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Abstract Novel piezoelectric cantilever beams for micro
sensors and actuators based on PZT thin films have been
batch fabricated by surface micromachining. Lead zirco-
nate titanate (PZT) thin film is formed by metalorganic
deposition (MOD) on Pt/Ti/SiO2/Si (1 0 0) substrates and
Pt/Ti/LTO/Si3N4 cantilever beams and then annealed at
700 �C in air. The PZT thin film is 0.5 lm thick and has
dielectric permittivity of 1698, remanent polarization of
13.66 lC/cm2, and coercive field of 44.5 kV/cm. The
influence of deposition temperatures on PZT thin film
stress has been investigated. When continuously control-
ling the deposition temperatures, the stress of the thin film
is reduced from 0.313 · 108 to 0.269 · 108 N/m, that is
16.4% decrease. With the total 120 designed devices on 4-
inch wafers, the number of functional devices is increased
from 82 to 97, that is 12.47%.

1
Introduction
PZT thin films have been intensively investigated since
they offered promising piezoelectric and ferroelectric
properties that can be applied to microelectronic, opto-
electronic, and micromechanical devices [1, 2]. Recently
the PZT thin film has attracted more attention to its
applications to microelectromechanical systems (MEMS)
due to its desirable properties such as spontaneous
polarization, high piezoelectric constant, and pyroelec-

tricity [3–5]. There are several methods to deposit PZT
thin films such as sol–gel process which was employed to
fabricate ultrasonic micromotors [6], hydrothermally
synthesized PZT films which were deposited on metal to
form bimorph cantilever [7], screen printing PZT for dy-
namic micropumps [8], sputtering [9], laser ablation [10],
electron beam deposition [11], ion beam deposition [12],
metalorganic chemical vapor deposition (MOCVD)
[13, 14], and metalorganic decomposition (MOD) [15].
Here MOD is defined as a metalorganic deposition method
to spin-coat a PZT solution on substrates, then to cure and
anneal the PZT thin films by heating the substrates. The
precursors of MOD PZT are metalorganic materials dif-
ferent from that of sol–gel. The precursors of MOD PZT
are less harmful compared to that of sol–gel PZT. Among
all the techniques, the MOD method appear to be most
promising in the area of MEMS because it offers the
advantages of simplified apparatus, excellent film unifor-
mity, good composition control, high film density, high
deposition rate, excellent step coverage, and amenability to
large scale processing. However, currently very few reports
are available on MOD PZT films for MEMS applications.
At present cracking of the MOD PZT film is the most
serious problem to delay the applications of MOD PZT
thin films to micro devices. In contrast, the unique aspects
of this research are the following: (1) Novel MOD proce-
dures to fabricate MOD PZT thin films on Pt/Ti/SiO2/Si
(1 0 0) substrates and Pt/Ti/LTO/Si3N4 cantilever beams,
(2) Measurement of curvature change to characterize the
stress of PZT thin films, and (3) Demonstration of func-
tional piezoelectric cantilever beams based on MOD PZT
thin films to verify the process improvement.

Our primary objective to investigate MOD PZT thin
films is to batch-fabricate piezoelectric cantilever beams
for microsensors or microactuators, such as piezoelectric
accelerometers, micro force sensors, micropumps, active
valves, micromotors, etc.

2
Fabrication

2.1
Modified MOD for PZT deposition
For PZT layers, the modified MOD to form PZT thin films
on top of silicon substrates and cantilever beams has been
carried out. The PZT thin film deposition is the most
critical technique to fabricate successful piezoelectric
micro devices, while the selection of PZT precursors is the
first important step. Here the precursors are chosen as the
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following: titanium isopropoxide, zirconium acetoaceto-
nate, and lead acetate. A PZT layer will be formed by a
MOD spin-coating process. The base solution used in the
MOD spin-coating can be formed by the following steps:
(a) pipette 5.344 g Titanium Isopropoxide into a flask, (b)
add 16.128 Glacial Acetic Acid, (c) add 10.688 ml DI water,
(d) put 10.338 g Zirconium Acetoacetonate and 16.69 g
Lead Acetate in to the flask, (e) add DI water to bring the
total volume to 50 ml, and (f) add 1.742 g 30% H2O2 and
shake for 1 h. The previous MOD PZT thin film was spin-
coated at 125 and 425 �C, and annealed at 700 �C dis-
continuously. To reduce the cracking of PZT thin films, the
casting temperatures in our experiments are controlled
continuously. After PZT solution is spin-coated, the MOD
casting and annealing conditions to deposit PZT thin films
are listed in Table 1. The MOD PZT composition is
approximately Pb(Zr, Ti)O3. The ratio between Zr and Ti
is close to 1:1, making the PZT thin film to be crystalline
bonding structures.

