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Abstract
Ferroelectric random access memory (FeRAM) has been in mass production for over 15 years.
Higher polarization ferroelectric materials are needed for future devices which can operate
above about 100 ◦C. With this goal in mind, co-doping of thin Pb(Zr40, Ti60)O3 (PZT) films
with 1 at.% Bi and 1 at.% Fe was examined in order to enhance the ferroelectric properties as
well as characterize the doped material. The XRD patterns of PZT-5% BiFeO3 (BF) and PZT
140-nm thick films showed (111) orientation on (111) platinized Si wafers and a 30 ◦C
increase in the tetragonal to cubic phase transition temperature, often called the Curie
temperature, from 350 to 380 ◦C with co-doping, indicating that Bi and Fe are substituting into
the PZT lattice. Raman spectra revealed decreased band intensity with Bi and Fe co-doping of
PZT compared to PZT. Polarization hysteresis loops show similar values of remanent
polarization, but square-shaped voltage pulse-measured net polarization values of PZT-BF
were higher and showed higher endurance to repeated cycling up to 1010 cycles. It is proposed
that Bi and Fe are both in the +3 oxidation state and substituting into the perovskite A and B
sites, respectively. Substitution of Bi and Fe into the PZT lattice likely creates defect dipoles,
which increase the net polarization when measured by the short voltage pulse
positive-up-negative-down (PUND) method.

Keywords: doping effects, PZT, polarization, oxides, ferroelectric, film, PUND, fatigue

1. Introduction

Ferroelectric thin films such as Pb(Zr, Ti)O3 (PZT) have a
wide variety of growing applications such as in piezoelectric
devices, micro-machines, sensors and ferroelectric random
access memory (abbreviated FeRAM, FRAM or F-RAM).
Mass production of FeRAM has been on-going for over 15
years by Fujitsu, Panasonic, TI, and Ramtron International
Corp. as noted on their internet homepages5. Present device
challenges for FeRAM are summarized in the International
Technology Roadmap for Semiconductor (ITRS) FeRAM
roadmap [1] and in the literature [2, 3]. Challenges for

5 Toshiba has developed advanced FeRAM technology but has yet to
announce plans for mass-production.

FeRAM are primarily focused on device integration [4] while
maintaining 10 year reliability with unlimited usage for data
reading/writing, similar to volatile memories such as DRAM
or SRAM.

Future generations of FeRAM will require lower
operating voltage with higher net polarization values
per memory cell owing to scaling issues. In addition,
applications for FeRAM in the automobile market require
data retention at 125 ◦C for >10 years. Therefore, it is
essential that next-generation ferroelectric capacitors have
higher polarization values with high reliability at elevated
operating temperatures. In addition, material compositions
are a concern for FeRAM customers because of various
government regulations. Although ferroelectric memories are
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exempt from Reduction of Hazardous Substances (ROHS)
regulations in the EU, if Pb-free devices were available, which
can match the characteristics of PZT based devices, customer
acceptance would likely be greater.

Extensive research and development of ferroelectric
BiFeO3 (BF) thin films by the academic community has
demonstrated that BF film based capacitors have a high
polarization because of the high Curie temperature of
BF, but they also suffer from uncontrollable high leakage
conduction [5]. Thus, the potential use of BF films in FeRAM
will depend on whether or not these reliability issues can be
resolved through materials or process innovation.

An alternative approach to BiFeO3 based films in FeRAM
applications is to use the matrix of PZT and co-dope it with
Bi and Fe to increase the capacitor polarization [6], as has
been reported with sol-gel spin coated films. Previous research
on this topic has focused on adding high concentrations
of BF to PbTiO3 [7, 8], typically focusing on determining
the morphotropic phase boundary in ceramics. Our previous
publication [9] summarizes initial results on co-doping of PZT
in thin films with 5% BF, where co-doping shows potential
for enhancing the ferroelectric properties. However, further
research and characterization is needed to understand where
low concentrations of Bi and Fe are located in the film,
because sol-gel based PZT films often exhibit out-of-plane
Ti/Zr profiles [10], as well as to evaluate the reliability of the
capacitor to repeated switching of the domains by applying a
bi-polar voltages, known as fatigue testing. As a result, this
study was undertaken to characterize film capacitors based
on co-doped PZT with Bi and Fe and compare it to PZT
capacitors.

