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Abstract. The lead magnesium niobate [Pb(Mg;,3Nb,/3)O3 or PMN], and its solid solutions with lead titanate
(PbTiOs3 or PT), are of great interest because of their high electromechanical properties. At large PMN content, these
materials exhibit relaxor characteristics with large electrostrictive strains and a large permittivity, while compositions
near the morphotropic phase boundary present very interesting piezoelectric properties. So far, properties of these
materials in ceramic, thin film and single-crystal form have been investigated. In this paper, we report on preparation
and properties of pyrochlore free PMN and 0.65PMN-0.35PT thick films (thickness = 10 to 20 pm). The films were
prepared from ethyl cellulose ink by screen printing on alumina substrate. The influence of various parameters,
such as powder characteristics, inks formulation and films sintering conditions, on films densification are discussed.
The dielectric and electromechanical properties of the films were examined. Relaxor-like behaviour was clearly
demonstrated in PMN films. The maximum relative permittivity for PMN film was 10000 (at 0.1 kHz), which is
lower than in bulk ceramics (17800 at 0.1 kHz) prepared under the same conditions. For 0.65PMN-0.35PT, the
maximum relative permittivity was around 15500 against 24000 in the bulk. Several parameters, which might be
responsible for the lower permittivity, are discussed. Poled 0.65PMN-0.35PT thick films exhibit relatively large
piezoelectric response (d33 up to 200 pm/V) and unipolar strains approaching 0.1%, making these films of interest
for various actuator and transducer applications.
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1. Introduction Recently, there has been an increasing interest in

miniaturized piezoelectric transducers, for example for

The complex perovskite lead magnesium niobate [1]
Pb(Mg;,3Nb;/3)O3 or PMN, exhibits typical relaxor
properties characterized by a diffuse maximum of di-
electric constant around —10°C, associated with a
strong frequency dispersion. The lead titanate, PbTiO3
or PT, is a typical ferroelectric with ferroelectric to
paraelectric phase transition temperature at T =
490°C [2]. Depending on composition, the solid so-
lutions of these materials, (1 — x)PMN—xPT, present
a combination of the advantages of both relaxor PMN
and ferroelectric PT. At low PT content (x < 0.1),
(1 — x)PMN—xPT exhibits interesting electrostric-
tive properties [3, 4], whereas compositions with ap-
proximately 30-35% PT exhibit a morphotropic phase
boundary (MPB) and large piezoelectric properties [5].

high frequency medical imaging applications and mi-
croactuators. The screen printing technology is at-
tractive for preparation of miniature ceramic elements
because of its simplicity, high yields and low cost. It
was successfully applied for preparation of PZT thick
films on silicon substrates [6—8]. Despite their attrac-
tive piezoelectric properties, only several reports have
so far discussed the preparation and properties of lead-
based ferroelectric relaxors in thick film form [9, 10].

The purpose of this investigation was to determine
the influence of various parameters, such as powder
characteristics, inks formulation and sintering process,
on densification of screen printed (1 — x)PMN—(x)PT
thick films (thickness from 10 to 20 xm) and to investi-
gate their dielectric and electromechanical properties.
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The conditions for preparation of pyrochlore free thick
films are discussed. Whereas films with compositions
ranging from x = 0 to x = 0.40 were investigated, in
this article we report on the preparation and properties
of PMN and 0.65PMN-0.35PT films.

2. Experimental Procedure
2.1. Powders Elaboration

Pyrochlore-free PMN and 0.65PMN-0.35PT powders
were successfully obtained via a modified columbite
route [11], using as starting raw materials pow-
ders of PbO, Mg(COs3)4-Mg(OH),-5H,;0, Nb,Os and
TiO,.

The perovskite and pyrochlore phase formation has
been investigated as a function of calcination tempera-
ture and time by differential thermal analysis, thermo-
gravimetry (DTA—TG) and X-rays diffraction (XRD).
The particles size and their morphology were deter-
mined via specific area measurements and scanning
electron microscopy (SEM).

In the first step (for PMN or PMN-PT synthesis),
columbite, MgNb,Og is obtained according to stoichio-

' ol A AL ' 25

e e

: "\ };-‘i'l.é’_ﬂh' :
R TKY LASCD, 000 A dnk

metric reaction (R.1):

Mg(CO3)4 . Mg(OH)2 . 5H20 + 5Nb205
— 5MgNb,04 (R.1)

The starting powder mixture was ball milled for 48
hours and then calcined. In classical process the
columbite was obtained after 4 h at 1150°C (Fig. 1(a)),
while in our process we obtained a more reactive and
less agglomerated columbite powder (Fig. 1(b)), by cal-
cination at 1000°C for 4 h. The particle size ranged from
0.55 to 1.3 um with a mean diameter of 0.8 pm.