2.2
Fabrication of piezoelectric cantilever beams
Figure 1 shows the main steps to fabricate piezoelectric
cantilever beams. First, etch cavities on a silicon water
using RIE dry etching. Next, a layer of PSG is deposited by
LPCVD and patterned inside the cavities, as shown in (A).
After that, Si3N4 and LTO SiO2 are deposited on top of PSG
by LPCVD again, as shown in (B). Then deposit Ti and Pt
as the bottom electrode, and coat PZT layers by modified
MOD. Following that, deposit another layer of Pt as the top
electrode, as shown in (C). After all of above deposition,
pattern the substrate from top to bottom to etch the top
electrode, the PZT layer, the bottom electrode, as shown in
(D). Finally, etch LTO SiO2 and Si3N4 to release the can-
tilever beams, as shown in (E).

3
Experiments

3.1
Stress measurement of PZT thin films
To prepare for the samples for stress measurements, the
following process is used to fabricate PZT thin films on 4-
inch Si (1 0 0) wafers. First, clean silicon wafers using RCA
method. Next 500 nm SiO2 is deposited on silicon wafers.
After that, 10 nm titanium as an adhesion layer of platinum
is deposited on SiO2, and 150 nm platinum as the bottom
electrode is evaporated on top of titanium by e-beam
evaporation. As the above the modified MOD procedures in

Table 1, PZT is coated on the bottom electrode (Pt) 4 times
to obtain 0.5-lm-thick films. Anneal the PZT films at
700 �C in furnace for 1 h. Finally, another layer of 100 nm
platinum as the top electrode is deposited by e-beam
evaporation. The above entire wafers with 0.5 lm PZT thin
films will be used as the samples for stress measurement of
PZT thin films.

Fig. 1. Main steps to fabricate piezoelectric cantilever beams

Table 1. Summary of modified
MOD casting and annealing
conditions to deposit PZT thin
films (Substrates: Pt/Ti/SiO2/Si
(1 0 0) wafers and Pt/Ti/LTO/
Si3N4 cantilever beams)

Process name/critical parameters Process conditions

First step Heat the substrates from room temperature to
125 �C, and keep 125 �C for 10 min

Second step Heat the substrates from 125 to 425 �C, and keep
425 �C for 10 min

Annealing and its temperature control Heat the substrates from 425 to 700 �C, then
anneal at 700 �C for 1 h, and finally cool down
generally to room temperature

Annealing atmosphere 1 atm
Annealing period 1 h
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To examine the stress of PZT thin films, Microsense
3114A-385 (Wafer Bow) is used to test the above samples.
The principle of the stress measurement is shown as Fig. 2.
The contact sensor will measure the relative vertical
positions of the wafer center and six points along the wafer
rim before and after the film deposition. Due to the
internal stress of the PZT crystallization, the stress will
change the bow of the wafer before and after the PZT
deposition. The stress of PZT thin films is defined as

r ¼ E= 1� mð Þð Þ � h2

6Rt
ð1Þ

R ¼ r2=2Dgradient ð2Þ
Dgradient ¼ ½center� arg � side�after

� ½center� arg � side�before ð3Þ
where r is the stress of PZT thin films, E is the Young’s
modulus, m is the Poisson’s ratio, h is the wafer thickness,
R is the effective radius of curvature ball, t is the film
thickness, r is the span of measurement circle, Dgradient is
the change in the bow of the wafer before and after the
PZT deposition, center ) arg � side is the height or verti-
cal position difference between the center and side average
(the average relative height of the six points along the
wafer rim).

After the bottom electrode Pt is deposited, the center
and seven side points of the wafer are tested by Microsense
3114A-385. After the PZT is coated and annealed, the
center and the same edge points are measured again. The
stress can be calculated from Eqs. (1)–(3). Two types of
samples have been prepared. One kinds of samples are
based on the previous MOD method by discontinuously
controlling temperatures, the others are by the procedures
in Table 1 by continuously controlling temperatures.
When continuously adjusting the casting temperature, the
stress of thin films is from 0.313 · 108 to 0.269 · 108 N/m,
that is 16.4% decrease.

Figure 3 shows the hysteresis loop that indicates the
dielectric and piezoelectric properties of modified MOD
PZT thin films using RT66 A. For the MOD based on the
continuously controlled temperatures, the 0.5-lm PZT
thin film has dielectric permittivity of 1698, remanent
polarization of 13.66 lC/cm2, and coercive field of
44.5 kV/cm. While for the same 0.5 lm PZT thin films
using MOD but the discontinuously controlled tempera-
tures, the dielectric permittivity is 1263, remanent polari-
zation of 11.40 lC/cm2, and coercive field of 57.9 kV/cm.
That is to say, after the MOD process is modified, the
properties of PZT thin films are improved. Table 2 lists the
properties of PZT thin films based on different fabrication
techniques. The remanent polarization and the coercive
field of modified MOD PZT film are comparable to pre-
viously reported values by other deposition methods. This
indicates that the PZT thin film formed by modified MOD
has the same composition and crystalline structures as the
PZT deposited by other techniques. The dielectric per-
mittivity of the PZT thin film by modified MOD is much
higher than the PZT by other techniques. There are two

