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Abstract: The results for the sintering of Bi;Ti30,, (BIT)-doped BaTi gsZry 503 (BTZ) thick films, deposited by electro-
phoresis, using as heating source a CO, laser are presented. The thermal process associated to the laser scanning sintering
(LSS) acted in a similar way as a two-step-sintering process. This characteristic together with the high heating rate al-
lowed us to obtain thick films with an average grain size of 200 nm, high relative density (~96%) and with a homogene-
ous microstructure. The X ray diffraction profile analysis show evidences for Bi** replacing Ba®" at the A sites.
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1. INTRODUCTION

Research on ferroelectric and piezoelectric thick films
(thickness above 20 um) is of fundamental importance for
the development of microelectromechanical systems
(MEMS) due to its higher sensitivity, larger mechanical
force and broader working frequency range when compared
to thin films [1-3]. One of the most versatile techniques for
thick films production is the electrophoretic deposition
(EPD). Two features of this technique are the shaping of free
standing objects and the possibility to deposit thick films on
planar substrates. The process starts from liquid suspensions
of nanometer size powders that are deposited through the
application of direct current (DC) potentials. This method
employs the phenomenon of the movement of colloidal par-
ticles suspended in a medium when subjected to an electric
field [2, 3].

The quality of the thick films devices is directly depend-
ent on the sinterization process after the deposition. Sintering
is an important step in ceramic processing and it is a deter-
minant factor for the microstructure and properties of the
produced material. So far, the study of new techniques for
sintering has been of great interest as it offers the possibility
to optimize the density, grain sizes and other important ce-
ramic characteristics [4, 5]. As an example, we can mention
the microwave sintering [6], spark-plasma sintering [7, 8],
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two-step-sintering [5, 9] and the laser sintering [10, 11].The
two-step-sintering has been particularly proposed as a simple
and less expensive process where the grain growth in the
final stage of the densification is suppressed thus allowing
producing dense materials with nanometer-scale structure [5,
9]. In this technique, a first stage at high temperatures is used
to obtain a critical density, and after this, a second stage at
lower temperature is used to obtain high densities without
grain growth. The suppression of the final-stage grains
growth is achieved by exploiting the difference in kinetics
between grain-boundary diffusion and grain-boundary mi-
gration [9]. The laser sintering has been proposed as a new
process where the conventional heat source is replaced by a
laser beam. The process involves less expensive cost and
made it possible to obtain ceramics with small grains growth
and optimal characteristics [11-13].

One of the most interesting materials studied for the
production of ferroelectric thick films is the BaTi, Zr,O;
compound. Studies have shown that in appropriate amounts,
Zr*" induces an increase of the dielectric constant, tunability
under biasing electric field and a reduction of the low-
frequency dielectric losses [14]. In this work, we present the
production and laser sinterization results for pure and
Bi4Ti301;, (BIT) doped BaTi gsZr 1505 thick films. The films
were deposited by electrophoresis and sinterized with a CW
CO; laser in scanning mode. Based on our results, we also
present evidences that a two-step sintering process may take
place in thick films laser sintering technique.
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2. EXPERIMENTAL PROCEDURE

BaTi; Zr,0; (x=0.15) (BTZ15) powders were prepared
through a modified polymeric precursor (Pechini) method,
starting from zirconium, titanium citrate and barium acetate
solutions. The material was heat\treated at 600 °C for an
annealing time of 2 h. The powder showed primary particles
of ~20 nm and agglomerates of ~100 nm, according to scan-
ning electron microscopy (FEG-SEM) observations. Details
of the powder preparation and structural characterization
may be found in Ref. [15].

The suspensions with 2 g/100 ml concentration were
prepared with BTZ15 powder in a mixture of acetylacetone
(Acac) and ethanol (EtOH) (1:1 volumetric ratio). The sus-
pension was homogenized for 2h and, as an aid for sintering,
1 and 2 mol % of Bi T30y, (BIT) were introduced during
the milling. The depositions were made at room temperature
using two polished platinum plates (10 mmx15 mmx0.3
mm), which worked as a substrate (cathode) for BTZ15
deposition and counter electrode (anode). The electrodes
were placed parallel with a separation of 15 mm and a volt-
age of 200 V was applied. A green-body (deposit) with ex-
cellent homogeneity, thickness of ~50 um and a relative
green-density of ~50% was obtained. More details of deposi-
tion may be found in Ref. [3].

