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Abstract: The paper reviews different aspects of deposition, integration, and device fabrication of PbZrTis xO3 (PZT) films for application in
micromechanical systems. The deposition of such films and the principal processes for their integration onto silicon substrates are now fairly well
mastered. Current efforts concentrate on tailoring the film properties for the various applications, and on optimization of the device designs and
patterning processes. Gurrent work on an ultrasonic micromotor and a pyroelectric IR detector is presented and discussed.

PZT tanke plasti za mikro senzorje in aktivatorje

Kljuéne besede: sistemi elektromehanski, PZT plasti tanke, integracija na substrate silicijeve, mikromotorji ulrazvocéni, IR detektorfi sevanja
infrardeega, PZT materiali feroelektriéni, MOCVD nanosi kemicni s paro kovina-snov organska, MQD dekompozicija kovinsko-organska,
mikroaktivatorji piezoelektricni

Povzetek: Prispevek v pregledni obliki podaja razlitne aspekte nanosa, integracije in izdelave komponent s PbZrTi1.xO3 ( PZT) filmi za uporabo
v mikromehanskih sistemih. Nanos teh filmov, kakor tudi nadini njihove integracije na silicijeve substrate so danes Ze precej poznani in dozoreli.
Trenutno so napori usmerjeni v prilagajanje lastnosti plasti razli¢nim uporabam, optimizaciji naértovanja komponent, ki jih uporabljajo, kakor tudi
procesom fotolitografije. V prispevku prikazujemo trenutno stanje in delo na podrogju uporabe teh plasti pri izvedbi ultrazvocnega motorja in
piroelektricnega IR detektorja.

1. INTRODUCTION 2. THIN FiLM DEPOSITION

In general, thin films allow an increase in functionality of A historical review of ferroelectric thin film deposition is
devices by miniaturization, and reduction of fabrication given in ref. /1/. Whereas before 1990 mostly physical
costs by batch processing. Integration onto silicon of- deposition techniques (evaporation, RF sputtering)
fers the possibility to apply silicon micromachining tech- were applied, chemical methods dominate at present.
niques, and to integrate sensor and electronics on the Metal-organic-chemicai vapor deposition (MOCVD) is
same substrate. In recent years, a number of research the preferred technique for IC applications, because of
groups have concentrated their efforts on the prepara- its superior step coverage. Metal-organic decomposi-
tion of the ferroelectric material PbZryTi1.xO3 (PZT) as a tion (MOD), with or without sol-gel reactions, is likely to
thin film, and its integration onto silicon substrates for emerge as the leading method for actuator and sensor
the development of ferroelectric memories, piezoelec- applications because of the low investment needed.
tric actuators and sensors, and pyroelectric infra-red Sputtering will keep its place in cases where a lowering
detectors. Various obstacles were and are encountered of the deposition temperature is of importance.

on the way to achieving a perfect film for a given device.
High quality films require deposition or annealing tem-
peratures of around 600 °C in oxygen or air. For this
reason the deposition process often is not compatible
with other materials in the device: Interdiffusion and/or
detamination may occur. Film growth conditions and
integration technology influence each other and both
affect the device performance. In this paper different
aspects of deposition, integration, device fabrication
and applications of PZT films are reviewed.

High quality PZT thin films can be grown with in-situ
deposition techniques like sputtering at 500 to 550 °C
12,3/, or with MOCVD at 700 °C /4,5/. The post-anneal
for sol-gel deposition has to be carried out at tempera-
tures between 600 and 650°C /6/. All processes usually
work with an excess offead. Lead or PbO desorb quickly
from the surface at these temperatures, as long as they
are notincorporated in the perovskite lattice. With in-situ
deposition technigues one observes a self stabilization
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of the lead content at stoichiometry above a critical
temperature, even for large quantities of excess lead
flux. The critical temperature depends on the deposition
method and is 700 °C for PbTiOz grown by MOCVD /7/,
and was foundto be lower for sputter deposition (550°C)
due to plasma effects /8/.

