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bstract

Lead zirconate titanate (PZT) thick films have been successfully grown on Pt/Ti-coated (1 0 0) Si substrates by a novel aerosol plasma deposition
APD) method at room temperature. The dielectric constant (K) and loss tangent (tan δ) of the as-deposited film measured at 100 kHz are 223 and
.034, respectively. The dielectric properties of the film are improved considerably by subsequent microwave annealing: K = 745 and tan δ = 0.024

re achieved for films which are microwave-annealed at 600 W for 3 min, and K = 1049, tan δ = 0.027, and remanent polarization (Pr) = 32 �C cm−2

or films annealed at 800 W for 3 min. These values are comparable to those of PZT films grown by conventional deposition methods with high
ubstrate and/or post-annealing temperatures.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lead zirconium titanate (PZT)-based thin and thick films
re promising candidates for electronic, micro-sensing, micro-
ctuating, microelectronic mechanical system (MEMS), and
on-volatile memory applications due to their superior ferroelec-
ric and piezoelectric characteristics. Common deposition pro-
esses for PZT films are RF magnetron sputtering, metal organic
hemical vapor deposition (MOCVD), metal organic decompo-
ition (MOD), and sol–gel, etc. [1–3]. PZT films produced by
ost deposition processes require post-annealing at relatively

igh temperatures (>550 ◦C) in order to attain preferable crystal
rientations and dielectric and mechanical properties. However,
igh annealing temperatures might cause problems such as inter-
iffusion between layers, large residual stresses, compositional
hanges, and lead loss, etc., which hinder the wider integration
f PZT films into various MEMS fabrications [4–6]. In order to

liminate or minimize these problems, low temperature prepa-
ation of PZT films at both the deposition and post-annealing
tages is desirable. In the present study, low temperature depo-
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ition of PZT thick films on silicon substrates (with platinum
lectrodes) by a novel aerosol plasma deposition (APD) method,
ombined with subsequent microwave annealing, is described.
he deposition phase of APD is carried out at room tempera-

ure, while the temperature during annealing ranges up to 420 ◦C,
epending on the microwave power. The design and operating
rinciples of APD reported in the present study are developed
ased on the concept of aerosol film deposition originally pro-
osed by Akedo and co-workers [7–9].

. Experimental procedure

Sr- and Nb-doped PZT powder, (Pb0.95Sr0.05)-
(Zr0.52Ti0.48)0.98Nb0.02)O3, is chosen for the aerosol deposi-
ion. The powder is prepared by solid-state reaction where PbO,
rCO3, ZrO2, TiO2 and Nb2O5 are mixed, ball-milled for 18 h,
nd then calcined at 900 ◦C for 2 h. The calcined powder has a
rain size of 200–500 nm. Fig. 1 shows the SEM image of the
owder. The APD apparatus is schematically shown in Fig. 2;
onstruction details of this apparatus have been previously

resented [10]. PZT thick films are deposited by APD on
t/Ti-coated (1 0 0) Si substrates, which are maintained at room

emperature throughout the deposition process. The aerosol is
ormed by introducing a carrier gas of Ar/O2 mixture into a

mailto:jayshieh@ntu.edu.tw
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Fig. 1. SEM micrograph of PZT powder prepared by solid-state reaction.

g
i
o
a
a
i
s
c
s
t
i

T
T

C
A
D
N
N
M
S

F
(

m
t
t
C
R
o
t
a
m
fi
a
a

3

fi
F
i
2
s
t
t
c

Fig. 2. Schematic of the APD apparatus.

lass jar containing the PZT powder. The PZT aerosol then
nteracts with a microwave-driven plasma before impacting
nto the substrate under vacuum. The deposition parameters
dopted in the present study are listed in Table 1. To obtain

uniform film thickness across a large area, the substrate
s placed on an XY stage and bi-directionally scanned at a
peed of 1.5 mm/step, using a zigzag pattern. Fig. 3 shows the

ross-sectional SEM micrograph of the PZT film achieved in a
ingle zigzag deposition maneuver (about 1.5 �m thick). The
ypical thickness of the film specimen prepared for this study
s about 6 �m, achieved by overlapping four repeated zigzag

able 1
ypical operating parameters for APD film deposition

arrier gas volume ratio Ar:O2 = 2:1
erosol chamber pressure (Torr) 480
eposition pressure (Torr) 3.3
ozzle orifice (mm) Ø1.1
ozzle/substrate distance (mm) 50
icrowave plasma power (W) 1200

ubstrate temperature Room temperature
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ig. 3. Cross-sectional SEM micrograph of PZT film prepared by APD
achieved in one zigzag deposition maneuver).

aneuvers. After film deposition, instead of plasma generation,
he microwave system in the APD apparatus now would become
he source to provide the necessary energy for post-annealing.
rystalline phases of the film are identified via XRD using a
igaku D/max-B diffractometer with a Cu K� radiation source
perated at 40 kV and 30 mA. The surface microstructure of
he film is analyzed via scanning (Hitachi S-4700 FE-SEM)
nd transmission (JEOL JEM-3000F FEG-TEM) electron
icroscopies. The dielectric and ferroelectric properties of the
lm, sputtered with 0.6-mm diameter circular Au top electrode,
re measured by a HP4194 LCR meter and a ferroelectric
nalyzer (aixACCT TF2000), respectively.

