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Structural and electrical properties of
antiferroelectric lead zirconate thin films prepared
by reactive magnetron co-sputtering
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The structural and electrical properties of antiferroelectric lead zirconate thin films were
investigated. The films were prepared by a reactive magnetron co-sputtering method
followed by rapid thermal annealing. The crystallized films showed (240) preferred
orientation on platinum-coated silicon substrates. The lead content in the films was found to
affect the crystallization temperatures, the preferred orientation, the film morphology and
the electrical properties. In particular, the hysteresis behaviour is sensitive to the amount of
lead. The electric field forced transformation from the antiferroelectric phase to the
ferroelectric phase was very similar to that observed in single crystals at room temperature,
with a maximum polarization value of 70 uCcm 2 The average field required to excite the
ferroelectric state and that for reversion to the antiferroelectric state were 290 kVcm ™" and
180 kV cm ~ " respectively. The dielectric constant was 200 with an associated loss of 0.05 at
1 MHz. The Curie temperature was 248°C at 1kHz. The conduction mechanism of the films

was similar to that observed for lead zirconate titanate films.

1. Introduction

Advances in thin film preparation and integration
techniques are making ferroelectric and dielectric thin
films more attractive for possible applications in
microelectronic, micro-optical and  microelec-
tromechanical systems (MEMS). The unique proper-
ties of ferroelectrics and dielectrics permit the design
of new kinds of passive devices, transducers and sen-
sors by using semiconductor technology and integrat-
ing them into silicon circuits. Lead-based perovskite
ferroelectrics such as lead zirconate titanate and lead
titanate, and dielectrics such as barium strontium
titanate have been studied extensively in recent years.
Good charge storage ability as well as stability during
processing and superior electrical characteristics are
required in order to use these materials as capacitors
on semiconductor devices. The piezoelectric proper-
ties and pyroelectric properties of such films are used
[17] in integrated transducers such as microactuators
and micromotors [2], hybrid sensors such as IR de-
tectors and acceleration sensors, and electro-optical
devices such as light switches, frequency modulators
and wave guides [3].

Antiferroelectrics are alternatives to ferroelectrics
and other dielectrics in these applications. Antifer-
roelectric (AFE) materials are those in which the ionic
chains are polarized spontaneously and the adjacent
chains of ions of one kind are polarized in the opposite
direction, so that there is no net spontaneous polariza-
tion [4]. Lead zirconate (PbZrO3) was the first com-
pound identified as an antiferroelectric [5]. An electric
field forced phase transformation from the AFE phase
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to a ferroelectric (FE) phase occurs in PbZrO; be-
cause of the small free energy difference between the
two phases. Fesenko et al. [6] have reported on phase
transformations which occur in PbZrOj single crys-
tals. It was observed that different hysteresis loops can
be induced at different temperatures and electric fields.

The AFE to FE transformation results in a large
strain in the material caused by the difference in vol-
ume between the two phases. Several papers have been
published on the modification of PbZrO; to achieve
a large transformation strain. It has been suggested
that tin doped lead zirconate titanate can demonstrate
strains up to around 1% [7-9]. This is extremely
interesting for transducer applications. Typical double
hysteresis loops resulting from the field forced
AFE-FE phase transformation are useful for charge
storage devices. The switching releases a large amount
of charge when the applied electric field is removed.
Conversely, the linear section of the polarization-
electric field curve (i.e. the low field AFE region) can
be used for capacitor applications. This has the
advantage of bias-independent capacitance coupled
with a reasonably good volumetric efficiency.

In bulk ceramics, however, the AFE-FE trans-
formation is difficult to observe at room temperature,
as the electric field required to induce phase switching
is often larger than the dielectric strength. Brodeur
et al. [9] did, nevertheless, observe multiple phase
transitions in AFE bulk ceramics. However, there are
several recent reports that show that PbZrOj thin films
will undergo room temperature field-induced phase
switching with appreciable induced strains [10-18].
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PbZrOj; thin films prepared by reactive magnetron
co-sputtering were reported recently, in which the elec-
tric field induced transformation was observed for (240)
oriented films [197]. In this work, the effect of Pb content
on the structural and electrical properties of these films
is described in detail. Data on the temperature depend-
ence of the permittivity and conduction is also reported.