2. Experimental and theoretical methods

2.1. Experimental processing and characterization

PZT(110/40/60) and PZT(110/40/60)-5%BF thin films
were produced from a sol-gel solution prepared at Inostek Inc.
(Korea) on Pt(111)/IrOx coated SiO2/Si wafers (see [6] for
processing details). Pyrolysis of the films was performed at
300 ◦C followed by rapid thermal annealing for crystallization
at 650 ◦C. Powder samples were also prepared by pyrolysis
at 300 ◦C and crystallization at 650 ◦C in an annealing
furnace. Excess Pb (10%) was added to compensate for Pb
vaporization during crystallization. Capacitor top electrodes
were prepared by sputtering a 10 nm film of SrRuO3 (SRO)
and then 75 nm of IrO2 through either a shadow mask (see
figure 1) or lift-off processed resist on PZT(-BF) films to
form the top electrode. The resist and/or shadow mask were
removed, and the capacitor was annealed at a temperature
in the range 550–650 ◦C for 1 h in air to recover the sputter
damage to the ferroelectric film interface.

X-ray diffraction (XRD) patterns of PZT-BF and PZT
films were taken with a Bruker D8 µ-HR XRD2 system at
Bruker AXS K.K. in Yokohama, Japan. They were recorded
using 2θ values from 18 to 51◦ with the sample stage inclined
at 50◦, owing to the PZT films (111) orientation, from room
temperature to 600 ◦C in air. Ferroelectric measurements were

a b

Figure 1. Shadow mask patterned IrO2/SrRuO3 top electrodes on
(a) BF-doped PZT and (b) on PZT with an average top electrode
diameter of 60 µm.

undertaken using Radiant RT6000HVS and FH ferroelectric
testers at room temperature, where the drive voltage was
applied to the bottom electrode. Fatigue testing was performed
by applying ±3 V pulses from an Agilent 33250A pulse
generator at 10 MHz to 15 × 15 µm2 capacitors that were
patterned by lift-off. Raman measurements of PZT and
PZT-BF powder were carried out using a Jasco NRS-2100
triple-monochromator micro-probe with a 514.5 nm laser and
the spot size of 8 µm. XRD measurements of the powders
were also made at SPring-8 Synchrotron in Japan. Secondary
ion mass spectroscopy (SIMS) analysis of the capacitor
was performed at MST (Tokyo, Japan). The capacitor net
polarization was calculated using a LeCroy LT584L 1GHz
digital oscillator scope with an active probe employing a
300 � shunt resistor and integrating the voltage drop across
the resistor vs. time with four ±3 V voltage pulses, such as
positive-up-negative-down (PUND) [11, 12].

A Hitachi S4700 field-emission scanning electron
microscope (FE-SEM) was used to observe the film
cross-sections. Prior to observation, the samples were
cleaved and lightly sputtered with Au to reduce electron
charge-up. The accelerating voltage was 8 keV. The FE-SEM
observations were undertaken at Tokyo Tech’s Center for
Advanced Materials Analysis (CAMA) on the Ookayama
campus, Tokyo.

3. Results and discussion

As shown in figure 2, the PZT and PZT-BF films had a
column structure as revealed by cross-sectional FE-SEM
images. The PZT-(BF) film thicknesses were approximately
140 nm with a PZT-(BF) grain size on the order of 100 nm.
As revealed by XRD, the PZT-BF and PZT films were
strongly (111) oriented, which is the same orientation as the
Pt film [8]. The sample stage was tilted at an angle of 50◦

from the normal, also known as Psi or Chi, and the XRD
patterns were peak-fitted to determine the PZT(-BF) film
tetragonal lattice dimensions (figure 3) using Topas software.
As noted by the figure Y-axis, the PZT film exhibited lattice
parameters of 4.02 Å (a-axis) and 4.12 Å (c-axis), whereas the
corresponding values for PZT-BF film were 4.01 and 4.11 Å.
The lattice parameter for the a-axis is slightly larger than
3.98 Å reported for PZT powders [13] because of clamping by
the substrate and differences in thermal expansion coefficients
between PZT and Si. With Bi and Fe co-doping, the a value
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Figure 2. (a) FE-SEM images of cross-sections of PZT-BF film and
(b) PZT film on Pt/IrOx coated SiO2/Si substrate.

decreased by 0.01 Å compared to PZT with an experimental
error of ±0.005 Å. The decrease in lattice dimensions has
been observed previously with PZT ceramics and indicates
that Bi and Fe are substituting into the PZT lattice [14]. The
phase transition temperature from tetragonal to cubic was
observed at 350 and 380 ◦C for PZT and PZT-BF, respectively,
as indicated by the c/a ratio approaching 1.0 (figure 3(c)).
Because the PZT-BF had a smaller a-axis dimension, the c/a
ratio for PZT-BF is slightly larger than that for PZT.