3. INTEGRATION

The choice of substrate is usually dictated by the appli-
cation or by the need to lower production costs. Hence,
the substrate is often not the most ideal one for growing
the ferroelectric thin film. The integration technology has
to solve adhesion and interdiffusion problems and
should provide a mean to arrive at the required film
microstructure. Finally, the patterning, i.e. the selective
etching of the involved films, has tc be mastered.

The most important substrate for micro systems is sili-
con. High quality PZT films cannot be grown directly on
it. Buffer layers are needed to prevent interdiffusion and
oxidation reactions. For most applications, the PZT film
has to be grown on an electrode, which obviously
should neither oxidize nor become insulating. The most
often reported materials include platinum, and the metal
oxides RuOz2 (rutile structure) /9/ and (La,Sr)CoO3 (LSC,
perovskite structure) /10/. Usually, the chemical barrier
function is provided by two or more layers, including the
electrode. PZT/PY/Ti/SiO2/Si is the most widely applied
sequence, where the Tiis needed as an adhesion layer.
Platinum does not inhibit the diffusion of Ti to the PZT
side, where it reacts with oxygen and serves as nuclea-
tion centers for PZT. There is also evidence that oxygen
migrates along the grain boundaries through the plati-
num film and reacts with the Ti layer /11/. For stable
electrodes the latter has to be preoxidized /11/. Barrier
schemes with insulating films, such as SiOg and SizNa,
cannot be applied when a direct electrical contact to a

Fig. 1: Scanning electron microscopy image of a
cross section of the layer stack
PZT/RuO2/Cr/Zr (the photo is up-side-down)
deposited for piezoelectric activation of thin
zirconium membranes (from ref. [12/, 0.6um

sputtered PZT).
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silicon or metal substrate is required. In this case, RuO»
electrodes are superior to platinum electrodes. in com-
bination with a second metal (e.g. Cr), which stops the
residual oxygen diffusion, RuO2 allows the growth of
PZT on very reactive refractory metals, such as zirco-
nium (see fig. 1) /12/.

The requirements with respect to film microstructure
depend on the application. For piezoelectric applica-
tions polycrystalline films may be sufficient. However,
for pyroelectric applications it is advantageous to have
atextured film with the ferroelectric polarization perpen-
dicular to the substrate plane. This is not easy to obtain
for PbTiOg, in which an additional complication arises
due to the cubic-to-tetragonal ferroelectric phase tran-
sition below the deposition temperature. With a perfectly
textured (100) film in the cubic high temperature phase,
only 1/3 of perpendicular polarization is obtained a priori
below the phase transition. The degree of perpendicular
polarization (c-axis orientation) finally obtained at room
temperature is strongly influenced by the thermal ex-
pansion mismatch between substrate and film /13,14/.
Well c-axis oriented films are obtained on SiTiO3 /15/
and MgO /16/ substrates, because their high thermal
expansion compresses the film upon cooling from the
growth temperature and the larger c-axis is switched out
of the plane.

Due to its much smaller thermal expansion, this does
not happen on silicon substrates. Even worse, if the
deposition process yields a tensile stress, as caused by
the shrinkage of the sol-gel preparation technique, its
stress is compensated by switching the c-axis into the
plane and thus useful polarization is lost. Sputter proc-
esses allow incorporation of a compressive stress dur-
ing in-situ deposition, and hence stronger c-axis
orientation /3/. With stress measurements as a function
of temperature itis in principle possible to determine the
degree of c-axis orientation {see fig. 2). Note that stress
compensation by 80° domain flipping works only above
about 300 °C.

sol-gel PZT 15/85

300 1
200 +

sputtered PT

Stress (MPa)
<

AuAHH Phasc transitions
400 4224 : : | ; i
200 300 400 500 600

Temperature (°C)

Film stress vs. temperature curves for a heat-
ing/cooling cycle. The curves result from the
difference between the substrate curvatures
with and without (etched off) P(Z)T film. Posi-
tive values indicate tensile stress, while nega-
tive indicate compressive stress. The phase
transitions are marked as known from bulk
ceramics. The intensity ratio 1(002)/1(200) of
the <100> sputtered film dropped form 1 to
0.8 due to thermal cycling. The sol-gel film
exhibited mainly (100) orientation. (The
measurements have been performed with a
commercial FLX 2900 system).

