θ = 40◦ and (b) from 2θ = 44.2◦ to 2θ = 46.
or the monoclinic Pm phase. Insets: the profile matching for the cubic Pm–3m phase
50 ◦C. Inset shows the family of (2 0 0) peaks. The refined peak positions (0 0 2),
2 0 0), (0 2 0) of the monoclinic Pm phase are marked.

iameter (dF) was used to get a median value d50 of the grain
ize using microscopic measurements.

. Results

.1. Structure and phase composition

.1.1. Bulk 0.65PMN–0.35PT ceramics fired at 950 ◦C
As already mentioned, for a comparison with the thick films

f nominal composition 0.65PMN–0.35PT, an X-ray diffrac-
ion pattern of a bulk ceramic fired at 950 ◦C was recorded and
s shown in Fig. 3. At first glance, the Bragg peaks appear sin-
le, but abnormally broad. Different phases were considered,
ncluding cubic, tetragonal, monoclinic, etc. symmetries and
lso mixtures of different phases. The best agreement factor

nd matching between the observed and calculated profiles were
btained with only a monoclinic Pm phase and the unit-cell
arameters: a = 4.0160(1) Å, b = 4.0057(1) Å, c = 4.0271(2) Å
nd β = 90.091(3)◦. The inset in Fig. 3 shows a pseudo-cubic

4◦ of the measured X-ray diffraction for the ceramics and the profile matching
is also added for comparison.



an Ceramic Society 30 (2010) 2081–2092 2085

{
o

a
m
r
o
p
o
t
w
a
(
c

3

t
0
p
a

t
t
w
w
t
s

F
s

(
i
a
c

t

F
0
e
t
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2 0 0}-like Bragg peak with the monoclinic Pm peak positions
f (0 0 2), (2 0 0) and (0 2 0) indicated.

For comparison, in Fig. 4 we plotted both the {1 1 1} (Fig. 4a)
nd {2 0 0} (Fig. 4b) Bragg reflections obtained with the final
onoclinic Pm phase, with the inset showing the refinement

esult obtained by considering a cubic Pm–3m phase. It is obvi-
us that while the Bragg peaks appear single, the diffraction
attern does not correspond to a cubic phase, but rather to a mon-
clinic one. We tried a mixture of the monoclinic Pm phase with
he tetragonal P4mm one, but no improvement in the refinement
as obtained. Therefore, the prepared bulk ceramics at 950 ◦C

re described by a monoclinic phase, while a small amount
not detected in our X-ray data) of tetragonal phase cannot be
ompletely excluded.

.1.2. 0.65PMN–0.35PT thick films at room temperature
The X-ray diffraction patterns were measured for

he 0.65PMN–0.35PT thick films on the Al2O3, Pt,
.65PMN–0.35PT and AlN substrates. In Fig. 5 the indexed
eaks of the perovskite phase are shown for the films on
lumina substrates.

The complete diffraction patterns for all the synthesized
hick films are shown in Fig. 6. First of all, no extra diffrac-
ion peaks that might correspond to pyrochlore or PbO phases

ere detected, stressing the high process efficiency. It is also
orth noting that whereas the Bragg peaks appear single in

he case of the 0.65PMN–0.35PT (Fig. 6c) and AlN (Fig. 6d)
ubstrates, some splitting is clearly observed for the alumina

B
o
i
t

ig. 6. Final observed (red), calculated (black) and difference curves of the X-ray
.65PMN–0.35PT and (d) AlN. The top marks correspond to the tetragonal phase a
lectrode (arrows) were excluded from the refinement. (For interpretation of the refer
he article.)
ig. 5. The X-ray diagram of the 0.65PMN–0.35PT film on the alumina sub-
trate. The families of planes are given in brackets.

Fig. 6a) and Pt (Fig. 6b) substrates. This result is very surpris-
ng as the thick films were synthesized with the same powder,
t the same temperature, for the same time and with the same
ooling regime.