The annealing temperature after sputtering the top
electrode was varied from 550 to 650 ◦C for the PZT-BF
capacitor (figure 4(a)). The results indicate that the
polarization values increased at higher temperature indicating
that the 650 ◦C annealing maximized the polarization.
The interface crystallinity has a strong impact on the
polarization values, particularly at low voltages (figure 4(b)).
This annealing repairs the PZT-BF/top electrode interface
crystallinity that was damaged during sputtering of the top
electrode [15]. It is shown that higher polarization values
can be obtained at lower voltage with the higher annealing
temperature. Similar results were also observed with PZT
capacitors.

In order to understand where the Bi and Fe may be
substituting into the PZT perovskite lattice, Raman spectra
of PZT and PZT-BF powders were analyzed (figure 5). The
spectra of the PZT showed strong bands at 132, 202, 276
and 600 cm−1 with minor peaks or shoulders at 332, 441 and
720 cm−1, which are typical bands for PZT films [16, 19].
In contrast, Bi and Fe doped PZT shows similar Raman
peak wavenumbers but with much less intensity. These same

powder samples were analyzed by XRD at SPring-8. Both
samples showed similar overall XRD patterns but their peaks
were relatively weak and broad making Rietveld analysis
inconclusive of the Bi and Fe location in the PZT lattice. From
these results, it appears that Bi and Fe are substituting into
the PZT lattice based upon the XRD-measured increase in
the tetragonal-cubic phase transition temperature (figure 3).
In addition, Bi and Fe substitution creates greater localized
disorder in the PZT lattice as noted by the diminished Raman
spectrum intensity (figure 5). In a separate study, a similar
decrease in Raman intensity has been observed in PbTiO3 by
co-doping with Bi and Zn [18].

SIMS depth analysis of selected elements (excluding Bi)
in the IrOx/SrRuO3/PZT-BF/Pt capacitor after annealing
at 650 ◦C shows excess Pb at the top electrode interface
(figure 6)6. Based upon these results, there does appear to
be excess PbOx at the top interface, which was confirmed
by previous x-ray photoelectron spectroscopy analysis [10].
Sr diffusion from a SrRuO3 top electrode has been shown
previously to be enhanced in the presence of excess Pb in
the PZT film [19], and capacitors which show this type
of Sr interdiffusion also exhibit fatigue-free response or
pronounced endurance to repeated bipolar switching.

Endurance of this type of BF co-doping of PZT has not
been adequately investigated. Therefore, fatigue with bipolar
±3 V voltage pulse cycling of the capacitor was carried out
at 10 MHz. As noted in figure 7, the initial polarization of
the PZT-BF is higher than that of PZT and remains higher
up to 1010 cycles. Assuming that fatigue is due to charge
injection and accumulation in the non-ferroelectric interface
layer between the ferroelectric film and electrode [20], a
higher net polarization should lead to a greater loss of
polarization due to higher charge injection and screening
resulting in a faster fatigue onset [21], if the ferroelectric
interfaces are equal. However, this particular phenomenon
was not observed indicating that either there are differences
in the electrode interfacial layers between PZT and PZT-BF,
or this particular model is not applicable to this material. A
previous study on co-doping of PZT with Bi and Zn showed
higher polarization compared to undoped PZT and improved
fatigue endurance even with Pt electrodes [22]. Therefore,
it appears that limited co-doping of PZT may, with process
optimization, increase the net ferroelectric polarization while
improving the capacitor endurance to bipolar switching.

