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A b s t r a c t

This paper reports a study of Ba0.9Sr0.1TiO3 and BaTi0.98Sn0.02O3 thin films elaborated by a sol–gel route and
deposited on Pt/Ti/SiO2/Si substrates. These films were annealed at 950 ◦C and exhibited a polycrystalline
structure. The AFM analysis revealed an important difference in the microstructure of the BST and BTS
films. Our BTS film showed no significant piezoelectric properties as its coefficients were d33 = 5 pC/N and
4 pm/V for the direct and reverse measurements. Under our optimized annealing conditions, we gave the
evidence that ferroelectric Ba0.9Sr0.1TiO3 could be a good candidate to replace PZT in RoHS microelectronic
devices, therefore for green applications where lead must be prohibited, and that, despite the factor 2 or
3 between coefficients measured on PZT and lead-free films.
. Introduction ferroelectric and piezoelectric properties of Bi4Ti3O12, CaBi4Ti4O15
Piezoelectric actuators, infrared sensors, FeRAM usually contain
ead based materials [1,2]. Among these materials, PbZrTiO3 (PZT) is
he most used thanks to its superior piezoelectric and ferroelectric
roperties. PZT is also remarkable for its high Curie temperature, i.e.

ts high ferroelectric-paraelectric phase transition [3]. However, its
ain disadvantage is in fact to contain lead in regards with the

oHS European directive (Restriction of Hazardous Substances).
his recent directive prohibits different kinds of polluting materials
ike lead, mercury, cadmium, hexavalent chromium in electronic
omponents. Lead is well known for its disastrous effects on the
uman nervous system. Lead is also responsible of the decrease
f spermatozoon production, then influencing the human fertility.
ead has been so intensively used for centuries (for example, more
han 2000 tons of lead were used in Europe in 2006) that it is now
ossible to find it in everything we eat like vegetables, fruits, meat
nd in a higher concentration in fish, crabs and seashells.

Accordingly, it is now necessary to implement materials without
hese prohibited or hazardous substances. From the perspective of
hin films dedicated to piezoelectric applications, many lead-free

aterials have been studying quite recently. Guo et al. [4] mea-
ured the dielectric properties and piezoelectric cycles on BaTiO3
lms. Simoes et al. [5] have studied and published works on the
∗ Corresponding author. Tel.: +33 321465768; fax: +33 321465778.
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and SrBi4Ti4O15 films. Niobate family is a way of interest as well. A
ferroelectric Na0.52K0.48NbO3 (NKN) thin film on Pt/Ti/SiO2/Si sub-
strate deposited by sputtering was characterized by the piezoelec-
tric force microscopy [6]. (Bi,Na)TiO3–(Bi,K)TiO3–BaTiO3 epitaxial
thin films deposited on SrRuO3 coated SrTiO3 substrates exhibited
an interesting transverse piezoelectric coefficient (e31,f) after pol-
ing [7]. Micro fabrications have been conducted for sodium potas-
sium niobate [(K,Na)NbO3, KNN] thin films by dry etching, where
Pt/KNN/Pt unimorph micro cantilevers have been fabricated as a
lead-free piezoelectric micro electro mechanical system (MEMS)
[8]. Lead-free piezoelectric thick films (5–17 �m) of potassium
sodium niobate with lithium antimonate K0.5Na0.5 NbO3–LiSbO3
have shown that thick films can be relevant candidates [9].
Recently, Barium titanate (BaTiO3)–potassium niobate (KNbO3)
(BT–KN) nanocomplex ceramics with various KN/BT molar ratios
were prepared by the solvothermal method, where samples were
elaborated without any non-piezoelectric substrate [10].

Our work is dedicated to the study of BaxSr1−xTiO3 (BST) and
BaTi1−xSnxO3 (BTS) thin films elaborated by a sol–gel route, which
acts as potential lead-free candidates to replace PZT in various
applications [11,12]. These materials were chosen because of their
high dielectric constant and relatively weak losses. Moreover they
present the advantage to exhibit an adjustable transition tempera-
ture between the paraelectric state and the ferroelectric state when
changing the Ba/Sr ratio [3]. In this study, we focus on the piezoelec-
tric properties of Ba0.9Sr0.1TiO3 (BST 90/10) and BaTi0.98Sn0.02O3
(BTS 98/2) thin films deposited on Pt/Si substrates by spin coating.
6/j.sna.2015.02.009 1
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hese compositions define a Curie temperature higher than room
emperature for applications in pyroelectric, ferroelectric and
iezoelectric devices, which are however always lower than that
f PZT [3]. And finally, we evaluate the potential of these lead-free
aterials for their applications in thin film RoHS devices.