For the sake of clarity, Fig. 7 focuses on the region of
he diffraction pattern corresponding to the cubic-like (2 0 0)

ragg peak. It is clear that for describing the peaks for a film
n the Al2O3 and Pt substrates, one must consider the coex-
stence of phases. Rietveld refinements allowed us to show
hat for these films, a mixture of the tetragonal P4mm and

diffraction Rietveld refinement for films deposited on (a) Al2O3, (b) Pt, (c)
nd the bottom ones to the monoclinic. The positions corresponding to the Pt
ences to color in this figure legend, the reader is referred to the web version of
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Fig. 7. The X-ray diffraction diagrams of 0.65PMN–0.35PT thick films on
(a) Al2O3, (b) Pt, (c) 0.65PMN–0.35PT and (d) AlN substrates in the range
from 2θ = 44.4◦ to 2θ = 45.7◦. The refined peak positions of the (0 0 2), (2 0 0)
t
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Table 2
Phase ratio, reliability factors R, for the monoclinic Pm (RM) and tetragonal
P4mm (RT) phases and goodness of fit (Gof), from the Rietveld analysis of the
X-ray data measured at room temperature.

Substrate Phase ratio in
percentage (%)
(monoclinic Pm:
tetragonal P4mm)

RM RT Gof

Al2O3 42:58 5.58 5.85 1.75
Pt 81:19 3.68 4.18 1.19
0
A

3

a
0
t
t
t
1
p
t
m
(
c
s

t
p
a
r
higher than that expected for the bulk 0.65PMN–0.35PT. This
discrepancy may arise due to stress, similar to the case of thin
BaTiO3 films, as reported in Ref.36 The peak splitting is well
understood by considering a tetragonal phase down to 107 ◦C,
etragonal (grey) and the (0 0 2), (2 0 0), (0 2 0) monoclinic (black) phases are
arked.

he monoclinic Pm phases is needed to describe the whole
iffraction pattern, as demonstrated in Fig. 7. Indeed, the (0 0 2)
nd (2 0 0) tetragonal peaks and the (0 0 2), (2 0 0) and (0 2 0)
onoclinic peaks can be clearly seen. Thanks to the Rietveld

efinement, it is possible to extract the amount of each phase.
s a result, 42% of the Pm and 58% of the P4mm phase was
etermined in the 0.65PMN–0.35PT thick films on alumina
ubstrates at room temperature, and for the films on Pt sub-
trates, the amounts of monoclinic Pm and tetragonal P4mm
hases were 81% and 19%, respectively. Taking into account
he (0 0 1) partial preferential orientation for the tetragonal phase
mproved the quality of the refinement. The ratio of the inten-
ities I(0 0 1)/(I(1 0 0) + I(0 1 0) + I(0 0 1)) for these films was 0.66,
hereas for the non-oriented films it was 0.33. In contrast, for

he films on the 0.65PMN–0.35PT and AlN substrates, no tetrag-
nal phase was evidenced and the monoclinic Pm phase alone
as determined from the X-ray diffraction.
In Table 2, the calculated phase ratio (monoclinic-to-

etragonal) in a percentage, the reliability factors R for the
onoclinic and tetragonal phases, and the goodness of fit for

he profile, Gof, are collected for the 0.65PMN–0.35PT thick

lms on the Al2O3, Pt, 0.65PMN–0.35PT and AlN substrates.
he values of the reliability factors and the goodness of fit are
cceptable, taking into account the fixed atomic positions.

F
s
i

.65PMN–0.35PT 100:0 4.31 – 1.10
lN 100:0 5.49 – 1.89

.1.3. Temperature dependence of the phase composition
To understand and clarify the coexistence of the monoclinic

nd tetragonal phases, the X-ray diffraction patterns of the
.65PMN–0.35PT films were measured at different tempera-
ures, i.e., from −173 to 200 ◦C. It is first worth recalling that
he bulk 0.65PMN–0.35PT powder exhibits two phase transi-
ions: one from the cubic to the tetragonal phase at around
70 ◦C22,26,34 and another from the tetragonal to the monoclinic
hase above room temperature, around 50 ◦C.22,26,34,35 Note that
his last phase transition is of the first order, with a coexistence of

onoclinic and tetragonal phase over a wide temperature range
see X-ray data below). The X-ray diffraction patterns for the
ubic-like (2 0 0) peak for the film deposited on the alumina
ubstrate at different temperatures are shown in Fig. 8.