In the second step, reaction between the columbite
and PbO (or PbO and TiO,) is carried out according to
stoichiometric reaction (R.2 or R.3):

3PbO + 1MgNb,O¢ — 3PMN (R.2)
1PbO + 0.35TiO, + 0.65MgNb,04
— IPMN-PT (R.3)

A mixture of these raw materials was ball milled for
24 h in alcohol. PMN (Fig. 2) and PMN-PT (Fig. 3)
powders were obtained by calcination at 800°C for
1 h 45 min in covered alumina crucible. Longer
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Fig. 2. PMN powders after calcination at 800°C for 1 h 45 min (a) and at 800°C for 3 h (b).
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Fig. 3. Effect of ball milling on calcined powder for PMN (a) and PMNj 5-PT 35(b).

calcination times lead to coarser powders, as shown in
Fig. 2(b).

The calcined powders were crushed and then ground
by ball milling for 24 h. After the milling, these powders
present particle sizes ranging from 0.35 to 1.3 um with
a mean diameter of 0.6 pum.

The attrition milling for 2 h at 650 rpm breaks the
agglomerates and decreases both the maximum and
medium size of grains (0.9 um for the maximum and
0.4 pm for the medium).At each step of powder pro-
cessing, powder XRD patterns were taken to check the
phase purity (Figs. 4 and 5).

The calcined powders were used, without addition
of binders, for preparation of ceramics inks and bulk
pellets.
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2.2.  Thick Films Preparation

Pyrochlore-free PMN and 0.65PMN-0.35PT thick
films were successfully obtained by screen printing.
The substrates used for the study were 99.6% alumina
substrates (Coors, Superstrate) having the dimensions
of 51x 51x0.38 mm? and 51 x 51 x 0.64 mm?, grain
size inferior to 1 wm, and 50 nm surface roughness.
The screen printable pastes were prepared by knead-
ing the ground powders with organic vehicles in a
three-roll mill during 20 min. Different organic vehi-
cles, consisting of ethylcellulose and a-terpineol, were
tested as a function of molecular ethylcellulose weight
(Hercules type N: N48, N22 and N7) and as various
ethylcellulose content (7, 5 and 3% by volume) and
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Fig. 4. XRD pattern of intermediate columbite (a) and calcined/milled PMN powders (b).
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Fig. 5. XRD pattern of calcined and milled 0.65PMN-0.35PT
powder.

compared with an industrial formulation from Cerdec
(EC3). A dispersing agent PS21A [12] was used to
prevent powder agglomeration. Each ink (Pt, PMN
and 0.65PMN-0.35PT) is deposited by a DEK screen
printer through a 325 mesh stainless steel screen.

The bottom electrodes were produced on alumina
substrates by a double print Pt screen printing process
[13] with Cerdec Pt ink and then fired at 1300°C for
20 min. The final electrode was 5—6 pm thick with lat-
eral dimensions of 27 x27 mm?. Four ceramics patterns
(each in shape of 1x 1 cm? square) were screen printed
onto Pt/Al,05.

After each ceramic deposition, four treatments have
to be carried out: (1) to allow the ink levelling it is
necessary to wait for half an hour at room temperature,
(2) to remove the organic solvents, deposited layer was
dried in an oven at 90°C for 30 min, (3) to increase the
green density and improve the densification of ceram-
ics layers, a uniaxial pressure of 150 MPa was applied
on dried films, and (4) to remove the ethyl cellulose, to
obtain a hard layer and to limit the next layer cleaving,
the film was heated at 650°C for 1 h. Combinations
of these processes permit good bottom electrode cov-
erage, small surface roughness, good cohesion of the
different layers and relatively high thick film density.

2.3.  Optimisation of Sintering Process

For bulk samples preparation, the ground powder was
pressed into disks of 7 mm in diameter and 4.5 mm
in thickness at 41 MPa. Analyses in a dilatometer

were carried out for different heating rates (range from
3 to 12°C/min) and dwell temperatures (range from
1100 to 1220°C). In all experiments the cooling rate
was 20°C/min. These experiments together with sub-
sequent SEM observations were used to determine the
best sintering conditions for bulk samples.