. Experimental details

The solutions were prepared from: alkaline acetates
a(CH3COO)2, 99%, Sr(CH3COO)2 and Ti isopropoxide Ti(C16H28O6)

or BST; alkaline acetates Ba(CH3COO)2, 99%, dibutyltin oxyde
C8H18OSn) and Ti isopropoxide Ti(C16H28O6) for BTS. Acetic acid
C2H4O2) and 2-propanol (CH3CHOHCH3) were used as solvent
gents. The complete route was previously described [13–15].

All films were deposited by a sol–gel process on commercial
100) silicon wafers with the following coatings: 1 �m SiO2/40 nm
i/200 nm Pt. Finally gold was evaporated through a shadow mask
o realize the upper electrodes with circular dots ranging from
50 �m to 2 mm in diameter. The Pt layer acted as bottom elec-
rode. The upper electrode diameter was measured by an Olympus
X60 optical microscope. The morphology of the films was deter-
ined using Scanning Electron Microscopy (SEM) with a LEO438
P apparatus, and the grain size was directly measured with the
oftware associated to the microscope. Atomic Force Microscopy
Multimode AFM, Vecco Instruments) was also used to determine
he roughness of our films. The thickness of the films, which was
ither measured by SEM and with a TALYSURF INTRA 150 pro-
lemeter, is close to 1 �m.

The piezoelectric properties were measured at room temper-
ture. A home-made system was developed in our laboratory to
easure the d33 piezoelectric coefficient by the direct method,

nspired by the method introduced by Lefki et al. [16]. For the con-
erse method, the d33 coefficient measurement is made by a single
eam Mach–Zhender interferometer [17].

. Results

.1. Physical analysis

Fig. 1 shows the XRD patterns of the BST and BTS thin films
nnealed at 950 ◦C for 15 min. These annealing conditions have
een optimized in previous works [13–15]. The films are well crys-
allized and the perovskite phase is identified. There is evidence
hat the growth is polycrystalline for all films with however a dif-
erence for the preferential orientation, which is (1 1 1) for the BST
lm and (1 1 0) for BTS.

Fig. 2 shows AFM photos of the BST film annealed at 950 ◦C for
5 min. Different sizes of grains are observed, ranging from 80 to
30 nm. But the average grain size of the BST film is about 110 nm,
ith a mean roughness of 3.5 nm. Moreover, these photos show a

ood density of regular grains and a smooth surface without holes
etween grains. Fig. 3 shows AFM photos of the BTS film annealed
t 950 ◦C for 15 min. At first, with a look on the SEM photos (not
resented here), we thought that the BTS thin film was made of
igger grains than those observed on the BST film. But the better
esolution given by the AFM has revealed the right microstructure.
n fact, the BTS film is made of big assemblies (blocks) of small grains
anging from 100 to 400 nm in length, and from 100 to 200 nm
n width. Each block is composed of very small grains, which size
aries from 10 to 30 nm. These big blocks also define a higher mean
oughness of 7.2 nm, which is double than that measured on the BST

lm. Fig. 4 shows a 3D-view of AFM photos for the two thin films.
he comparison of their microstructure is then easier: the BST film
s composed of circular grains grown in a high density with thin
oundaries, while the elongated blocks of the BTS film seem to be

http://dx.doi.org/10.1016/j.
Fig. 1. XRD diagrams of the BST (a) and BTS (b) films annealed at 950 ◦C for 15 min.

the result of the growth of self-assembled pyramids with two main
faces which define the block length. Therefore the block ridges are
composed of peaks which are the small grains observed in Fig. 3. So
thin boundaries can be distinguished between the very small grains,
while deep boundaries appear between the elongated blocks.

Therefore, the microstructure of the BST and BTS films clearly
corroborates the diffraction observations, as illustrated by the AFM
photographs (Figs. 2 and 3). Indeed, for the BTS film, the growth
competition is highlighted by a disturbed morphology where coex-
ist three kinds of grains: pyramidal, elongated and rounded (Fig. 3).
Each kind of grains corresponds to the different growth orien-
tations: (1 0 0), (1 1 0) and (1 1 1), respectively. On the contrary,
the BST film presents a more homogeneous and a well-organized
microstructure than the BTS film. Indeed, the BST microstruc-
ture is characterized by the presence of rounded grains, which is
completely in agreement with the (1 1 1)-oriented crystallites. The
comparison between the two different kinds of microstructure is
eased by the 3D-views given in Fig. 4. On each photograph, the
analyzed area is 2 �m × 2 �m.