At high temperatures of 187 and 200 ◦C, the diffraction pat-
ern with single Bragg peaks is described by a cubic Pm–3m
hase. At 177 ◦C, a new peak on the left-hand side (at a lower
ngle) of the main Bragg peak appears, attesting to the occur-
ence of the tetragonal phase. This critical temperature is slightly
ig. 8. The X-ray diffraction diagram of 0.65PMN–0.35PT films on alumina
ubstrates measured at different temperatures. The black arrow indicates the
ncrease of the temperatures.
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occurrence of a tetragonal phase below 177 ◦C. Fig. 13 shows the
temperature evolution of the unit-cell parameters for the mono-
clinic Pm phase to the cubic phase. The features, i.e., the lattice
ig. 9. Variations of cell parameters with temperature for (a) the tetragonal P4
ubstrates. The dashed rectangle shows the area of the coexistence of the tetrago
guide to the eye.

ut below this temperature an additional intensity is observed
n between the two tetragonal Bragg peaks. This is an indica-
ion of the appearance of the monoclinic phase. At 107 ◦C the
hase is tetragonal, however below 107 ◦C the coexistence of
onoclinic and tetragonal appears. At 87 ◦C the percentage of
onoclinic phase is very small, but it is increasing with decreas-

ng temperature. At room temperature, i.e., 27 ◦C the phase ratio
s 42% of monoclinic Pm phase and 58% of tetragonal P4mm
hase, as explained in the previous section. When the temper-
ture decreases below the room temperature, i.e., 27 ◦C, the
mount of tetragonal phase decreases. The weak distortion of
etragonal phase can still be present at −53 and −73 ◦C and
annot be completely excluded. Below the −73 ◦C the phase is
pure monoclinic Pm. Fig. 9 shows the variations of the unit-

ell parameters with temperature for both the monoclinic Pm
nd the tetragonal P4mm phases.

With decreasing temperature the tetragonal a-parameter
ecreases, while the c-parameter increases, describing the
nhancement of the tetragonal strain, which reaches a value of
1.4% at −73 ◦C. The monoclinic unit-cell parameters decrease

ery weakly with the decreasing temperature. The beta mono-
linic angle is relatively stable at 90.24◦ (±0.04◦) until 27 ◦C,
here it drops to a value close to 90◦. In Fig. 9, the dashed

ectangle shows the area of coexistence of the tetragonal P4mm
nd the monoclinic Pm phases. Between 67 and 87 ◦C, a small
mount of monoclinic phase is detected, but due to the very weak
ntensity of its reflections, the positions cannot be refined.

Fig. 10 shows the X-ray diagrams of the (2 0 0) cubic-like
eak measured at different temperatures for the film on a Pt
ubstrate. The same tendencies as with the film deposited on
he Al2O3 substrate are observed. At a low temperature, the
onoclinic Pm is found for the 0.65PMN–0.35PT films on Pt

ubstrates. The tetragonal phase is detected above −33 ◦C, with
tetragonal strain of ∼1.1%. At room temperature, i.e., 27 ◦C, as
as already mentioned, the phase ratio is 81% of the monoclinic
m phase and 19% of the tetragonal P4mm phase. Above 177 ◦C,

he cubic Pm–3m phase appears. In Fig. 11, the temperature

ependence of the cell parameters for the monoclinic Pm and
he tetragonal P4mm phases are shown.

Like with the films on Al2O3 substrate, the monoclinic
nit-cell parameters change very slowly with temperature. The

F
s
o

and (b) the monoclinic Pm phases of the 0.65PMN–0.35PT films on alumina
4mm and monoclinic Pm phases. The line between the measured values is just

onoclinic beta angle is relatively stable at 90.27◦ (±0.03◦) until
13 ◦C, after which it starts to decrease to reach a value close

o 90◦ at 27 ◦C. In Fig. 11 the dashed rectangle shows the area
f the coexistence of the tetragonal P4mm and the monoclinic
m phases.

The situation for the 0.65PMN–0.35PT films on the
.65PMN–0.35PT and AlN substrates is different, as both show
he same tendency, with a monoclinic phase existing alone at
7 ◦C. The temperature dependence of the (2 0 0) cubic-like
iffraction peak is shown for films on the 0.65PMN–0.35PT
ubstrate (see Fig. 12).

