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Abstract

PZT powder has been synthesized via re-
active dry milling using PbZrO, and Pb-
TiO, as starting materials. Stable sus-
pensions of the PZT particles in eth-
anol (dSO(Vol) = 115 nm) were ob-

tained by a chemomechanical disper-

68



sion step. The electrophoretic deposi-
tion has been optimized varying the
cell voltage and the PZT solid con-
tent in the suspension. PZT films have
been deposited on platinum coated sap-
phire. After drying, the films are densely
packed and free of cracks. By using lith-
ium acetate and lead acetate as a sinter
aid it was possible to reduce the sinter-
ing temperature to 1050°C. A gold elec-
trode has been sputtered onto the piezo-
lectric films which then have been poled
by the corona method. The circular PZT
dots (@ = 2 mm) with a thickness of 1
pm show the expected oscillation reso-
nance at about 2 GHz and can be used
in acoustic lenses, for example in acous-

tic microscopes.

Introduction

In liquids acoustic waves in the gigahertz
range are known to have wavelengths
comparable to that of visible light [1]. In
acoustic microscopy this property is used
to determine the elastic structure of sam-

ples in a mechanical scanning system.

The basic component in an acoustic mi-
croscope is the acoustic lens. This is a
simple device made of a single-crystal sil-
icon-substrate supporting the piezoelec-
tric unit which is composed of the piezo-
electric ceramic (mostly ZnO) and two
electrodes [1]. The working-frequency of
the lense depends on the thickness of the

ceramic layer.

The piezoelectric properties of PZT (sto-
ichiometry in this work: Pb(Zr, ,Ti

052 L 45)
O, exceed the ones of ZnO. So the cou-

pling factor of PZT is higher by a factor
of 3 than that of ZnO [2]. The piezoe-
lectric constant d,; is higher about a fac-
tor of 10 [3].

So it should be promising to replace
the ZnO ceramic by a PZT ceramic to
make the advantages of PZT available
for acoustic microscopy. In this work an
acoustic lense, in which a piezoelectric
PZT-ceramic is built by electrophoret-
ic deposition (EPD), has been produced.
EPD is chosen because of the easy proc-
ess control in comparison to sputtering
or chemical vapour deposition of PZT.
Via EPD, stoichiometry and phase puri-
ty of the end-product is already fixed be-

fore the deposition process.

In the EPD-process it is possible to create
highly uniform ceramic films [11]. Elec-
trophoretic shaping is suitable for han-
dling powders in the nanometer-range,
since deposition velocity is independent
from particle size. An adequately stabi-
lised suspension of the particles is a pre-
condition for a successful deposition. The
stability of colloidal suspensions is de-
scribed by the DLVO-theory [12, 13], la-
belled by Derjaguin, Landau, Verwey and
Overbeck. According to that theory sur-
faces of colloidal particles are regarded as
capacitor plates. In a suspension, electro-
chemical double layers form at the capac-
itor’s surfaces. The range of the resulting
repulsive forces is higher than the range
of the attractive Van-der-Waals forces,
which leads to a stabilization of the sus-

pension.

Due to an applied electric field, charged

particles in the suspension move to the
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oppositely charged electrode, where they
agglomerate to a dense green film. This
green film has to be sintered to high den-
sities and to be poled to make it suitable

for sensors and actuators.

Experimental

The PZT powder used in this work is
synthesised by a mechanochemical proc-
ess. In a high energy ball mill provided
with a jar (125 ml) and balls made of
tungsten-carbide, commercially available
PbZrO, (Aldrich) and PbTiO, (Aldrich)
powders with a particle size distribu-
tion in the sub-pm-range are mechano-
chemically treated to get a single phase
PZT-powder with a stoichiometry of
Pb(zro.szTioAs
photropic phase boundary. To determine

)03, which is near the mor-

optimal parameters for the mechano-
chemical process, rotation velocity, ball-
to-powder weight ratio and rotation time
are varied. The phase transition to PZT is
observed by an X-ray diffractometer (Sie-
mens D500). In previous works different
conditions are described to get PZT by

mechanochemical treatment [4, 5].