Previous studies have examined the impact of either Bi or
Fe doping in PZT films and ceramics. In the case of Fe doping,
its ionic radius favors the B site with a 3+ oxidation state
in the ABO3 perovskite structure, which forms an oxygen
vacancy to maintain charge neutrality when substituting for
Zr4+ and Ti4+. Typically, this results in lower polarization
in PZT and higher coercive voltage [23]. Bi, on the other
hand, when doped up to 5%, does not change the ferroelectric
properties [24]. Bi also typically has a 3+ oxidation state

6 Bi and Fe were not measured by SIMS analysis in figure 7 for the PZT-BF
film. Bi, Fe, O and Pb were measured for PZT-BF film and published
previously in [8]. However, in [8], figure 3, the SIMS depth profiles are
not identified. The elements are oxygen (blue), Pb (red), Fe (orange) and Bi
(purple) in decreasing order of concentration in [8] figure 3.
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Figure 3. Temperature dependence of tetragonal c and a lattice parameters toward cubic phase transition, (a) PZT film, (b) PZT-BF film
and (c) c/a ratio for the PZT and PZT-BF films.
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Figure 4. (a) Hysteresis loops of PZT-BF capacitor as a function of
annealing temperature measured using 4 V triangular voltage
profiles at 1 kHz, and (b) net polarization measured using the PUND
method and square 50 µs voltage pulses as a function of voltage and
annealing temperature.

such as in BiFeO3, but because of its larger ionic radius, it
is likely to substitute for the Pb2+ in the perovskite A-site.
At the same time, Bi3+ also creates an A-site vacancy in PZT
lattice when replacing Pb2+ resulting from charge neutrality.
So the chemical formula for PZT with 1 at.% Bi and Fe
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Figure 5. Raman spectra of the PZT and PZT-BF powders
measured at room temperature.

substitution on the A and B site, respectively, is expressed
below in equation (1):

[Pb]1−(3/2)x [Bipb+1 ]x [Vpb−2 ](1/2)x [Ti, Zr]1−x

× [FeTi,Zr−1 ]x [O]3−(1/2)x [VO+2 ](1/2)x x = 0.01. (1)
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Similar research has been undertaken on 1 at.% La and
0.5 at.% Fe co-doping of PZT, and an (FeZr,Ti–Vo) defect
dipole was identified using multi-frequency paramagnetic
resonance spectroscopy [25]. This same type of defect dipole
present with (La3+, Fe3+) donor-acceptor pairs is also expected
with co-doping Bi and Fe in the PZT film. Research on
defect dipoles in perovskite ferroelectrics, such as PbTiO3,
has shown that the defect dipole can contribute to polarization
values [26] and likely switch orientation in an applied electric
field. The impact of acceptor dopants in the B-site in BaTiO3

indicates reorientation of the domains, when aged, because
of the presence of oxygen vacancies [27]. Therefore, the
interaction between defect dipoles with an A-site vacancy
in the perovskite structure and oxygen vacancy on the
polarization vector will depend upon the applied electric field
and the free energy [28]. Previous research on Bi and Zn
doping of PbTiO3 predicts higher polarization values with
co-dopants concentrations greater than 10% [29]. Considering
that the Bi and Fe concentrations are basically on the order
of one atomic per cent in PZT, these dopants are likely to
substitute independently or randomly, based upon probability
and free energy. In order to clarify the impact of low
concentrations of Bi and Fe co-doping on PZT ferroelectric
properties, first principle calculations of PZT-BF are needed

similar to what has already been done with Bi(Zn, Ti)O3 [30]
in order to determine which sites in the co-doped PZT lattice
would give the lowest free-energy. Secondly, further process
optimization by annealing at higher temperatures (>650 ◦C) is
needed to prepare powders with better crystallinity for more
detailed XRD and Rietveld analysis.

4. Conclusions

XRD measurements of PZT-5% BiFeO3 (BF) and PZT films
showed an increase in the tetragonal to cubic phase transition
temperature from 350 to 380 ◦C with Bi and Fe co-doping,
indicating that Bi and Fe are substituting into the PZT lattice.
Raman spectra revealed decreased band intensity with Bi and
Fe co-doping of PZT compared to PZT, which is attributed to
localized disorder. Polarization hysteresis loops show similar
values of remanent polarization, but the pulse-measured
polarization values with PZT-BF were higher and showed
higher endurance to repeated cycling up to 1010 cycles. It is
proposed that Bi and Fe are both in the +3 oxidation state
in PZT and substituting into the perovskite A and B sites,
respectively. Substitution of Bi and Fe into the PZT lattice
likely creates defect dipoles that increase the net polarization
when measured by the PUND method.
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