Fig. 2:
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With sol-gel deposition, (111) oriented PT films turned
outto be the better choice. Their pyroelectric coefficient
is close to the theoretical value expected for this orien-
tation (60 % of (001) single crystal coefficient), because
poling involves only switching of 180° domains.

Textured growth can be controlled by a number of
process parameters and by the electrode. The phenom-
ena observed in in-situ sputter deposition do not seem
to be so much different from those observed in sol-gel
deposition techniques. For the growth of textured PZT
films on platinum electrodes /17/ two nucleation re-
gimes are observed:

1. Self orientation of PZT (100). These faces have a
lower surface energy and thus the (100) orientation
is obtained under certain favorable circumstances.
These are: lead excess, which leads to a high mo-
bility; slow nucleation, i.e. no faster nucleation of
another orientation takes place; Tirich at the nuclea-
tion interface (The Ti may also come from below the
platinum.). With in-situ sputter deposition, (100) nu-
cleation of PbTiOg works very well, whereas for
PZT(100) a PbTiO3(100) template has to be applied
(see fig. 3) /8/.

2. Epitaxial orientation of PZT(111) on well textured
Pt(111). The close lattice match between these two
lattices is not sufficient to assure a good (111) orien-
tation. An additional “glue” is often required. A very
effective method consists of applying a 1 to 2 nm
thin TiO2 seed layer. It could be shown /18/ that this
film is textured, i.e. it grows epitaxially on Pt(111).
This seed layer promotes a quick nucleation of
PZT(111), during which it is dissolved in the PZT.
The method works as weil with in-situ sputter depo-
sition as with sol-gel techniques /18/.

Transmission electron microscope image of
a 30 nm thick PbTiO3 template film between
the platinum electrode (bottomn) and the PZT
film. The oblique stripes are caused by the
domain structure of alternating (100) and
(001) orientations (from ref. 8).

Fig. 3:
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4. ACTUATORS

Piezoelectricity is a competitive actuation principle for
micro-actuators and sensors. Compared to thermal
methods (bi-metal and shape memory alloys), piezo-
glectricity dissipates less heat and can be applied at
much higher frequencies. With regard to electrostatic
actuation, piezoelectricity demands less complex struc-
tures, exhibits a better linearity between applied voltage
and force, and yields a larger force output.

4.1 Operation principle

For actuation, the reverse piezoelectric effect is ex-
ploited between the E-field (Es) parallel to the polariza-
tion, being perpendicular to the film plane, and the
stress perpendicular to the polarization (1 and op) in
the film plane. These stresses create a bending moment
with respect to the neutral plane of a membrane or
cantilever structure. ltis clear thatthe passive part below
the piezoelectric film must be at least as thick as the
piezoelectric film. Compared to the usual e31 coefficient
for full clamping, the effective piezoelectric coefficient is
enhanced by the fact that the film is free to expand
perpendicular to the surface (direction of index 3). For
a uniform planar geometry one obtains /19/:

d31

e E
E E 3
Sﬂ +S12

Oz = ~Cg1en By =

The stress o1 can be determined from the resonance
frequency shift vs. applied dc field of a membrane
containing the piezoelectric film /19/. More often, the
strain x3 perpendicular to the film plane is determined,
as it can be accurately measured by means of double
side interferometry /20/ without need for structuring the
substrate. The so derived coefficient dasz is also an
effective value, whichis lowered by the substrate clamp-
ing /21/. In fig. 4 strain and frequency shift (stress) are
compared as a function of the applied dc voltage. The
two “butterfly” curves look pretty much the same and
illustrate how the thickness increase of the film (positive
strain) is accompanied by an increasing tensile stress
(positive frequency shift) in the film plane. The dz1/da3
ratio was derived, taking into account the elastic com-
pliance constants of bulk ceramics. The obtained values
between -0.4 and -0.5 are in agreement with bulk ce-
ramic data.

PZT thin films exhibit higher coercive fields (typically 50
kV/em) and higher break-down voltages (300 kV/cm)
than bulk ceramic PZT. It is therefore possible to drive
thin film devices with higher fields in order to compen-
sate partially for the smaller thickness (tp). (The relevant
force per unit width of the film is e31,eff - E3 - tp).