3.2. Piezoelectric properties

The converse piezoelectric effect describes the strain generated
in a piezoelectric material in response to an applied electric field.
This effect is written as:

Si = dij × Ej (1)

where Si is the induced strain, Ej is the applied electric field and dij is
the piezoelectric coefficient. The piezoelectric coefficient, which is
in fact a third rank tensor, can be written in Eq. (1) in reduced matrix
notation by representing the mechanical strain as a 1-dimensional

matrix with elements i = 1, 2. . .6. This converse piezoelectric effect
is then exploited in actuators for producing a displacement under
a voltage control.

sna.2015.02.009 2



Fig. 2. AFM pictures of a BST film annealed in air at 950 ◦C for 15 min.
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Fig. 3. AFM pictures of a BTS film

For displacement sensors, the direct piezoelectric effect
escribes a change in polarization due to an applied stress and is
ritten as:
i = dij × sj (2)

here Di is the dielectric displacement and �j is the applied stress.

Fig. 4. 3D-view AFM photos given fo

http://dx.doi.org/10.101
ealed in air at 950 ◦C for 15 min.

In Eqs. (1) and (2), the coordinate axes are defined by the polar-
ization of the sample and is assigned to the 3-direction. When an
electric field is applied parallel to the 3-direction and the strain

also measured in the 3-direction, the corresponding piezoelectric
coefficient is the longitudinal piezoelectric coefficient, d33:

S3 = d33E3 (3)

r the BST (a) and BTS (b) films.

6/j.sna.2015.02.009 3
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interferometer. The experimental arrangement used consists of
a modified Laser Doppler Vibrometer which is combined with a
Nikon optical microscope for beam delivery to the sample. The
vibrometer delivers the measurement beam via a fibre optic link.
Fig. 5. Principle and photograph of our home-made set-up

The piezoelectric coefficients described by the direct and
onverse piezoelectric effects are mathematically equivalent.
herefore, the longitudinal piezoelectric coefficient described by
he converse piezoelectric effect (Eq. (3)) is equivalent to the
ongitudinal piezoelectric coefficient described by the direct piezo-
lectric effect:

3 = d33 × s3 (4)

Our home-made set-up used for the electrical charge mea-
urement and extraction of the direct piezoelectric coefficient is
resented in Fig. 5. The obtained macroscopic response for the BST
lm, which was linear in our 1–10 N force range, is presented in
ig. 6. The measured coefficient is d33eff = 19 pC/N. As the d33 value
f PZT thin films can be as high as 101 pC/N [18], but not measured
n the same conditions than our BST film, our result remains inter-
sting as the goal is to eliminate lead in piezoelectric applications.
n additional consideration must be given here as the piezoelectric
roperties of our BST films might be improved by optimizing the
aterial, increasing the thickness, poling the ferroelectric layer to

ine up more ferroelectric domains in the same direction or adding a
uffer layer. On the BTS film, the recorded values were really lower,

s our maximum value was 5 pC/N. This result, which definitely
onfirms that BTS cannot be used for piezoelectric devices, can be
inked to the growth competition highlighted previously in the text,

here three kinds of grains coexist in a disturbed morphology as

http://dx.doi.org/10.1016/j.
e direct measurement of the d33 piezoelectric coefficient.

seen in Figs. 3 and 4. In fact, the ferroelectric properties of the BTS
film were also weak as indicated in Table 1.

We have also measured in this work the converse piezoelec-
tric coefficient by a single beam interferometer, an alternative and
simple method to overcome the complexity of using a two beam
Fig. 6. Evolution of the electric charge in function of the applied force given for the
BST thin film.

sna.2015.02.009 4



Table 1
Electrical properties of our Ba0.9Sr0.1TiO3 and BaTi0.98Sn0.02O3 thin films. Proper-
ties of other films (labelled *** and already published [13–15]) are given here for
comparison.

ε′ (1 MHz) tgı (1 MHz) d33 (pC/N) � (�C/m2/K) Pr (�C/cm2)

BST750 ◦C-1h*** 330 0.006 1
BST950 ◦C-15min 780 0.015 19 340 13
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BTS750 ◦C-1h*** 525 0.012 2
BTS950 ◦C-15min 820 0.026 5 140 3.5

n adjustment stage facilitates positioning and focusing of the mea-
urement beam on the sample surface. The probing focused laser
pot has a typical size of around 15 �m. The resolution of the sys-
em is 2 pm and the band width is 2 MHz (between [1 Hz, 2 MHz]).
he sample (including electrodes) and the focused laser spot are
onitored via a video microscope and video monitor. With this

xperimental set-up it is possible to measure the piezoelectric hys-
eresis loops. A typical example is shown in Fig. 7.