. Results and discussion

Crystalline phases of the PZT powder and deposited PZT
lms with different post-annealing conditions are shown in
ig. 4. It is evident that the amplitude of the perovskite peaks

ncreases with increasing microwave annealing power. For
θ = 31◦ of perovskite (1 1 0) orientation, the characteristic peak
hifts to the right with increasing microwave annealing power;
his is believed to be caused by residual stresses raised from
he microwave treatment and also from the impact of parti-
les onto the substrate during the deposition phase. The trace
f Pt shown in Fig. 4 is from the electrode layer of the sub-
trate. Pyrochlore (2 2 2) characteristic peak, representing an
ntermediate phase for amorphous to perovskite transformation,
ppears at 2θ = 29.55◦ under the annealing condition of 600 W
f microwave power for 3 min. The pyrochlore phase is pro-
uced in order to decrease the activation energy necessary for
he perovskite transformation. In contrast, when the microwave
nnealing power is increased to 800 W, again for 3 min, the
yrochlore phase is completely transformed into the PZT per-
vskite structure. The temperature of the substrate is measured

t 162 and 420 ◦C, respectively, with a type-K thermocouple,
fter running the microwave system at 600 and 800 W for 3 min.

Data shown in Fig. 5 indicate that the dielectric constant,
, and loss tangent, tan δ, of the as-deposited film measured at
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Fig. 4. XRD traces of (a) original PZT powder, (b) as-deposited PZT film, (c)
PZT film annealed at 600 W of microwave power for 3 min, and (d) PZT film
annealed at 800 W of microwave power for 3 min.

Fig. 5. Dielectric constant and loss tangent of APD-prepared PZT thick films
measured at various frequencies.
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00 kHz are 223 and 0.034, respectively. These dielectric prop-
rties are improved significantly with subsequent microwave
nnealing. As shown in Fig. 5, K increases to 745 and 1049
nd tan δ decreases to 0.024 and 0.027 for films microwave-
nnealed at 600 and 800 W, respectively, for 3 min. These values
re comparable to those of PZT films heat-treated at 550–700 ◦C
or 30 min by common oven-based annealing techniques [11].
he present study shows that good dielectric properties of PZT

hick films can be achieved at relatively low temperatures and
hort time frames with suitable post-microwave treatments.
ig. 6 shows the surface SEM images of the PZT thick films
icrowave-annealed at 600 and 800 W for 3 min. The grain size

f the films is about 200–500 nm, similar to that of the original
owder; however, there is a clear difference in the grain shape
comparing Fig. 1 with Fig. 6). Agglomeration of the powder
articles during deposition is minimized by plasma agitation,
nd when the PZT particles accelerate onto the substrate, the

eformation of the particles occurs.

The measured dielectric hysteresis curves for the as-
eposited film and films annealed at 600 and 800 W for 3 min

ig. 6. Surface SEM micrographs of (a) PZT film annealed at 600 W for 3 min,
nd (b) PZT film annealed at 800 W for 3 min.
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re shown in Fig. 7. It is evident from Fig. 7 that a full ferroelec-
ric cyclic behavior only becomes apparent when the microwave
nnealing power reaches 800 W. The PZT film annealed at
00 W exhibits a remanent polarization (Pr) of 32 �C cm−2 and
coercive field (Ec) of 79 kV cm−1. These values are compara-
le to those of PZT films heat-treated at 550–800 ◦C for 1 h
y common oven-based annealing techniques [12]. Fig. 8(a)
s a bright-field (BF) TEM image of the surface of the PZT
lm annealed at 800 W for 3 min. The selected area diffrac-

ion pattern (SADP) of the dotted region identifies the PZT
rain. The elemental composition of this PZT grain is analyzed
y energy-dispersive X-ray spectrometry (EDS) and the result
s shown in Fig. 8(b). The EDS data indicates a composition
f Zr/Ti ≈ 48/52, which situates at the tetragonal side of the
orphotropic phase boundary (MPB). Furthermore, the ratio

f atomic percentages of A-site cation (Pb) to B-site cation
Zr and Ti) to oxygen in the ABO3 perovskite structure is

ery close to 1:1:3, indicating a negligible lead loss. The TEM
xamination confirms that high quality PZT thick films can be
repared successfully by APD, in conjunction with microwave
nnealing.

F

ig. 8. (a) Bright-field (BF) TEM image of the surface of 800W-annealed film show
pectrum from the perovskite PZT grain shown in (a).
ig. 7. Dielectric D–E hysteresis curves for PZT films prepared by APD.

ing an individual PZT grain with the corresponding SADP attached. (b) EDS
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. Conclusions

Lead zirconate titanate (PZT) thick films have been success-
ully grown on Pt/Ti/Si substrates by a novel aerosol plasma
eposition (APD) technique at room temperature. The dielectric
onstant and loss tangent of the as-deposited film measured at
00 kHz are 223 and 0.034, respectively. These dielectric prop-
rties can be improved significantly by subsequent microwave
nnealing. The microwave system in the APD apparatus, initially
mployed for plasma generation, would provide the necessary
nergy for film annealing during the annealing stage. As demon-
trated in the present study, the dielectric constant increases to
45 and 1049 and loss tangent decreases to 0.024 and 0.027
or PZT thick films microwave-annealed at 600 and 800 W,
espectively, for 3 min. A remanent polarization of 32 �C cm−2

nd a coercive field of 79 kV cm−1 are achieved for PZT thick
lms annealed at 800 W. SEM and XRD analyses of the films
how that there exists a pyrochlore phase which gives rise to
dverse effects on the dielectric properties of the films. The
resent study shows that the pyrochlore phase can be elimi-
ated effectively by increasing the microwave annealing power.
he dielectric properties of the PZT thick films prepared by

PD and microwave-annealed at 800 W for 3 min are compa-

able to those of PZT films grown by conventional deposition
echniques with high substrate and/or post-annealing tempera-
ures. APD is therefore a novel technique which could allow

[

[

[
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ZT thick films to be integrated successfully into MEMS fabri-
ations.
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