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bstract

An aerosol deposition method and its lift-off process have been integrated for fabricating thick lead–zirconate–titanate (PZT) films for MEMS
pplications. The thickness of the deposited PZT films can be controlled over a wide range from 2 �m to more than 18 �m. In an area of
0 mm × 70 mm, an optimum deposition rate of 5 �m/h has been observed. For 13 �m thick PZT films, the minimum linewidth of 30 �m has been
chieved. The fabricated thick PZT films exhibit a strong perovskite phase, after aerosol deposition at room temperature. To verify the functionality

f deposited PZT films, a 7 �m × 700 �m × 900 �m cantilever-beam resonator has been fabricated. The resonance frequencies of the PZT cantilever
esonator were measured and found to be similar to results of the finite element simulation. Finally, a functional 5 �m × 650 �m × 1200 �m PZT
antilever resonator was realized by annealing the PZT film at 500 ◦C.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Lead–zirconate–titanate (PZT) is a popular piezoelectric
aterial in microelectromechanical systems (MEMS). It has

een used in a large variety of micro-device applications, such as
icropump [1], micromotor [2], touch probe sensor [3], micro-

ower harvesting [4], and micro-piezoelectric transformer [5,6].
ypical deposition methods of PZT in micromachining include
ol–gel coating [7] and sputtering [8]. PZT film thickness
eposited by these two methods is usually less than 5 �m.

or some particular MEMS devices such as the micro-power
arvester and micro-piezoelectric transformer, higher power
fficiency relies on thicker piezoelectric layers, especially when
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he device pattern is constrained. In the trend to reduce the
imensions of micro-devices for system integration, effective
eposition techniques of thick films are therefore important.

In recent years, many deposition methods of thick PZT films
ave been developed. By using proper solvent in PZT sol–gel,
hick films can be fabricated without repeating too many coat-
ng iterations [9,10]. For example, Gentry et al. deposited PZT
lms by using repetitive dip coating [10]. PZT thickness from
to 100 �m has been demonstrated. Jacobsen et al. devel-

ped a hollow cathode sputtering device, which can deposit
ZT film as thick as 20 �m [11]. In addition, screen printing
12,13], a hydrothermal method [14], and molding techniques
15,16] have been proposed to deposit thick PZT films. Although
hese methods can deposit PZT films over 5 �m in thickness,
he related reports primarily focus on the material analysis of

he fabricated thick films. A sintering temperature greater than
50 ◦C is required in these methods for high piezoelectricity.
igh temperature has hindered the application of these methods

n MEMS fabrication when metals of relatively lower melting
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oints are present. Furthermore, pattering thick PZT films to
orm microstructures could be difficult.

Wet etching is commonly used to pattern thin PZT films.
ecause PZT wet etching is approximately isotropic, severe lat-
ral etching occurs as the PZT film thickness increases [17]. To
void lateral etching, the lift-off process could be an alternative
ethod to pattern thick PZT films. The photoresist adopted in

he lift-off process has to sustain high sintering temperature, if
he thick PZT films are deposited using previously mentioned

ethods. It has been observed that the removal of photore-
ist easily damages PZT films, even if the photoresist could
ustain high sintering temperatures [12]. Therefore, the lift-
ff process cannot be used to pattern thick PZT films unless a
ow-temperature deposition method is employed. Although dry
tching has been developed to pattern PZT films, its popular-
ty has been obstructed by associated toxic gas production and
igh costs [18]. Other methods of patterning thick PZT films
nclude molding [15] and dicing [19] techniques. However, they
an only make simple patterns and the feature size cannot easily
e smaller than 100 �m.

The aerosol deposition method was originally invented by
kedo and co-workers [20–22]. Its deposition rate for PZT films

s greater than that of all the aforementioned methods. In addi-
ion, associated low annealing temperatures of PZT films have

ade aerosol deposition methods suitable in MEMS fabrication
23,24]. PZT films of thickness from 1 �m to more than 100 �m
ave been deposited by using the aerosol deposition method.
o pattern thick PZT films, shadow masks have been employed
uring film deposition. Although it is simple and convenient, the
idewall with a 60◦ inclination would be induced by this manner
22].

This paper presents a process that fabricates thick PZT struc-
ures with micrometer feature sizes. The PZT film was deposited
t room temperature by a deposition method, and the lift-off
ethod was used to pattern PZT structures. This non-heating

eposition gives flexible design rules of PZT microstructures in
EMS fabrication. The deposited PZT films exhibit an apparent

erovskite phase after room temperature deposition. Based on
ur aerosol deposition setup, we will show a standardized PZT
rocess through the demonstration of a PZT thick cantilever
eam. The functionality of the fabricated cantilever beam will
e discussed.