As the piezoelectric cycles present a light shift due to the dif-
erent kinds of electrodes, we have calculated a piezoelectric mean
alue by:

33 m = (+d33 − (−d33))/2 (5)

hen the electric field is null.
The BST film gave a d33 value of 21 pm/V, while the value was

pm/V for BTS. The observed difference between these results
s of the same order than that given by the direct piezoelectric
oefficients. For comparison, the same measurement conducted
n a Sol–Gel PZT film [19] gave a d33 value of 26 pm/V, which
onfirms the great interest in ferroelectric BST films. Indeed, this
33 value measured on our Ba0.9Sr0.1TiO3 film is interesting for a
ead-free thin film when compared to relevant results. Guo et al.
4] measured a d33 mean value of 30 pm/V on an (1 0 0)-oriented
aTiO3 film deposited on a Pt/Si substrate covered by a LaNiO3

ayer, but this good value was obtained by a local measurement,
.e. piezoresponse mode of AFM (PFM). In fact, individual grains
xcited by a PFM tip can show really higher values of the remnant
33. Simoes et al. [5] measured an encouraging d33 value of 20 pm/V
or a CaBi4Ti4O15 film. Ferroelectric Na0.52K0.48NbO3 (NKN) thin
lm on Pt/Ti/SiO2/Si substrate, which was prepared using a radio

requency magnetron sputtering method, has given a piezoelec-
ric constant d33 of about 45 pm/V using the piezoelectric force

icroscopy [6]. (Bi,Na)TiO3–(Bi,K)TiO3–BaTiO3 epitaxial thin films
eposited on SrRuO3 coated SrTiO3 substrates exhibited a trans-
erse piezoelectric coefficient (e31,f) after poling at 600 kV/cm of
2.2 ◦C/m2 [7]. Starting from the displacement of the Pt/KNN/Pt
icro cantilevers, piezoelectric coefficients d31 of the KNN thin film
ere estimated to be 99–219 pm/V [8]. But the MEMS mechanism

s well known for its ability of producing higher displacement than
film clamped to a substrate. Lead-free piezoelectric thick films

5–17 �m) of potassium sodium niobate with lithium antimonate
0.5Na0.5 NbO3–LiSbO3 have given a d33 of 50 pm/V [9]. With a KN

ayer thickness of the BT–KN nanocomplex ceramics ranging from 5
o 45 nm, the apparent piezoelectric constant d33 has shown values
anging from 80 to 170 pm/V [10]. But this kind of sample structure,
.e. without any non-piezoelectric substrate, exhibits a completely
ifferent behaviour. It is worth to note here that most of piezoelec-
ric measurements made on thin films are related to the inverse
ffect and local measurements obtained by PFM, such as refer-
nces given here. So it is not really easy to compare piezoelectric
esults obtained on lead-free thin films as we have chosen here to

nly make macroscopic measurements by the direct and converse
iezoelectric techniques. And finally the choice done here to com-
are films all elaborated by sol–gel and deposited by spin coating
n Pt/Si substrates, has really given a good opportunity to compare

http://dx.doi.org/10.101
Fig. 7. Evolution of the piezoelectric coefficient d33 in function of the electric field,
given for a PZT film (a), a BST film (b) and a BTS film (c). All these measurements
were done in the same conditions on the different films.

PZT and BST responses in a good way as the same technique was
applied to the different samples for the d33 measurements.

Despite the different techniques of measurement, we can nev-
ertheless conclude that there is not so far any lead-free candidate
to replace PZT or PMN-PT in power piezoelectric applications like
actuators or sonar sensors. For microactuators, i.e. applications of
piezoelectric thin films, we have currently a factor 2 or 3 between

coefficients measured on PZT and lead-free films, when compared
the d33 coefficient of thin films. Finally all these results show
that lead-free ferroelectric materials, even dedicated to thin films’
applications like sensors or micro-devices, can be nevertheless

6/j.sna.2015.02.009 5
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onsidered as real challengers for PZT replacement in RoHS devices
nd green applications, except for power piezoelectric applications.
ctually many studies run to find the “ideal” lead-free candidate

hat might be used in various piezoelectric applications, including
igh temperature ranges where the material needs to possess a
igh Curie temperature, i.e. a high paraelectric to ferroelectric
ransition temperature.

. Conclusions

Ba0.9Sr0.1TiO3 and BaTi0.98Sn0.02O3 thin films were deposited by
classical sol–gel process on silicon substrates covered by a 200 nm
latinum layer. Due to its non-significant piezoelectric properties,
TS cannot be considered as a potential candidate for piezoelectric
pplications. Under our optimized annealing conditions (950 ◦C for
5 min), we gave the evidence that ferroelectric Ba0.9Sr0.1TiO3 is
real challenger to replace PZT in various integrated applications.

n fact, as the piezoelectric properties measured on our BST thin
lms were particularly significant, we assume that Ba0.9Sr0.1TiO3
ay be used in RoHS microelectronic devices, therefore for green

pplications where lead must be prohibited.
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