2. Experimental procedure

PbZrO; thin films were prepared by a reactive mag-
netron sputtering method. Individual three inch
diameter targets of Pb and Zr were employed and
controlled with independent power supplies. A de-
tailed explanation of the system was given in previous
reports [19,20]. The Pb content in the films was
changed by controlling the power to the Pb target.
Ar/O, in the ratio of 90/10 was used as the back-
ground gas with a total gas pressure of 10 m Torr. All
films were deposited on wunheated Pt(200 nm)/
Ti(20 nm)/Si0,/Si substrates. Following deposition,
the films were crystallized using rapid thermal anneal-
ing (RTA). The Pt film had a (11 1) preferred orienta-
tion. In order to achieve high reproducibility of the
films, the operating power, voltage and current for
each d.c. plasma was monitored during the deposi-
tions. The sputtering operation was controlled mainly
by current because the operating voltage gradually
increased after several runs. This phenomenon was
caused by the degradation of the surface of the Pb
target. Small cone-shaped bumps were observed on
the degraded Pb target. When these values changed,
the targets were polished to return them to their initial
state. The power for the Zr target was kept at a con-

stant value of 250 W and that for the Pb target was
controlled by changing the current value from 40 to
65 mA. The corresponding powers ranged from 12 to
21 W. Since the films shrank significantly during the
heat treatment, the room temperature deposition/
RTA processing cycle was repeated four times to reach
0.3 um thick films without serious cracks in the films.
The annealing time was 30 s for each layer.

The crystal structure and microstructure of the films
were observed by X-ray diffraction (XRD) and scann-
ing electron microscopy (SEM). Film thicknesses were
measured by a profilometer. Typical film thicknesses
were between 0.3 and 0.35 um. A d.c. plasma emission
spectrometer (DCP) was used to determine the com-
position. The films were first dissolved in a mixed acid
solution (H,O:HCl: HNOj: HF = 5:2:2:1) and the
emission spectroscopy was conducted on the resulting
solution. Electrical measurements were carried out on
films with 0.6 mm diameter gold electrodes. Hysteresis
behaviour and capacitance—voltage curves were mea-
sured using a Radiant Technologies RT66A tester. An
impedance analyser (HP4192A) was used to measure
the dielectric constant and its frequency dependence.
The measurement of the temperature dependence of
dielectric constant was performed by a computer
controlled furnace and a LCR meter (HP4274). The
I — V related measurements were carried out using a
HP4140B pA meter with a built-in d.c. voltage supply.

3. Results and discussion
3.1. Structural properties
Fig. 1 shows XRD patterns for PbZrOj5 films annealed
at various temperatures. The films were deposited
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Figure 1 X-ray diffraction patterns for rapid thermal annealed PbZrOj; films at temperatures from 400 to 700 °C. Films were deposited at

56mA for Pb target. Substrate peaks are indicated by *.
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with the current for the Pb target of 56 mA. The Pb/Zr  or 20-608). 700 °C RTA seems to be sufficient to obtain
ratio was 1.39 for this film before annealing. It can be ~ well crystallized films of PbZrO;. The crystal struc-
observed that the crystallization starts at 500 °C and ture of the (240) plane in orthorhombic PbZrO; cor-
that the films show (240) preferred orientations when responds to that of the (11 1) plane in a pseudocubic
indexed on the orthorhombic unit cell (JCPDS 35-739  structure. The oxygen sublattice in this plane
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Figure 2 X-ray diffraction patterns indicating different preferred orientations. Currents for Pb target are shown in the figure.
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Figure 3 XRD pattern of PbZrOj; film prepared at the lowest temperature. Current for Pb was 52 mA.
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resembles the Pt arrangement in the substrate. The
lattice mismatch between the two is around 5 to 6%.
Thus, films with (240) preferred orientation are as-
sumed to have compressive stresses in the plane from
the lattice-mismatch standpoint. However, tensile
stresses also can be expected due to the difference in
thermal expansion coefficient, as that of the substrate
is dominated by the Si. Effects that seem to come from
the stresses will be described later.