The experimental apparatus used to make the laser scan-
ning sintering (LSS) is presented in Fig. (1) and consists in a
high-power continuous wave (cw) CO, laser (a) (Synrad 60-
1) which was directed on the pre-heated thick film at 350°C
in order to prevent thermal shocks (g). The system sam-
ple/furnace scanning was performed by a micro-processor
controlled X-Y stage (f) and it allows for sinterization of
thick films with dimensions up to 70 mm in length and width
of 10 mm. Finally, we have used one KBr cylindrical lens (d)
with the intention to increase the scanned surface. This lens
changes the circular laser spot into a line-shaped focus (see
insert). The temperatures were monitored throughout the
laser scanning process with S-type thermocouple (0.25 mm
diameter) positioned on the thick film surface (Fig. 2). The
thermocouple was attached to the center of the film while it
moves under the laser line. The laser power was maintained
constant at 37 W to reach the onset of densification of the
BTZ15 (~1230 °C) [11].

The structural investigation and phase formation were
done by powder X ray diffraction technique in a XRD —
Rigaku Rotaflex RU-200B, using Cu Ko radiation. The
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Fig. (2). Monitoring of the temperature dependence on the

time/distance during the translation of the laser line in the course of
the laser scanning sintering (LSS).

measurements were carried out at room temperature in con-
tinuous mode, in the 20 range between 20° to 80°, and in
steps of 0.02°. In order to identify and quantify the phases
and to determine the cell parameters, the X ray diffraction
profiles were adjusted by the General Structure Analysis
System software (GSAS 2004). The Thompson—Cox—
Hastings pseudo-Voigt function was used to define the
profile shape while the background was modeled using a
Chebyshev function. Overall isotropic displacement tem-
perature factors were used.

Average grain size of the BTZ15 sintered thick films was
evaluated by the intercept method [16] directly on the scan-
ning electron microscopy (Zeiss DSM 960). An image ana-
lyzer was used to determine the area fraction and conse-
quently the apparent porosity on the polished surface [12].

3. RESULTS AND DISCUSSION

The profile temperature obtained during the dynamic
process of the LSS is presented in Fig. (2). The laser line is
positioned, initially, on the film/substrate distant 6 mm of the
thermocouple (see insert). The scanning speed used was 6
mm/min [12]. In this case, the temperature increase is due to

Fig. (1). Schematic representation of the laser sintering system. a — CO, laser, b — He-Ne laser, ¢ — ZnSe spot divisor, d — KBr cylindrical
lens, e — Reflector mirror, f — Pre-heated furnace, g — Xy translation system.
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the heat transfer between film and substrate. During the
translation of the thick film under the laser line (6 mm/min)
the temperature increase was 140 + 20°C/min (Fig. 2 — 1).
This heating rate was constant until the position of the laser
line has crossed the thermocouple. In this region, the tem-
perature rate changed to 1800 + 400°C/min (Fig. 2 — Il) and
the thick film reached the ideal sintering temperature.

Fig. (3) presents the temperature as a function of the
distance of the thermocouple to the laser line (thermal gradi-
ent). The thermocouple was positioned in the same way as
shown in Fig. (2) and the temperature deviation was esti-
mated in an average of 30 acquisitions with the X-Y stage
stopped. As observed in Fig. (3), the temperature profile has
two very distinct characteristics (thermal gradients). These
temperature gradients can be related to: 1) the approximation
of the heating source (18 °C/mm); ii) the fast rise of the tem-
perature due to the translation of the film towards the laser
line (1 mm in diameter) (255 °C/mm). As a result, of i and ii,
the thick film is sintered with two distinct heating rates and
also two different steps of temperature.

Since the film and substrate present a great difference in
its thermal conductivity, initially, in a standstill situation, the
laser heats the film locally and below the beam the film
reaches temperatures of approximately 1230 °C. At this
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point, the thermal diffusion in the substrate occurs in the
direction of the length of the film. Since the platinum sub-
strate has a thermal conductivity much greater than the BTZ
film, this will be responsible for the distribution of tempera-
ture (~1000 °C). As a result of this temperature regime, the
translation of the laser beam on the thick film can be de-
scribed as the shift of Fig. (2) curve on the whole thick film.