After the mechanochemical synthesis of
the powders, the particles are strongly ag-
gregated. So, a further chemomechan-
ical dispersion step is applied. This step
is accomplished in a laboratory ball mill
(Fritsch, Pulverisette 6) with a ZrO -jar
and ZrO,-balls with 0.3 mm diameter in
ethanol charged with an organic surface
modifier, an oxocarboxylic acid. In us-
ing a carboxylic acid, among electrostatic
stabilisation as described in the DLVO-

stainless steel
counter-
electrode <+——>
20 mm
plastic body —* b
—

RN S

Fig. 1: EPD-cell.

theory, a steric stabilisation by the car-
bon chains is given. This combination
is known as electrosteric stabilisation. In
this way, the particles are deaggregated
in a stabilized PZT/ethanol-suspension
for use in the electrophoretic deposition
process. Ethanol is used as dispersion me-
dium because of experiences made by Ma
[8, 9, 10]. The particle size distribution is
determined by an ultrafine particle ana-
lyzer (UPA 400, Grimm). Further on the
particles are characterized by SEM and
EDX (JEOL, JSM 6400 F).

16 short-circuited bottom-electrodes
made of platinum are sputtered on to
the sapphire-substrates. To avoid flak-
ing of the electrodes during the sinter-
ing a sputtered 10 nm adhesive layer be-
tween substrate and platinum electrodes
is used. The dimensions of the substrates

are 5 cm x 5 cm x 2 mm. The resulting
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Pt-dots have a diameter of 5 mm and a
thickness of 200 nm — 1 pm. For use in
acoustic microscopy, the thickness of the
electrodes should be as low as possible to

avoid loss of sonic energy.

To optimise the electrophoretic process,
it is necessary to vary the cell voltage, the
solid content in the suspension and the
deposition time. The {-potential of the
PZT-suspensions are measured at various
pH values adjusted by NaOH and the
surface modifier, an oxocarboxylic acid.
After that, the pH has to be regulated to
the maximum value of the {-potential to
get a stabilized suspension. The design of
the EPD-cell is shown in Figure 1. The
substrate with the short-circuited elec-
trodes is fixed and electrically contacted
by a stainless-steel clamp. The metrics of
the counter electrode made of stainless-
steel are 80 mm x 50 mm x 2 mm. The
distance of the electrodes is fixed at 20
mm. The cell is connected to a DC volt-
age source, counter electrode at positive

pole, substrate at negative pole.

After deposition, green films are treated
with a sintering aid. Van Tassel and Ran-
dall propose a sintering aid made of me-
thyl ethyl ketone containing lead ethyl-
hexanoate and lithium acetate with a
small addition of methanol to dissolve
the acetate [6]. In this work a similar
aid is used made of lithium acetate-di-
hydrate, lead acetate-dihydrate, methyl
ethyl ketone and methanol.

Sintering is accomplished in a cement
sealed AL O,-crucible with a lead-source
to avoid the loss of lead in the PZT-film

during the sintering process. Lead-source

is a commercially available PZT-Powder
(EPC, Ltd., PZT 856). The influence
of the sintering aid is determined by a
dilatometer and by SEM-images (JEOL,
JSM 6400 F).

After the sintering process the top-elec-
trode made of gold is sputtered on the
PZT-films and the films are poled using
the corona-method [7]. Now the func-
tionalised coatings are ready to be char-
acterised in a network analyzer (Hewlett
Packard, HP 8719D). The analyzer gen-
erates a microwave-signal, which is sup-
plied into a coaxial cable enclosed by the
sample. The configuration is shown in

Figure 2.

network-analyzer

coaxial cable *

test probe -

N <

corbino-adapter

PZT-coating

Fig. 2: Configuration for electrical characterisation of functional coatings.
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The result of this measurement is the re-
flection factor S, . It describes the per-
centage of the reflected energy at differ-
ent frequencies. So a high reflection fac-
tor means a low absorption of energy by
the sensor. Analysis is focused at the fre-
quency range around the resonant fre-
quency of the system, that depends on
PZT-film- thickness.