It was also seen that a pyrochlore phase formed for
RTA treatments below 400 °C. The crystallization of
the perovskite phase occurred at 500 °C in Pb excess
films. Fig. 2 shows the XRD pattern of the film depos-
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Figure 4 D-V hysteresis loops for films with various Pb contents.
All samples were prepared by 600 °C RTA process. Current for Pb
target is 40 mA, 45mA, 499 mA, 52mA, 56 mA, 60 mA, 65mA for
(a)—(g) respectively.

ited with 52 mA (Pb/Zr ~ 1.23 : compositions were
chemically analysed by DCP) for the Pb target and
annealed at 500 °C. The excess Pb content promotes
the formation of the perovskite phase and plays a role
in increasing the preferred orientation and decreasing
the crystallization temperatures. However, too much
excess Pb suppressed the formation of both single
phase perovskite films and the degree of preferred
orientation (see for example, the film deposited at
65 mA to the Pb target). In the case of Pb deficiency, if
the Pb/Zr ratio was around 0.8, the perovskite phase
was observed by annealing at higher temperatures.
A comparison between a PbZrO; film deposited at
52 mA and one at 45 mA (Pb/Zr ~ 0.83) is displayed
in Fig. 3. The former film has (240) preferred orienta-
tion while the latter has weaker preferred orientation.

The same tendency was observed for films prepared
with too much Pb excess. The mechanisms of pre-
ferred orientation in crystal growth have been ex-
plained in several papers [13,21]. There are many
parameters that affect preferred orientation of films.



These include; 1) the characteristics of substrates, such
as the crystal structures, and their reactivity with de-
posited films, 2) impurities between the substrates and
films, 3) microstructure and composition of films, 4)
heat treatment conditions such as heating rate, tem-
perature and time, 5) internal stresses in films, 6)
surface energy and interfacial energy of the materials
used and 7) structures of film precursors. Non-
stoichiometry of Pb changes the microscopic crystalli-
zation steps and seems to lead to different crystal
structures and crystallization temperatures. It was
also found that for similar sputtering and annealing
conditions, some films showed more preferred orienta-
tion than others. It is believed that this is due to small
variations in the Pb content. However, it is also
possible that the diffusion of Ti in the bottom elec-
trode may affect the preferred orientation. We ob-
tained randomly oriented PbZrOj; films on Pt/SiO,/Si
substrates without a Ti adhesion layer.

From the SEM observations, the grains were found
to have a columnar structure and the average grain
size was 0.3-0.5 um. There were a few cracks observed
in the films prepared by the step depositions. This
grain size seems to be sufficiently large to permit
observation of properties comparable to bulk ceramic
PbZrOs.

3.2. Phase transformation
The electric field-induced transformation from the
AFE phase to the FE phase was measured for PbZrO;
films with various Pb contents. Fig. 4a to g shows the
change of hysteresis loops as a function of Pb content.
The measured films were deposited at 40-65mA
(Pb/Zr = 0.83-1.78) for the Pb target and annealed at
600°C for 30s. The films deposited at 45-60mA
showed the transformation from the AFE phase to the
FE phase. In particular, the films with a Pb/Zr ratio of
1.2 (49-52mA) have distinct double hysteresis loops.
These films seem to have the stoichiometric composi-
tion after the evaporation of Pb by annealing. In the
case of 600 °C annealed samples, strong peaks of the
perovskite phase were observed for these films. The
electric fields of the AFE-FE transitions increased
with increasing Pb content. It is possible that an
amorphous phase of PbO, which has a low dielectric
constant, exists in the grains or at the grain bound-
aries, and decreases the practical voltages applied to
the AFE grains. A decrease in dielectric constant was
observed for the films with excess Pb content. The fact
that polarization values at which the transformation
from the AFE phase to FE phase occurred were con-
stant at about 20 uC cm ~ 2 supports this explanation.
For the 65mA deposition, the film seemed to be lossy
and had a rounded hysteresis loop. Low resistivity Pb
and PbO, phases at the grain boundary could be
responsible for this. In contrast, the polarization was
lower for the Pb-deficient films. This is attributed to
a decrease in the amount of the AFE phase present.
The annealing temperature dependence of the D-E
curves is shown in Fig. 5. The polarization value
increased with increasing RTA temperature. The re-
sult is consistent with the crystallinity of the PbZrO;
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Figure 5 RTA temperature dependence of hysteresis loop;
(a) 500°C, (b) 600 °C, (c) 700 °C. Current for Pb was 49 mA.