The morphology and the thickness of the sintered film
were examined by scanning electron microscopy. Fig. (4)
and Table 1 present the grain size and apparent porosity for
pure and BIT-doped BTZ15 (1 and 2 mol %) for 4 laser
scans. Inserted in the Fig. (4), we present the SEM images
for the three samples. In all the cases, the films are crack free
and presented mechanical resistance. The BIT introduction
results in an important porosity reduction. Likewise, the
direct comparison between the thick films without and with 1
and 2 mol % of BIT allows us to observe that the grain size
has significantly decreased with the increasing of the BIT
content. It was observed a grain size of 200 nm for BTZ15 —
2 mol % BIT, which is about twice the size of the starting
powder agglomerates (Table 1). This result represents a
reduction of approximately 165 % as related to the film with-
out BIT. This is a result that appears to be contradictory with
the literature [17]. The densification process from the liquid
phase sintering mechanism is generally accompanied by a

1300 T T T T — T
5 £ |2
°_ 1200+ 1S & E
E 2 ol. k, k,
= >
= ] & > Karzas
; A n [e=iei= t Korzis
[ 8 ™ — —1—.
o l Key
2 1000+ E
E —
[1}] 1o
= 0 o
900 w 18°C/mm T
2
0 1 2 3 4 5 6

Distance "laser-

thermocouple" (mm

Fig. (3). Temperature as a function of the distance of the thermocouple up to the laser line (thermal gradient). The thermocouple was moved
and the deviation was estimated in an average of 30 acquisitions of temperatures with the laser line stopped.
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Fig. (4). Porosity and grain size dependence with the BIT value for the LSS thick films. The inserts present SEM micrograph of BTZ15,
BTZ15 — 1 mol% BIT, and BTZ15 — 2 mol% BIT cut, polished and thermally-etched.
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Table 1.
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Apparent porosity, grain size and grain growth dependence with the BIT value for the LSS thick films. The grain growth

values (%) were evaluated in relation to the starting powder agglomerates (~100 nm)

Thick Film Composition

Apparent Porosity

Grain Size

Grain growth (%) in Relation to the Agglomerates of ~100 nm.

BTZ15

14+4 %

530+180 nm

430%

BTZ15 1mol% BIT

7+3 %

250+110 nm

150%

BTZ15 2mol% BIT

412 %

200£60 nm

100%

small increment of the grain size morphology, becoming
abrupt around the melting points with increasing firing tem-
perature [4, 17]. In fact, it has been recently reported that the
BIT introduction in BaTiO; based materials has resulted in
an increase in the grains growth [18].

Since all our samples were sintered in the same condi-
tions, this result can only be related to the thermal process
during the LSS. In other words, it is possible to describe the
LSS as a two-step sintering, but with a pre-treatment. How-
ever, the second-step sintering proceeds in a “frozen” micro-
structure on the presented conditions of LSS only when BIT
is added to BTZ15. In accordance to the two-step sintering
process [5, 9], the feasibility of densification without grain
growth relies on the suppression of grain-boundary migration
while keeping grain boundary diffusion active. The kinetic
“window” for which this is possible in second-step sintering
depends on the density obtained in the first stage of sintering
(~ 75 % in density) [5]. In the LSS of BTZ, this density is
reached in the first stage only with the BIT introduction.
Therefore, the BIT doping had the effect of shifting the ki-
netic window to a lower temperature thus making possible
the grain size decreasing with the BIT introduction.

Fig. (5) shows the XRD patterns corresponding to the
LSS thick films prepared with pure (a) BTZ15, (b) BTZ15 —
Imol% BIT and (c) BTZ15 — 2mol% BIT. The cell parame-
ter and phase quantification, performed from the XRD data
are shown in Table 2. The good agreement between the ex-
perimental data and the model used in the analysis are evi-
dent in the difference curve of each XRD profile (Fig. 5). It
was observed for all compositions the formation of a phase
compound isostructural with the cubic (Pm-3m) BaTiO;.
Hong-Hsin Huang [19] have studied the tetragonality of
Ba(Zr,Ti;4)O; ceramics using the Rietveld Method and they
observed that both lattice parameters a and ¢ continuously
approach each other when the Zr*" is increased. This phe-
nomenon is caused by Ti*" replacing Zr*" at the B site of the
perovskite structure, creating an enlargement of the B site
and thus a larger increase of the a value than the c value.
However, for x=0.15 the authors observed also some tetra-
gonality (a/c=0.9986) that was not detected in our LSS thick
films. We believe that this characteristic is associated with
the LSS sintering on a rigid substrate (constrained shrinkage)
that can result in stress, lattice deformations and tetragonality
decrease. Accordingly, the formation of the starting BTZ15
phase may be assumed with a pseudo-cubic symmetry. The
secondary phase observed in all the compositions (Fig. 5a-C)
is due to the platinum substrate (26 = 39° and 46°).
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Fig. (5). X-ray diffraction patterns and Rietveld refinement of the
LSS thick films prepared with pure (a) BTZ15, (b) BTZ15 —
1mol% BIT, (c) BTZ15 — 2mol% BIT.
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Table 2. Phase Quantification and Cell Parameters Obtained from the X-ray Diffraction Profile Adjusted by the GSAS Software
LSS BTZ15 LSS BTZ15 1%BIT LSS BTZ15 2%BIT
Lattice Parameter (A) 4.0337 4.0382 4.0530
% of Ba,TiO, - <1.0 1.5