From −173 up to 177 ◦C, the structure is described by just
monoclinic phase for films on the 0.65PMN–0.35PT and AlN

ubstrates, and no tetragonal phase was detected up to the Curie
emperature. Above 177 ◦C, the phase is cubic Pm–3m. Never-
heless, the high-temperature diffraction patterns are so complex
ith asymmetric broadening that it is not possible to exclude the
ig. 10. The X-ray diffraction diagram of 0.65PMN–0.35PT films on Pt sub-
trates measured at different temperatures. The black arrow indicates an increase
f the temperature.
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arameters and the beta angle, are also similar for the Pt sub-
trate (Fig. 11). It is worth noting that the beta angle shows two

egions. Above 27 ◦C, the value of the angle is almost constant
ith a typical value of 90.05◦, which is very close to 90◦. Below
7 ◦C, the beta angle increases continuously, reaching a value of

ig. 12. The X-ray diffraction diagram of 0.65PMN–0.35PT films on
.65PMN–0.35PT substrates measured at different temperatures. The black
rrow indicates the increase of the temperature.

ig. 13. Variation of the cell parameters with temperature for the monoclinic
m phase of 0.65PMN–0.35PT films on 0.65PMN–0.35PT substrates. The line
etween the measured values is just a guide to the eye.
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and (b) the monoclinic Pm phases of 0.65PMN–0.35PT films on Pt substrates.
e monoclinic Pm phases. The line between the measured values is just a guide

0.28◦ at −173 ◦C. Such behaviour might reflect the occurrence
f another phase. In other words, it is possible that a tetragonal
hase also appears in these films, but the tetragonal distortion
s very weak, which makes it difficult to distinguish between a

onoclinic and a tetragonal phase in the refinement.

.2. Microstructures of the thick films

Let us now turn our attention to the microstructure. The SEM
icrograph of the surface of a sample screen-printed, dried and

eated at 500 ◦C for 1 h (to burn out the organic vehicle) of a
.65PMN–0.35PT thick film is shown in Fig. 14. As expected
rom the particle-size distribution (see Fig. 1), the film shows
.65PMN–0.35PT grains with mainly sub-micron dimensions.

The representative SEM micrographs of the
.65PMN–0.35PT film surfaces, fired at 950 ◦C for 2 h,
n Al2O3, Pt, 0.65PMN–0.35PT and AlN substrates are shown
n Fig. 15a–d, respectively. All the samples exhibit porosity.

he films on the Al2O3 and Pt substrates are sintered to a
igh density and have significant grain growth. The median
rain sizes are 1.7 ± 0.6 �m for the films on the Al2O3
ubstrate and 1.2 ± 0.3 �m for the films on the Pt substrate.

ig. 14. The microstructure of the surface of a 0.65PMN–0.35PT thick film that
as screen-printed, dried and heated to 500 ◦C.
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ig. 15. The SEM micrographs of the surface of 0.65PMN–0.35PT thick films o
f 0.65PMN–0.35PT thick films on AlN substrates.

he grains are a few times larger than the grains of the un-fired
.65PMN–0.35PT powder. In contrast, the microstructures
f the films on the 0.65PMN–0.35PT and AlN substrates are
ore porous and consist of small grains with dimensions

.5 ± 0.2 �m and 0.3 ± 0.1 �m, respectively. However, grain
oundaries can be observed, attesting to the sintering effect.

Fig. 16 shows the fracture microstructure of the bulk
.65PMN–0.35PT ceramics fired at 950 ◦C with a grain size

nd porosity similar to those of the films deposited on the AlN
ubstrate. The grains have mainly sub-micron dimensions. The
etermined porosity is around 71%, based on the measured den-
ity (ρ = 5.80 g/cm3) and the theoretical density calculated from

ig. 16. The FE-SEM micrographs of fracture for bulk 0.65PMN–0.35PT
eramics fired at 950 ◦C.
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l2O3, (b) Pt, (c) 0.65PMN–0.35PT and (d) FE-SEM micrograph of the surface

-ray diffraction data (8.13 g/cm3). The ceramic was not well
intered as the firing temperature of 950 ◦C was low, compared
o temperatures over 1100 ◦C normally used for the sintering of
ulk 0.65PMN–0.35PT ceramics.25

.3. Dielectric properties

The dielectric constants ε as a function of the tempera-
ure were measured at 100 kHz for the 0.65PMN–0.35PT films
n the Al2O3, Pt, 0.65PMN–0.35PT and AlN substrates and
re shown in Fig. 17. The measurement of ε(T) for the bulk
.65PMN–0.35PT is added for comparison. All the samples
ere fired for 2 h at 950 ◦C. The maxima of the dielectric con-

tants correspond to the high-temperature (HT) phase transition
nto the cubic phase that occurs around 170 ◦C, in agreement
ith the X-ray diffraction data (see Figs. 8, 10 and 12). Note

hat no dependence on the frequency was observed.
The low-temperature (LT) phase transition peaks from the