films. The films annealed at 700 °C have narrow hys-
teresis loops with a maximum polarization value of
70 uC cm ™2 The average field required to induce the
FE state from the AFE state and that for the reversion
to the AFE phase from the FE phase were found to be
290kVem ™! and 180kVcem ™! respectively, by calcu-
lation from the applied voltages of the maximum
peaks of capacitance. The data is similar to that ob-
served in single crystals [6]. Fig. 6 shows a double
hysteresis for a 52mA deposited film annealed at
500°C. A polarization value of 60 uCcm™? was ob-
tained despite the low annealing temperature.

Phase transformations at low temperature for
PbZrO; films were also reported [22]. At 77K, it
was found that on increasing the field, an AFE-FE
phase transformation similar to that seen at room
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Figure 6 D—V hysteresis loop for 500 °C annealed film deposited at 52mA. XRD pattern of this film is shown in Fig. 3.

temperature was observed. However, on decreasing
the field, the FE phase converted to a metastable
low-field FE phase (Fig. 7). That is, for virgin samples
the AFE phase was obtained at low electric fields.
Once exposed to a high field, however, a ferroelectric
hysteresis loop was observed using modest fields.
Fesenko et al. [6] found the same behaviour using
PbZrO; single crystals. At temperatures lower than
— 80 °C, once the orthorhombic FE phase of PbZrO;
was induced by an electric field, it remained meta-
stable after switching the field off, for an indefinitely
long period. Moreover, a field of the reverse polarity
did not return the crystal to its initial AFE state. Fig. 7
supports this result even in the case of thin films. The
AFE-FE phase transformation can be obtained again
by heating the samples above —80 °C as in [6].

3.3. Dielectric constant and |-V
characteristics

The frequency dependence of the dielectric constant of
films was measured using a MIM (metal-insulator-
metal) configuration. The films exhibited a low field
dielectric constant of about 160 and a dissipation
factor of 0.05 at room temperature. The frequency
dependent response indicated no dispersion below
1 MHz. There were a few differences observed in the
dielectric constant and dissipation factor for the vari-
ous Pb content films. The values of dielectric constant
were between 150 and 180.

The temperature dependence of the dielectric con-
stant is shown in Fig. 8. The measured sample was the
700 °C annealed film shown in Fig. 5. The data showed
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broad peaks of the dielectric constant for 1 kHz and
100kHz measurement compared with that of bulk
ceramics. The Curie temperature was 250°C. It is
believed that internal stress and defects in the films
force the Curie temperature to be higher than that of
233°C for ceramic PbZrOj. This suggests that the
internal stress and defects tend to favour the stabiliz-
ation of the AFE phase. Because the AFE phase has
a smaller molar volume than both the FE and para-
electric (PE) phases. The internal stress may be com-
pressive in nature, as suggested earlier. However, one
needs to confirm that the transitions with decreasing
temperature are PE — AFE rather than PE — inter-
mediate phase — AFE. The intermediate phase could
be FE, AFE, etc.

The time dependence of leakage current is shown in
Fig. 9. There was no polarity dependence observed.
Conduction behaviour at higher electric fields was not
obtained because of the instability of the films. This
data was found to be consistent with that for PZT
films reported before [23].

4. Conclusions

Antiferroelectric PbZrO; thin films with (240) pre-
ferred orientation on Pt coated Si substrates were
prepared by a reactive magnetron co-sputtering
method followed by a rapid thermal annealing pro-
cess. The Pb content in the films affected the crystalli-
zation temperatures and the preferred orientations. It
was found that the induced polarization values and
electric fields of transformations changed with Pb
content because of the presence of a PbO, phase in
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Pb-rich films. The electric field forced transformation
between the AFE-FE phases was observed at room
temperature with a maximum polarization value of
70 uCcm ™2, an average field to excite the FE state of
290kVcem ! and that for reversion to the AFE state
of 180kVem™!. An AFE-FE-FE irreversible trans-
formation was also observed at 77 K. The room tem-
perature, low field dielectric constant was around 160
with an associated loss of 0.07 at 1 MHz. The curie
temperature was 248 °C at 1kHz. The same type of
conduction was observed in I-V measurement as that
in PZT films.
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