Fig. 2. Principle of a PZT thin film stress measurement

Fig. 3. Hysteresis loop of a PZT thin film by modified MOD

Table 2. Properties of PZT
thin films by different fabrica-
tion techniques

Deposition methods Dielectric
permittivity

Remanent
polarization
(lC/cm2)

Coercive field
(kV/cm)

Sol–gel [6] 130 36 30
Hydrothermally Synthesis [7] 380 – –
Sputtering [9] 900 10 23
MOCVD [14] – 12.3 64.5
MOD [15] 1263 11.40 57.9
Modified MOD 1698 13.66 44.5
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possible reasons to support this remarkable differences.
The continuous temperature control probably makes the
PZT thin film more condense than the PZT formed by
other techniques. The limited residual organic compo-
nents may contribute to the increase of dielectric permit-
tivity. Usually organic materials or components have
higher dielectric permittivity than other general materials
or components.

3.2
Piezoelectric cantilever beams
To test the cracking reduction of modified MOD PZT
thin films, surface micromachining is carried out as the
key technique to fabricate piezoelectric cantilever beams.
The mechanical structure is formed with a low thermal
mass and low thermal conductivity to the underlying
substrate. A patterned 2 lm phosphosilicate glass (PSG)
film is used to define the air gap of the microstructures.
3 lm low stress silicon nitride is deposited and patterned
over PSG with holes for etching. The lateral dimensions
of low stress silicon nitride is 300 lm by 1000 lm. Low
thermal oxide 500 nm thick is deposited as the adhesion
layer of titanium. The next layers are titanium and the
bottom electrode platinum evaporated by e-beam evap-
orator. Then the MOD PZT thin film and top electrode
platinum are deposited. The top and the bottom elec-
trodes are etched by ion milling, while the PZT thin film
is etched by wet chemical etching. Another layer of
PECVD silicon oxide is deposited as the isolation layer
between the top and the bottom electrodes of the PZT
thin film. Aluminum with lateral dimensions of 500 lm
by 500 lm is evaporated and patterned as the bonding
pads. A layer of 1 lm silicon nitride by PECVD is used as
the encapsulation layer. Lateral etching of PSG layer
using hydrofluoric acid vapor is carried out to form the
membranes for cantilever beams. Finally, RIE is used to
remove the encapsulation layer to release the cantilever
beams.

The cantilever beams 1000 lm long, 300 lm wide, and
3.5 lm thick have been batch-fabricated successfully, SEM

photographically shown in Fig. 4. On each wafer, 120
cantilever beams have been designed and fabricated.
Continuously and discontinuously controlling casting
temperatures are both used, while coating MOD PZT thin
films on two types identical wafers, in order to compare
with each other about the internal stress and cracking.
Every cantilever beam has been tested on the two types
wafers. While the other situations are all the same, canti-
lever beams on 10 wafers by modified MOD and 10 wafers
by previous MOD are fabricated. The average functional
cantilever beams are increased from 82 to 97, that is
12.47%. The increasement of functional devices is due to
the reduction of stress and cracking.

As shown in Fig. 5, HP 4194 A Impedance/Gain Phase
Analyzer has been used to test the mechanical resonance
of the piezoelectric cantilever beam. This testing can be
integrated electrically with the cantilever beams using
standard CMOS processing. From Fig. 5, the first order of
resonance frequency is about 240 kHz. If the piezoelectric
cantilever beam works under the resonance frequency,
the amplitude of beam deflection will be the maximum.
Under this circumstance, the piezoelectric cantilever
beam can work as a resonant sensor or a resonant
actuator. If the piezoelectric cantilever beam works as a
static actuator or sensor, the frequency of driving signal
or the working frequency of the sensing system should be
far bellow the resonance frequency.

4
Conclusions
In summary, PZT thin films have been formed on Pt/Ti/
SiO2/Si (1 0 0) substrates and Pt/Ti/LTO/Si3N4 cantilever
beams by modified MOD method and then annealed at
700 �C in air for 1 h. The coating temperatures are con-
trolled continuously rather than discontinuously to reduce
the stress and cracking inside the PZT thin films.
According to the experiments, the properties of PZT thin
films are improved, the stress and cracking are reduced,
and the functional devices under the other same situations
are increased. A 0.5 lm PZT thin film has dielectric per-
mittivity of 1698, remanent polarization of 13.66 lC/cm2,
and coercive field of 44.5 kV/cm. The deposition tem-
perature dependence on thin film stress is investigated in
the MOD PZT thin film. When continuously controlling
the deposition temperatures, the stress of PZT thin film is
reduced from 0.313 · 108 to 0.269 · 108 N/m, that is a
change of 16.4%. Consequently, the number of functional

Fig. 4. SEM picture of a cantilever beam with MOD PZT thin
films Fig. 5. Impedance magnitude measurement
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devices is increased from 82 to 97, that is a change of
12.47%. The continuous controlling of the casting and
annealing temperatures of the modified MOD method is
very effective in aiding the improvement for PZT thin
films’ applications to microsensors and microactuators.
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