onoclinic Pm to the tetragonal P4mm phases can be observed
n the measurements ε(T) of the 0.65PMN–0.35PT films on the
lumina and platinum substrates (insets in Fig. 17) through a
road anomaly. These broad anomalies of the LT transition have
axima at around 50 ◦C. The temperature of this LT phase tran-

ition is in agreement with data in the literature. Alguero et
l.35 reported that the mechanical and electro-mechanical prop-

rties of 0.655PMN–0.345PT reflect the LT phase transition at
0–70 ◦C. Xia et al.26 reported that ε vs. temperature measure-
ents show that the LT phase-transition peak for the non-poled

.65PMN–0.35PT ceramics is around 50–80 ◦C. At first glance,
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ig. 17. The ε vs. temperature at 100 kHz for 0.65PMN–0.35PT films on Al2O
ame graphs on a logarithmic scale. The LT phase transitions are marked with b

he LT phase-transition peak is not observed for the bulk
.65PMN–0.35PT samples and films on the 0.65PMN–0.35PT
nd AlN substrates. However, a kink is observed in all these
revious systems at around 60 ◦C, which is the same tempera-
ure as in the case of the LT transition in the films on the Al2O3
nd Pt substrates. Therefore, it seems that a small percentage
f tetragonal phase may occur even in bulk 0.65PMN–0.35PT
nd the films on the 0.65PMN–0.35PT and AlN substrates. This
orresponds to the results of the X-ray analysis of the films at
ifferent temperatures, where the possibility of the existence of
he tetragonal phase exists, but the tetragonal distortion, if any,
s very weak.

The highest ε value at room temperature was obtained for the
.65PMN–0.35PT films on the Al2O3 substrate, i.e., ε = 3600.
he ε value for the films on the Pt substrates was lower, with
value below 2000. For the films on the 0.65PMN–0.35PT

nd AlN substrates low values were observed, i.e., ε = 700 and
= 300, respectively. The main reason for the differences in the
of the 0.65PMN–0.35PT thick films on the different substrates
rises from the different microstructures, as shown in previous
ection. Indeed, the films on the 0.65PMN–0.35PT and AlN sub-
trates show smaller grains and more porosity compared to the
lms deposited on the Al2O3 and Pt substrates.
. Discussion

Thick films of 0.65PMN–0.35PT were successfully prepared
n different substrates, i.e., Al2O3, Pt, 0.65PMN–0.35PT and

a
t
p
r

0.65PMN–0.35PT, AlN substrates, and for bulk ceramics. The insets show the
arrows.

lN. All these films were screen-printed and fired under the
ame conditions, i.e., for 2 h at 950 ◦C and cooled with a rate of
◦C/min. For comparison, the bulk 0.65PMN–0.35PT was also
repared under the same conditions.

It is possible to distinguish two kinds of substrate: Al2O3
nd Pt, on the one hand, and 0.65PMN–0.35PT and AlN, on
he other. With both Al2O3 and Pt, the films are well sin-
ered, with few pores and relatively large grains (∼1–2 �m),
nd show clear evidence of a tetragonal phase coexisting with
monoclinic phase at room temperature, which is in agree-
ent with Ref. 23 reporting the size effect in 0.65PMN–0.35PT

ulk ceramics. Under these conditions, the dielectric constants
re found to be high; the highest being in the case of the
l2O3 substrate. In contrast, for both the 0.65PMN–0.35PT

nd AlN substrates the microstructure shows a smaller grain
ize and more pores. In addition, no tetragonal phase was
etected. The dielectric constant was low, with values of less than
000.

These results indicate that the choice of the substrate strongly
nfluences the final characteristics of the films. The most likely
xplanation is that during the sintering procedure and the cool-
ng, due to the difference in the thermal expansion coefficients
TECs) of the substrates, different residual stresses form and
emain in the films. It is well known that the mechanical bound-

ry conditions drastically affect the ferroelectric properties as
he stress and the polarization are intimately coupled. This cou-
ling is particularly strong close to the MPB37 and especially in
elaxor-based compounds.38
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Table 3
The TEC of the substrates, the differences in TEC of the substrates and films (�TEC = TECsubstrate − TECfilm), the compressive or tensile stress and the phase
composition in the films. The 0.65PMN–0.35PT bulk ceramics is added for comparison.