Ultrasonic actuators, such as stators for micromotors or
fork structures for resonant sensors, utilize diaphragms
or other structures in resonance. Here it is important to
consider the influence of the geometry on the coupling
constant, and to minimize the stress of the involved
films. If the thickness h of the passive part (low stress
nitride, silicon) is increased beyond about three times
the thickness of the PZT film, the square of the coupling
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constantk, k2, is decreased ash™', i.e., a smaller fraction
of electrical energy can be converted into mechanical
work. When k2 becomes less than tand, more energy is
dissipated than transformed into mechanical work. The
figure of merit of efficiency can be given as:
(e31,eﬁ)2-tp/(e~tan6). Ideally the PZT film thickness is
about half as thick as the supporting silicon structure.
In this case, an effective coupling constant keff of 0.40
has been caiculated for a cantilever /22/. Tensile fim
stresses have to be avoided, because they drastically
reduce the coupling factor in the range of small silicon
thicknesses, where the coupling constant would be
highest.
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Fig. 4: Normalized strain measured perpendicularto

the film plane by optical interferometry, and
the normalized frequency shift of a resonating
membrane, as a function of the applied dc
voltage. The latter is proportional to the in
plane stress (from ref. /19/, 0.6um sputtered
PZT 45/55, two different substrates). The pie-
zoelectric coefficients evaluated from the
slopes are: dsseff = 50 pm/V, 31,eff = 4 C/mZ.

4.2 Ultrasonic micromotor

The first characterization of a functional PZT thin film
micro motor has recently been performed /23,24/. A
hybrid type motor was applied, which utilizes static
deflection waves of an ultrasonic thin film stator. These
are transformed into a rotational movement by an elastic
fin rotor /25/. The motor could be operated with voltages
of less than 1.0 Vims. A maximal torque of 0.3 uNm was

gear
— centring wheel
ey e spacer
_ 7 ) AT ~a—  Siwafer
electrode membrane P

Fig. &5: Schematic cross section through the set-up

of the elastic fin motor.
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achieved with 2.4 mN normal force applied between
stator and rotor. The highest speed observed was 20
rps. Fig. 5 shows a schematic cross section of the motor
set-up, and in fig. 6 a picture of the electrode structure
is displayed. Moving rotor and gear are shown in the
video picture of fig. 7.

Fig. 6: Image of the ultrasonic stator as seen from
the electrode side. The outer diameter of the
ring shaped electrode is 3.6 mm (from ref.

/24/.

Fig. 7: Video picture of working micromotor. Rotat-
ing rotor (bottom) and load wheel (top) are
seen. The static wheel fixes the axle (from ref.

/23/).

Stators with 1 um thick sol-gel deposited PZT 45/55 of
(111) orientation have been investigated for various
thicknesses (15 to 100 um) of the passive silicon part.
fn fig. 8 the speed vs. applied ac voltage is displayed.
The application of an additional dc bias increases po-
larization and piezoelectric constant, and thus the rota-
tion speed of the motor. There is a threshold voltage of
0.510 1.0 Vims below which there is not enough ampli-
tude for initiating the rotation. Above the threshold, the
speed increases linearly with the applied ac voltage,
and thus the deflection amplitude. The torque at zero
speed saturates at low voltages of 1 to 2 Vims at 0.25 to
0.3 uNm, which must be the value of the frictional torque
/25/ for the applied normal force. Speed and torque per
voltage, as well as the threshold voltage, did not change
with varying silicon thickness. It must be concluded that
the motor receives a constant fraction of the mechanical
power delivered by the stator, as this power does neither
change in the given thickness range.
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The output power of the motor was measured as 1 to 2
UW/Nms typically (independent of silicon thickness).
This is for the thinnest membrane (i.e. 15 um thick
silicon) 4 x10™* times the reactive power delivered to the
capacitance, and hence also smaller than the dielectric
loss power (tand = 0.03). The square of the effective
coupling constant k%efr, measured as 0.03 from imped-
ance measurements, is arough measure for the amount
of electrical energy that is converted into mechanical
work of the membrane. The transmission efficiency
between stator and rotor therefore seems to be rather
small. For an improvement, the normal force needs to
be increased, in order to increase the frictional torque.
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Fig.8: Revolution speed as a function of applied ac
voltage for a stator with 50 um thick silicon
and a 1 um thick PZT film (B1o mode at 108.1
kHz, /24)).