The best thick films densification for PMN and
0.65PMN-0.35PT was obtained with a heating rate of 9
to 12°C/min and a sintering temperature between 1094
and 1215°C. The choice of sintering temperature was
function of powder composition. For sintering, the bulk
samples were placed with the thick film of the same
composition in a covered alumina crucible containing
P/PZ powder. The samples were sintered from 1 to 180
min over a temperature range from 1094 to 1215°C.
The heating rate was 9 to 12°C/min for all experi-
ments. The general mechanisms of densification and
grain growth were similar in bulk samples and thick
films, but the maximum of densification occurred at
lower temperature for the thick films. As an example,
a typical top view of a 0.65PMN-0.35PT thick film
(sintered at 1184°C for 100 min with a heating rate of
9°C/min) is presented in Fig. 6.

Surfaces of PMN thick films obtained after differ-
ent heat treatments are presented in Fig. 7. The view
(a) in Fig. 7 indicates that some densification occurred
already during the heating to the sintering temperature.
The (b) and (c) views of Fig. 7 show the influence of
the dwell temperature on the grain growth, and the at-
mosphere influences on the pyrochlore development.
The micrograph presented in (d) demonstrates that it
is possible to obtain film with a good microstructure at
a lower temperature if the heating rate and the dwell
time are increased. The similar trends were observed
for PMN-PT thick films.

The final thickness of thick film was measured by
a-step (200 Tencor KLLA). The thickness varied be-
tween 10 to 25 pum as a function of layers number.
For example, a sintered film thickness of 20 um re-
quires four successive depositions. After the surface
polishing, gold top electrodes (diameter of 650 m and
520 nm thick) are deposited by sputtering on the sam-
ples for the dielectric and piezoelectric measurements.

3. Dielectric and Piezoelectric Properties
To perform the dielectric measurements, an impedance

analyser and a chamber with controlled heating and
cooling rates were used. The sample temperature
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Fig. 6. Plan view SEM of 0.65PMN-0.35PT thick film (a) and corresponding XRD pattern (b).
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Fig. 7. Plan view SEM of PMN thick films for four different heating treatments and atmospheres. The ink was the same for all samples. (a)
10°C/min - 1215°C/1 min; atmos. P/PZ = 0.84 g; 20 p«m thick polished, (b) 9°C/min - 1183°C/100 min; atmos. P/PZ = 0.4 g; 10 um thick, (c)
10°C/min - 1183°C/120 min; atmos. P/PZ + PMN = 0.64 g; 15 um thick and (d) 12°C/min - 1163°C/180 min; atmos. P/PZ = 0.62 g; 16 um
thick.
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Table 1. Relative permittivity at room temperature as a function of
heating treatment for thick films and bulk samples.

PMN F1 F2 F3 F4 F5 F6

°C/min 9 9 12 10 12 12
Dwell: °C 1183 1184 1094 1215 1163 1163
Time (min) 120 100 180 1 90 180
Thick films Fl1 F2 F3 F4 F5 F6

Tickness um 15 10 12 20 16 15
erat 1 kHz 7200 6900 6800 7100 6400 5600
Bulk samples Bl B2 B3 B4 BS B6

Density g/lem® 772 775 701 737 758 748
erat 1 kHz 11900 11900 2000 10600 3300 2300

was measured with a Pt-resistance probe. Polarisa-
tion hysteresis loops were obtained by using a charge
amplifier and virtual ground condition. A modified
Mach-Zehnder laser interferometer was used for the
piezoelectric and electrostrictive strain measurements
[14].

3.1. Properties of PMN Thick Films

The relative dielectric permittivity at room temperature
as a function of different sintering parameters and films
thickness is presented in Table 1 for thick films and bulk
samples.
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For the bulk samples the maximum of densifica-
tion occurred for the samples sintered at around 1183—
1184°C for 100-120 min (F1 and F2 in Table 1). Those
samples also exhibited the highest permittivity. With
the same heat treatment, good results were also ob-
tained for thick films.

If the sintering temperature was decreased below
1180°C, the bulk samples densification was not opti-
mal and a decrease of relative permittivity was observed
even when the sintering time was increased. This was
not the case for thick films. A decrease of films’ thick-
ness (compare samples F1 and F2) lead to a decrease
of dielectric properties. It was also possible to obtain
comparable dielectric response for a densification at
lower temperature (compare films F3 and F2). In the
case of film F4, the good dielectric properties were
partly due to an increase in the film thickness and partly
due to a higher film density, the latter possible because
of the high sintering temperature used despite the short
dwell time. While the short firing time reduced the lead
losses, it was not sufficient to allow a significant grain
growth. For films F5 and F6, an increase of the dwell
time improved the densification and increased the grain
size. The best dielectric properties are obtained in films
with a grain size between 1.5 to 3 um. The correlation
between the grain size and the permittivity was more
pronounced in thick films than in bulk samples [15] or
in thin films [16].