. Methodology

.1. Aerosol deposition method

Fig. 1 shows the configuration of the aerosol deposition
quipment in this work. The primary principle of aerosol depo-
ition is to accelerate PZT particles to impact the substrates at
igh speed. As a result, the PZT film can be produced due to
article densification [20]. It should be noted that the types and
izes of PZT particles dominate the piezoelectric performance of

he devices after aerosol deposition. In this work, we used HCQ-
ype PZT powders (hard-doped PZT), which were prepared by
LECERAM TECHNOLOGY Co. The average particle diam-
ter of HCQ powders is 500 nm. Hard-doped PZT powders are

t
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t
i

Fig. 1. Configuration of the aerosol deposition equipment.

sually used in piezoelectric transformers and power harvesting
evices for their high quality factors. In our aerosol deposition
etup, the deposition rate can be controlled by changing the mov-
ng speed of the X–Y stage. In an area of 60 mm × 70 mm, the
ptimum deposition rate was found to be 5 �m/h. The surface
oughness of the deposited PZT film is 100 nm for the film thick-
ess of 10 �m. The substrate materials, such as Si, SiO2, SU-8,
lass, parylene, polyimide, ITO, Ni, Cu, Pt, Au, and Al, all show
eliable adhesion to the PZT particles.

.2. MEMS-compatible process of thick PZT film

In this work, we developed a special lift-off method to pat-
ern thick PZT films. The selection of sacrificial layers plays
n important role in our lift-off process. If the sacrificial layer is
oo soft, the PZT particles might penetrate through the sacrificial
ayer with high speed during aerosol deposition. The penetrated
articles would be deposited on the substrate, resulting in the
naccurate control of PZT patterning. Conversely, PZT layers
ould be formed undesirably on the sacrificial layer if the sacrifi-

ial layer is too stiff. In this case, a conforming PZT layer, which
onnects the PZT patterns with undesirable PZT layers, would
e generated. When the lift-off process is being conducted, the
esidual stress in the photoresist might peel off the PZT patterns
hrough the conforming layer. In our experiments, we found par-
icular photoresist of the sacrificial layers, which exhibits poor
dhesion to the PZT particles. The PZT conformation layers are
arely formed on this kind of photoresist during aerosol depo-
ition. Without forming such conformation layers, the effect of
esidual stress could be reduced. Therefore, intact PZT patterns
an be obtained.

Fig. 2 shows the flowchart of our MEMS-compatible process
or fabricating thick PZT films. A <1 0 0> silicon wafer with a

hin SiO2 isolation layer is used as the substrate onto which PZT
lms are deposited. First, potassium hydroxide is used to etch

he substrate from the backside until a silicon pattern of 100 �m
n thickness is left. The Si3N4 layer is used as the etching mask
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Fig. 2. PZT thick film process flowchart: (a) KOH etching the backside of silicon
until 100 �m thick silicon pattern is left; (b) evaporating Ti/Pt film and defin-
ing the pattern of bottom electrode; (c) depositing thick PZT film by aerosol
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ing was determined by a ferroelectric analyzer (TF ANALYZER
2000, aixACCT Co.). The electrical field used in the measure-
ment was 750 kV/cm, and the signal frequency was 100 Hz. The
measured P–E curve is given in Fig. 5. The remanent polarization
eposition method, followed by patterning the PZT film using lift-off process;
d) evaporating and defining Ti/Pt film to form top electrode; (e) releasing PZT
tructure by using deep dry etching silicon.

nd should be removed after this wet etching step. Afterward, the
ottom electrode, PZT layer, and top electrode are deposited and
atterned sequentially. Platinum serves as the electrode mate-
ial and a titanium adhesion layer is used. The annealing of
he deposited PZT layer can be conducted before or after the
op electrode is patterned. Then, the Ti/Pt/PZT/Ti/Pt structure
an be released by completely removing the silicon underneath
sing deep reaction ion etching (DRIE). The fabricated structure
s suspended and supported by PZT itself. Finally, poling of the
ZT films is performed. The deposition rate of HCQ-type PZT
owders using an aerosol deposition method can be changed
rom 3 to 10 �m/h in a 60 mm × 70 mm area. Using the opti-
ized deposition rate of 5 �m/h, the finest feature size of PZT

tructures can be obtained. In the lift-off process, the thickness of
he sacrificial layer should be controlled within 40–60 �m if the
esignated thickness of the PZT film is designed under 20 �m.
y using the developed thick film process, the cantilever beam
icro-resonators have been fabricated for demonstration.
. Material properties

The material properties of the deposited PZT films have been
easured using different apparati. Fig. 3 shows the scanning

F
d
t

Fig. 3. SEM micrograph of cross section of 18 �m thick PZT film.

lectronic microscopy (SEM) picture of a cross section of PZT
lm. In this work, the thickness of the deposited PZT film is
ound to be 18 �m. It can be observed that PZT particles are
ensely packed to form a thick film and cracks are barely found.
he deposition rate in this sample is 10 �m/h, and the deposition
rea is 60 mm × 70 mm. The surface roughness of the PZT film
s 1 �m; this larger surface roughness is caused by the higher
eposition rate. The crystalline phases of the PZT powders and
he deposited thick film with different annealing temperatures
re characterized by X-ray diffraction (XRD). The measurement
esult in Fig. 4 indicates that the PZT powders have a perovskite
hase, which remains in the thick film after room temperature
eposition. A stronger perovskite phase can be obtained at higher
nnealing temperatures. After 650 ◦C annealing, we observed
hat the sample has a more apparent perovskite phase than the
ample without annealing.