In the present study, the XRD results reveal that the lat-
tice parameter increases with the increasing of BIT content
(Table 2). The BiyTizO;, (BIT) was added as an aid for sin-
tering (1 and 2 mol %). However, the lattice parameter al-
terations are an evidence of reaction between the composi-
tions, and a formation of a new compound. We believe that
Bi*" is replacing Ba’" at the A sites. This hypothesis is in
good agreement with the experimental data, see Fig. (5b and
C).

To further understanding the above phase development
trend, the possible reaction for BTZ15 — 2mol% BIT can be
presumed as:

BaTigg5Z1(1505 + 0.02 BiyTi501,

if the Bi*" is incorporate in Ba®" site, the formulation is,
Ba_Bisy sl ly3Tig 852101503

and the reaction become,

Bag ssBig.0sTio.s5Z10.1503 + (Bag 12 + Tig.06=0.06Ba,TiO4)

Meanwhile, Fig. (5b and c) indicates the formation of
two distinct phases that were identified to be isostructural
with the cubic BaTiO;, as major phase, and yet the cubic
Ba,TiO,, as minor phase (insert in Fig. 5¢).

The films thicknesses were studied by optical microscopy
before and after the sintering. Fig. (6a and b) shows the
lateral profile for a thick film (BTZ15 — 1mol% BIT) sin-
tered in the optimized conditions (solid line). The thick film
thickness before sintering (dot line) and the highest tempera-
ture in thick film surface (dash dot line) were also shown.
The green thick film deposited presented thickness of (50 +
5)um. After sintered, the thickness was of (26 = 5)um (Fig.
6a). In detail are shown images of the thick films cut-cross
section which present a homogeneous interface between the
film and substrate. As can be seen (Fig. 6a) the samples
presented a low pores concentration and crack-free micro-
structure.

We can observe a constant thickness in all extension of
the thick film and an edge effect (thicker deposition) in the
first ~0.5 mm (Fig. 6b). This edge effect is attributed to the
electric field concentration around the edge of the exposed
metal during EPD process which causes a higher powder
deposition in this region.

The film shrinkage is constant in the LSS. However, in
Fig. (6b) the scanning was stopped before scanning the
whole thick film and it was shown the last laser position
before turning the laser power off. The dynamic of shrinkage
during the scanning can be analyzed after the 3 mm point
(Fig. 6b), where the laser is immediately turned off. It can be
observed two steps of contraction: i) one carried out exactly
under the laser line, in the maximum temperature (~40 %);
ii) the other shrinkage occurs with the heating front (~20 %).
This is a clear evidence for the two-step sintering process in
the laser sintering technique.

4. CONCLUSIONS

Thick films of BisTi30;, (BIT) - doped BaTijgsZrg 1503
(BTZ15) were successfully sintered using a CO, laser as heat
source. The related thermal process during the laser scanning
acted in a similar way as a two-step sintering, and this inter-
pretation may introduce a new form of seeing and work with
the laser sintering. The utilization of the system developed
for the sintering along with the addition of the BIT resulted
in a grain size decrease and a significant decrease in apparent
porosity. X-ray diffraction reveals the increase in the cell
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Fig. (6). (a) Thicknesses variation of the film during the LSS. The
experimental points were obtained by analysis of optical micros-
copy images. The insert presents SEM micrograph of the BTZ15 —
2 mol% BIT thick film cut, polished and thermally-etched. (b)
Thicknesses variation of the film during the LSS when the scanning
was stopped before scanning the whole thick film. It is indicated in
the figure the point where the laser is off (3 mm). Also it is shown
the sintering temperature during the scanning.
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parameters of BTZ15 with the addition of BIT. This is evi-
dence of the reaction between the compositions, and a for-
mation of a new compound, where the Bi*" is replacing Ba*"
at the A sites. For the 2 mol% additivation we obtained films
with excellent density (apparent porosity of ~4%) and re-
duced grain size (~200 nm).
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