Figure 8 shows the change of the relative
permittivity as a function of temperature at different
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Fig. 8. Temperature and frequency dependence of relative permittivity and dielectric losses in a PMN thick film and a bulk sample. Measurement
on thick film were made at 1 kV/cm: (a) PMN thick film (F4); 10°C/min-1215°C/1 min; atmos.P/PZ = 0.84 g, (b) PMN Bulk sample (B2);
9°C/min-1184°C/ 100 min; atmos.P/PZ d = 7.75 (95.4%).
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Fig. 9. Influence of the heat treatment and thickness layer on the dielectric response of PMN thick films. Permittivity was measured at 1 kV/cm.
Sintering conditions: (a) 9°C/min-1184°C/100’, 10 pm thick (film F2) and (b)10°C/min-1212°C/1’, 20 pm thick (film F4).

frequencies for the film F4 (Fig. 8(a)) and the bulk on the properties of 0.65PMN-0.35PT thick films. The
sample B2 (Fig. 8(b)). best film, with 96% density was obtained by sintering

The relaxor behaviour of the PMN thick film is at 1184°C for 100 min, with a heating rate of 9°C/min.
clearly indicated by the frequency dispersion of the The thickness of this film is 15 um.

dielectric permittivity maximum. The lower maximum Temperature and frequency dependence of the di-
permittivity in PMN thick film (9500 at 1 kHz) with electric permittivity for this MPB composition is shown
respect to bulk ceramics (16800 at 1 kHz), may re- in Fig. 10. The permittivity exhibits the maximum
sult from several effects, including a larger porosity of of 15500 at 1 kHz with 7¢ ~ 165°C compared to

the films (density &~ 92%), clamping with the substrate,

roughness, presence of a second phase or low-dielectric 16 10°
- T T T T

constant layer between the film and bottom electrode . "
—e—&(0.1kH2) o014
that are not detected by XRD measurements and more —e—&(1kHz)
. . . 4 .
significant lead evaporation due to a larger surface area 1410 Jo2
of the film (compared to thickness). As shown in Fig. 9
the maximum permittivity at 1 kHz passes from 8600 Sl210° 401
for a 10 um thick film to 9700 for a 20 pm thick film. :é
Since the processing parameters for these films were E 1 10° 1%%5
also different, one cannot, without a more systematic H &
study, correlate this permittivity change exclusively to 5 4000 ] 006
the thickness variation. ) oo
6000 | 7 e S
..... L \ 002
3.2.  Dielectric and Electromechanical Properties = U, Trreeeett
of 0.65 PMN-0.35PT Solid Solution 4000 L . -0
50 100 150 200
TC)

The most interesting piezoelectric properties in PMN-
PT solid solution are expected around the MPB which Fig. 10. Temperature and frequency dependence of relative permit-
lies between 30 and 35% PT. In this article we report tivity and dielectric losses in 0.65PMN-0.35PT thick film.
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24000 and T¢ =~ 155°C in the bulk sample of the
same composition. This maximum in the permittiv-
ity indicates the paraelectric-ferroelectric phase tran-
sition. In contrast to the typical relaxor behaviour in
pure PMN or in (1 — x)PMN-xPT (with x <0.1), in
0.65PMN-0.35PT thick film the maximum of permit-
tivity at various frequencies occurs nearly at the same
temperature, Tc.

The transition temperature ¢ in the film is higher
than in the bulk ceramics. This could be due to a pres-
ence of stresses in the film, as observed in simple per-
ovskites [17] or associated to a Ti** gradient [18]. As
it is shown in Fig. 11 the film exhibits some preferen-
tial orientation with respect to bulk ceramic samples.
In ceramics the (00¢) peaks have the higher intensity
than (£00) peaks, while the opposite is observed in the
films.

The polarisation loops for this film at different ac
fields are shown in Fig. 12. At room temperature the
remanent polarization P, and a coercive field E¢ were
respectively 15.6 ;C/cm? and 6.67 kV/cm for an ap-
plied field of 20 kV/cm. If the polarisation loops are
measured on a virgin film, an increase in the Pz and
decrease in the E¢ are observed with increasing num-
ber of cycles, as shown in Fig. 12(b). The change in Pg
(increase) and E¢ (decrease) probably indicates that the
domain walls are pinned in the virgin film and get free
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Fig. 11. Difference of orientation between thick film and bulk, com-
parison with powder X-rays pattern.

from the pinning centres by application of the switch-
ing field [19].