The P–E curve of 4.5 �m thick PZT film after 650 ◦C anneal-
ig. 4. X-ray diffraction scans of HCQ-type PZT powders and films with
ifferent temperature. The PZT film possesses perovskite phase after room
emperature deposition.
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with the simulation result. The deviation between these results
may be caused by the non-uniformity of the PZT film thick-
ness.
Fig. 5. P–E curve of HCQ-type PZT after 650 ◦C annealing.

nd coercive field are 11 �C/cm2 and 100 kV/cm, respectively.
he relative dielectric constant and dielectric loss at 10 kHz are
00 and 3%, respectively. As anticipated, the relative dielectric
onstant of the deposited film is lower than that of soft-doped
ZT material. A hard-doped PZT material would have a higher
uality factor, lower relative dielectric constant, lower dielectric
oss, and lower coercive field relative to the soft-doped mate-
ial. We verified this comparison by characterizing an MD-type
oft-doped PZT powder, which was also prepared by ELECE-
AM TECHNOLOGY Co. The relative dielectric constant and
ielectric loss of the soft-doped PZT were found to be 770 and
%, respectively.

. Results and discussions

For PZT films of 13 �m in thickness, the minimum linewidth
f 30 �m was created using our fabrication technique, as shown
n Fig. 6. The surface roughness of the PZT films is 100 nm.
n addition to line shapes, a more complicated PZT pattern has
een fabricated, as shown in Fig. 7. Smooth corners with the
inimum radius of 50 �m were achieved.
Suspended micro-cantilever beams of thick PZT film were

roduced in this work. The thickness of the fabricated PZT layer
s over 5 �m, which is stiff enough to mechanically support the
uspended structure without generating any cracks. Fig. 8 shows
suspended microstructure formed by four joint PZT cantilever
eams. This structure was created using the process given in
ig. 2, and the thickness of these beams was 15 �m. Vertical
idewalls of the PZT film can be observed in Fig. 8.

To verify the functionality of the PZT device fabricated
y our aerosol deposition method, a 7 �m × 700 �m × 900 �m
i/Pt/PZT/Ti/Pt cantilever beam was made. Fig. 9 shows the

abricated cantilever beam array on a silicon wafer. The thick-
esses of the Pt and Ti layers were 120 and 15 nm, respectively.
he thickness of the PZT film was 6.7–7.3 �m and the rough-

ess of the PZT film was 100 nm. Annealing of the PZT film
as conducted at 650 ◦C for 2 h and the poling condition was
V/�m in an electric field at 150 ◦C for 30 min. The PZT
antilever beam was characterized in the frequency domain
ig. 6. Pattern of 13 �m thick PZT structure with 30 �m in width fabricated by
ift-off process.

ith phase signals given by an impedance analyzer (HP4294,
ewlett-Packard Development Co.). The magnitude of the phase

ignals was 0.5 V. Finite element simulations in the frequency
omain of 2.5 Hz to 4 MHz were also performed to verify the
xperiments. A comparison of the measurement and simulation
esults is depicted in Fig. 10. The measurement result agrees
Fig. 7. A complex pattern of 10 �m thick PZT film.
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Fig. 8. SEM micrograph of a four-beam PZT structure.
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Fig. 9. PZT cantilever resonator array on Si wafer.

Finally, a 5 �m × 650 �m × 1200 �m workable Ti/Pt/PZT/
i/Pt cantilever beam, which was annealed at 500 ◦C for 3 h,
as also tested. The thicknesses of the Pt and Ti layers were

20 and 15 nm, respectively. The poling condition was 5 V/�m
n the electric field at 150 ◦C for 30 min. Fig. 11 demonstrates
he measured signals of the first and third longitudinal resonance
requencies.

ig. 10. Comparison of simulation and experimental results of PZT cantilever
esonator.

Fig. 11. Frequency response of 5 �m × 650 �m × 1200 �m PZT cantilever res-
o
(

5

d
a
c
d
t
1
w
d

nator after 500 ◦C annealing. (a) The first longitudinal resonance frequency;
b) the third longitudinal resonance frequency.

. Conclusion

A novel MEMS-compatible PZT thick film process has been
eveloped. PZT films can be deposited at room temperature by
n aerosol deposition method, and the thickness of these films
an be varied from 2 �m to over 15 �m. In this work, a high
eposition rate of 5 �m/h in a 60 mm × 70 mm area were found
o be the optimum parameters. Using the developed process, a

3 �m thick PZT film with the minimum linewidth of 30 �m
as created, which can be patterned to form any complex two-
imensional shape.
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To demonstrate the functionality of the fabricated PZT
evices, a 7 �m × 700 �m × 900 �m cantilever beam was con-
tructed. The measured resonant frequencies agree with finite
lement simulations. The perovskite phase of the PZT films
emains after aerosol depositing at room temperature, which
s an advantage that leads to annealing temperatures lower than
00 ◦C.
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