5. INFRA-RED DETECTORS

Pyroelectric infra-red detection is a potentially important
application for ferroelectric thin films. Compared to bulk
devices, thin film devices exhibit a small thermal time
constant (t) and thus work better at higher frequencies,
which is interesting for thermal imaging. Several indus-
trial laboratories therefore have programs for the devel-
opment of 2-dimensional arrays /26/. Due to the small
heat capacity of thin film elements, heat conduction to
the substrate (acting as heat sink) must be reduced.
Silicon micromachining is a very convenient technique
to tailor the thermal properties. Very thin ceramic mem-
branes of 0.9 um can be fabricated in this way as a
supporting structure /27/. The thermal insulation by
such membranes is so effective that the cooling by air
convection becomes dominant /28/.

The output of a pyroelectric can either be measured as
a voltage response Ry or a current response Rj. The
frequency behavior of a simplified situation is shown in
fig. 9. In contrast to bulk sensors, thin film sensors have
electrical time constants (te typically 10 to 100 s) that are
larger than the thermal ones (ith typically 30 ms or
smaller). This has an important advantage: The noise
voltage drops already in the intermediate frequency
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range between inverse electrical (1/te) and inverse ther-
mal time constant (1/tw), which is the ideal range for
voltage detection (see fig. 10).

log response

1/te 1ih

log frequency
Fig. 9: Log-log scheme of current and voltage re-
sponse, together with the impedance for the
typical thin film situation where the thermal
time constant is much shorter than the elec-
trical one. Thermal wave length effects are
neglected. (G is the thermal conductivity, H
the heat capacity.)
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Fig. 10:  Noise equivalent powers (NEP) of different

sources for a model element with 1 mm?
surface and cooling by air convection only,
calculated from experimentally verified pa-
rameters. (Formulas from ref. /31].) The dis-
played frequency is normalized to 1/te

An array of 900 x 400 x 1.5 um elements on SigN4/SiO»
membranes has been realized /28,29,30/. In order to
avoid the above mentioned orientation problem of
tetragonal PZT, the 1.6 ym thick PZT 15/85 film was
grown in (111) orientation by sol-gel techniques, apply-
ing the TiO2 seed layer. Black platinum was taken as
absorbing layer on top of PZT (see fig. 11). A voltage
response of 800 V/W was obtained at 1Hz, and a current
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response of 15 uA/W was measured at more than 20 Hz
/29,30/ (see fig. 12). Thermal wave length effects ac-
couni for the increase of the current response above the
calculated behavior in fig. 12. The elements exhibited
typically a noise voltage of 1 uV at 1 Hz /28/, correspond-
ing to a noise equivalent power of 1.2 nW. This low noise
level is in agreement with the calculations of fig. 10.
Although the thin film elements do not have yet the
sensitivity of LiTaOg single crystals at the low frequency
of 1 Hz, their signal fo noise ratio is as good.

IR absorbing layer

etched sificon cavity

silicon ™

Fig. 11:  Typical structure of pyroelectric elements on
a thin membrane fabricated by means of mi-

cromachining (only a fraction is shown).
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Fig. 12:  Measured voltage and current responsivities
(dots) as a function of modulation frequency
fora PZT pyroelectric array element (from ref.
/29/). The full lines are calculated responses.

6. OUTLOOK

Ferroelectric thin films offer alternative solutions for
microsystems in the field of microactuators and sen-
sors. ldeal designs still have to be done, especially in
the case of piezoelectric devices. Improvement of fitm
properties can certainly be expected, since there is still
room for optimizing film composition and microstruc-
ture. Thicker films are of great interest, since they allow
to increase the force output of actuators, and to de-
crease the dielectric noise of sensors. Finally, the deg-
radation of PZT films in ac (vibrating structures) and dc
applications (switches) has to be studied.
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