Results and Discussion

In Figure 3 the X-ray patterns for mech-
anochemical synthesised PZT-Powder
are shown. The ball-to-powder weight ra-
tio was 20:1 and the rotation velocity was
at 300 rpm. To reveal the formation of
the PZT-phase, samples are taken out of
the milling-jar after 15 min, 30 min, 60
min and 120 min and analyzed by X-ray-

diffraction.

The phase transformation to Pb(Zr,
Ti, ,)O, can be observed by investi-
gating the (120)-Peak of PbZrO, and
the (100)-Peak of PbTiO,. Within 120
minutes the lattices of the raw materials
PbZrO, (orthorhombic) and PbTiO, (te-
tragonal) transform to the new lattice of

Pb(Zr, ,Ti )O, (trigonal/tetragonal).

0.48

Contamination by tungsten-carbide is
neither detectable by X-ray-diffraction
nor by EDX. The product is a yellow
PZT-powder with aggregates of 300 nm
to 1 pm (Figure 4).

The measured particle size distribution

confirmes the SEM-results (Figure 5).

In the following dispersion step, the
PZT-powder is deaggregated in ethanol
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Fig. 3: X-ray-patterns of mechanochemical synthesised Pb(Zr

20:1, 300 rpm and reference pattern for Pb(Zr,_, Ti )

charged with an organic surface modifier
within 7 hours to a relatively narrow par-
ticle size distribution with a d, value of
115 nm (Figure 6).

The {-Potential of the modified powder
shows a maximum at pH 8.5 (Figure 7),
measured in ethanol. Values of pH are
adjusted by NaOH and the surface mod-

ifier, an oxocarboxylic acid.

According to that, EPD is carried out at
pH 8.5 adjusted by the surface modifier.
The solid content in the suspension is 2
g PZT per 100 ml ethanol. Higher con-
tents lead to cracks in the coatings, low-
er contents lead to porous coatings. In a
similar way, the morphology of the coat-
ings depends on deposition time. There
is only a narrow working-window to get
dense coatings, free of cracks. Best re-

sults are achieved with suspensions of 2 g
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PZT per 100 ml ethanol and deposition
times between 10 and 15 seconds under
an electric field of 30 V/cm. The thick-
ness of the coatings is about 1.4 — 2 pm,

depending on deposition time.

Figure 8 shows a fracture crossection of a
PZT-green-film deposited on a sputtered
Pt-electrode on polycrystalline Alzos.

Deposition time was 10 sec.

After deposition the green-films are re-
wetted with the sintering aid, a mixture
of lithium acetate-dihydrate, lead ace-
tate-dihydrate, methyl ethyl ketone and
methanol. While drying, most of the sol-
vents evaporate leaving behind the metal
organics, which are then burned out dur-
ing the sintering process. The films are
sintered at 1050 °C for 30 min.

The average grain size, as determined by
inspection of a fracture crossection of
the film, is about 500 nm. The thickness
of the films is about 1 pm, which cor-
responds to a resonance frequency at 2
GHz.

Figure 9 shows a fracture surface cross-
ection of a sintered PZT-film on a sput-
tered Pt-electrode on sapphire. Top view
of the coatings shows a dense crack free

surface (Figure 10).

X-ray diffraction pattern for the films in-
dicates that the films are phase pure PZT.
Reactions with the substrate are not ob-

served (Figure 11).

After sputtering the gold-top-electrode
onto the PZT-films, the films are polar-

ised by the corona method for 60 min at
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Fig. 5: Particle size distribution by volume of

mechanochemical synthesised PZT-powder.

a voltage of 4 kV/cm and a temperature
of 150 °C, shown in Figure 12.