Substrate TEC (×10−6/K) �TEC (×10−6/K) Stress—compression or tension Phase composition

Al2O3 840,41 1.7 Compressive Coexistence Pm and P4mm
Pt 8.842,43 2.5 Compressive Coexistence Pm and P4mm
0.65PMN–0.35PT 6.3 0 Stress freea Pm
AlN 4.544,45 −1.8 Tensileb Pm
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ulk ceramics 6.3 0

a Pt electrode is neglected.
b Poorly sintered and porous.

In the literature, the values for the TEC of PMN–PT single
rystals with MPB compositions are reported, for the rhombo-
edral phase (described here as monoclinic) 4 × 10−6/K and for
he tetragonal phase 14 × 10−6/K.39 Our measurements of the
EC of the 0.65PMN–0.35PT bulk material showed an average
alue of 6.3 × 10−6/K.

The TEC values of the Al2O3 and Pt substrates are around
× 10−6/K40,41 and 8.8 × 10−6/K,42,43 respectively, and thus
re higher than the TEC of the 0.65PMN–0.35PT material, while
he TEC of the AlN substrate is 4.5 × 10−6/K44,45 and there-
ore lower than the TEC of the 0.65PMN–0.35PT. In Table 3,
he TECs of the substrates, the differences in the TECs of the
ubstrates and films (�TEC = TECsubstrate − TECfilm), the com-
ressive or tensile stresses and the phase compositions in the
lms are reported. The data for the 0.65PMN–0.35PT bulk
eramics are added for comparison.

In the case of the 0.65PMN–0.35PT films on the
.65PMN–0.35PT substrate, the films are considered as stress
ree, as the Pt electrode, which is in between the substrate and
lm, is neglected. Both the films deposited on the Al2O3 and
t substrates are under a compressive stress. In thin films, such
compressive stress favours a polarization perpendicular to the
lane of the substrate, and as a consequence a tetragonal phase
s favoured. For both these substrates a tetragonal phase was
bserved in the films. In contrast, under pure tensile stress condi-
ions, like for the AlN substrate, the amount of tetragonal phase,
f any, is very small. These findings suggest therefore that even
n thick films the stress affects the properties.

To the best of our knowledge, no report on this stress effect
xists for the 0.65PMN–0.35PT material. However, our results
an be compared with Pb(Zr,Ti)O3 (PZT) films from the litera-
ure. According to these experimental results, the compressive
esidual stress in PZT thin films shifts the MPB region towards
he Zr-rich composition side, i.e., towards the rhombohedral
hase.7,12,13 In other words, the stress enhances the thermody-
amic stability of the tetragonal phase, as would be expected
nder a two-dimensional compressive stress, according to the
hermodynamic formalism based on the Landau–Devonshire
henomenological theory. Of course, the authors are aware that
he 0.65PMN–0.35PT films are thick in comparison with the
ZT thin films and that the phase diagrams for the PMN–PT

nd PZT materials are not similar. However, our results for
.65PMN–0.35PT thick films under a residual stress show the
ame tendency as PZT thin films, i.e., the compressive stress
nhances the stability of the tetragonal phase. Therefore, in addi-
Stress free Pm

ion to the grain size and the porosity in thick films, the stress
onditions (residual stresses because of the process) also play a
ey role in the final properties of the ferroelectric thick films.

. Conclusion

Thick films of 0.65PMN–0.35PT were successfully screen-
rinted, fired and cooled under the same conditions on different
ubstrates (Al2O3, Pt, 0.65PMN–0.35PT and AlN), with the
im to study the influence of the substrates on the microstruc-
ure, the phase composition and the dielectric properties of the
lms.

It was demonstrated that while the process conditions are
imilar, drastic changes to the microstructure, the phase com-
osition and the dielectric properties occur, depending on the
ubstrate materials. These features might be associated with
he stress felt by the thick films. Indeed, as expected from the
ompressive stress (the case for the Al2O3 and Pt substrates),
.65PMN–0.35PT thick films exhibit a tetragonal phase in addi-
ion to the monoclinic one. These films are sintered to a high
ensity, and both the structure and the microstructure favour a
igh value for the dielectric constant. In contrast, under a tensile
tress, like with the AlN substrate, a monoclinic phase and rather
mall grains, and a higher concentration of pores, are generally
bserved. These results are of great interest as they show the
ey role played by the nature of the stress of the substrate and
ighlight the need to consider this parameter when designing
he thick films in the devices of the future.
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