The longitudinal ds3 piezoelectric coefficient as a
function of dc electric field is shown in Fig. 13. The
shape of the piezoelectric loop is similar to those re-
ported in thin films of Pb(Zr, Ti)O3(PZT). The value
of remanent d33 is about 180 pm/V, much larger than
for typical sputtered PZT films [20] but smaller than
expected (600-700 pm/V) for ceramics of the similar
composition [21]. The reasons for the lower piezoelec-
tric response in the films is presently being investigated
and could probably be related to the clamping of the
film by the substrate and the low permittivity of the
films [18].

After poling the film at 26 kV/cm for several min-
utes at room temperature the dependence of the d33 and
the relative permittivity €33 /&g on the driving field am-
plitude was measured at 5 kHz. The results are shown
in Fig. 14.

Both coefficients exhibit nonlinearity, which is sim-
ilar for the permittivity and the piezoelectric coefficient
(12-15% increase in the range of fields examined). The
linear dependence of the permittivity and the piezoelec-
tric coefficient on the field amplitude indicate domain
wall contribution to the polarization and piezoelectric
strain, as observed in bulk materials [18, 22]. Similar
degree of the nonlinearity for the two coefficients sug-
gests that the probable source of the nonlinearity is dis-
placement of non-180° domain walls, which contribute
to both polarization and strain, whereas 180° walls are
either relatively immobile or removed during the pol-
ing [23]. Maximum measured d33 is >200 pm/V. This
value is comparable to that in hard PZT ceramics [24].

The aging of the dielectric and piezoelectric re-
sponses was measured under weak field conditions
(5 kHz, 0.07 kV/cm) after the dc field (26 kV/cm) was
held for 1 min and then removed. Both d5; and rela-
tive permittivity decreased with the time as shown in
Fig. 15. After 1 h, d33 decreases by about 6% and rela-
tive permittivity by 2%, which is less than in PZT thin
films and comparable to what is reported for bulk PZT
ceramics [25].

Finally, as shown in Fig. 16, the measurements
of unipolar strain (Eg. = 16 kV/cm, E,. =33 kV/cm
peak-to-peak) show relatively large total strain in
the 0.65PMN-0.35PT film, approaching 0.1% at
E4. + E,c > 35 kV/cm. This value is close to that in
PZT ceramics [26] and is interesting for micro-actuator
applications.
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Fig. 12. Polarisation-field hysteresis loop at room temperature, for 15 pum thick 0.65PMN-0.35PT film fired at 1184°C for 100 min (result
obtained on two different electrodes on the same film). (a) Polarization as a function of applied ac field and (b) hysteresis loop evolution as a
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Fig. 13. The longitudinal d33 piezoelectric coefficient as a function
of dc electric field of the 15 pum thick 0.65-0.35PT film. The d33
coefficient was measured by applying an ac field of 0.07 kV/cm at
5 kHz.

4. Summary
Pyrochlore free relaxor PMN and relaxor-ferroelectric

0.65PMN-0.35PT thick films are successfully obtained
by screen-printing on alumina substrate with screen
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Fig. 14. The longitudinal piezoelectric coefficient d33 (open circles)
and relative permittivity €33/&¢ (closed circles) as a function of the
driving field amplitude Ej.

printed Pt bottom electrode. The sintering conditions
used to achieve dense thick films are defined for cal-
cined powders with a medium grain size of 0.4 um.
The dielectric measurements on PMN and
0.65PMN-0.35PT thick films (fired at 1184°C for
100 min) showed a lower dielectric constant (respec-
tively 9700 and 15500) than in bulk samples. How-
ever, our results indicate that these properties can be
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Fig. 15. Aging of the permittivity £33 and the d33 piezoelectric coefficient for 15 pm 0.65PMN-0.35 thick film.
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Fig. 16. Unipolar piezoelectric strain vs amplitude of ac electric field
amplitude. The measurements were made at 431 Hz under 25 V dc
field and 50 V peak-to-peak amplitude of the ac field.

improved by increasing the film thickness and the grain
size.

A remanent polarisation of 15.6 £C/cm? and a small
coercive field of 6.67 kV/cm were obtained for a 15 um

thick 0.65PMN-0.35PT film. The longitudinal piezo-
electric coefficient of 200 pm/V and unipolar strain of
over 0.08% were measured on the same film.
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