Now, the completed sensors are charac-
terised by a network analyzer. Figure 13
shows the result of the analysis. As ex-
pected, there is a resonance at 2 GHz. At
that frequency nearly 80 % of the incom-
ing energy is absorbed by the sensor-sys-
tem, what relates to the oscillation of the

PZT-film in thickness mode.

Figure 14 shows the top view of one of
the 16 completed sensors. In the middle
the gold electrode is visible. The PZT ce-
ramic is located between the little gold
electrode and a bigger platinum electrode
on the sapphire. The sapphire becomes
apparent by the shadow of the platinum
electrode in the background. It can be
observed that the PZT ceramic is trans-
parent for visible light. This can be as-
cribed to a grain size of 500 nm inside
the ceramic, comparable with the wave-

length of visible light.

Conclusions

Transparent crack-free PZT thin films

for use in acoustic microscopy are pro-
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Fig. 6: Particle size distribution by volume of
mechanochemical synthesised PZT-powder, dis-

persed in ethanol for 7 hours in a ZrO,-jar.
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Fig. 7: C-potential of the synthesised PZT-powder

in ethanol at various pH values.

Fig. 8: Fracture surface crossection showing a
PZT-green-film deposited on a sputtered Pt-elec-
trode on polycrystalline ALO,.



duced by mechanochemical synthesis,
electrophoretic deposition and sintering
of PZT-powder. As expected, the polar-
ised films show a significant resonance at
about 2 GHz.

Problems like delamination of the sput-
tered ground electrode were solved by us-

ing an adhesive layer.

The sinter aid, the surface modifier and
the synthesised nano-powders lead to ho-

mogeneous crack-free PZT-coatings.

This work was presented at the 10th In-
ternational Conference of the Europe-
an Ceramic Society, June 17 - 21, 2007,

Berlin and can be cited as:
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Wet Chemical Syntheses of Ag-
nanoparticles

Introduction

The synthesis of nanoparticles with well
defined size, morphology and crystallini-
ty becomes more and more important to
advance in the field of nanotechnology.
Especially high-temperature wet-chemi-
cal syntheses are very promising to realise

the production of particles with narrow

size-distribution and a sufficient yield
[1-4]. Beside this goal, for industrial pur-
poses it must be taken into account, that
the chemicals costs as well as the expenses
for processing are within acceptable lim-
its. In addition, the nanoparticles have to
be sufficiently stabilised to ensure their
subsequent treatment. In this article, a
synthesis-route for silver-nanoparticles
is described which fulfils the above men-
tioned criteria to a large extent. Further-
more, particle size and size-distribution
can be varied to some degree by changing
the solvent, the heating-rate, the maxi-
mum-temperature and the duration of

synthesis.

Experimental

Materials

Diphenylether 99 % (DPE), dibenzyl-
ether 99 % (DBE), dioctylether 99 %
(DOE), 1-hexadecene 92 % (1-HD) and
oleic acid 90 % (OA) were purchased
from Aldrich, 1-octadecene 90 %
(1-OD) from Alfa Aesar, 1-eicosene 85
% (1-Eic) from ABCR, tri-n-octylami-
ne 98 % (TNO) from Acros, silver nit-
rate 99 % (AgNO,) and oleylamine 70
% (OAA) from Fluka. All chemicals were

used without further purification.

Syntheses

Synthesis route 1

In a typical synthesis, 10 ml solvent (for
example DBE) and 8 mmol (2.26 g) OA

were mixed in a 100 ml three-necked

75

high Voltage

Neadle

n
é {Corona Paint)
)

FTFE

< grounded Fence

5 G Lt e

Ansoft Corporation - Harmonica ® SV 8.5

D:PROJEKTEVAK-LinselWessdatenlibmt_2212.ckt

Fig. 13: Dependence of the reflection factor S 11

of various frequencies

Fig. 14: Completed sensor, image made by light-

optical microscope



	JB2007.pdf



