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We investigated the effects of a SrRuO3 (SRO) layer on the retention properties of (Bi,Pr)(Fe,Mn)O3 (BPFM) film capacitors under
high temperature conditions. The dielectric constant of the BPFM film capacitor was increased by the introduction of the SRO layer.
In addition, the Pt/BPFM/SRO/Pt capacitor showed polarization losses of only 6.4% in both polarization directions after a retention
time of 104 s at 400◦C, resulting in symmetrical switching behavior. These results imply that the introduction of the SRO layer is
effective in suppression of the formation of an interfacial layer between BPFM and Pt.
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Ferroelectric random access memory (FeRAM) is currently at-
tracting significant interest as a non-volatile memory technology that
offers both low power consumption and high-speed operation. Re-
cently, there have been attempts to apply FeRAM in the medical field
because the ferroelectric domain of the devices has superior radiation
hardness. The stability of the ferroelectric polarization is considered
to be one of the most important factors that would enable wider expan-
sion of the application range of FeRAM devices. The data integrity of
non-volatile memories is typically required to be guaranteed for more
than ten years over a wide range of temperatures, ranging from −10
to 70◦C for consumer applications and from −40 to 85◦C for indus-
trial applications. In addition, memory devices that can store data at
higher temperatures are also required to act as ID tags for use in the
heat-treatment lines of factories that are used to manufacture various
products. Thus, the ability to maintain a poled polarization state over
time at higher temperatures is required for further expansion of the
application areas of FeRAM devices.

In general, after polarization reversal by the application of an
electric field, the number of polarization charges in a ferroelectric
capacitor decreases with increasing retention time.1–4 In addition, the
remnant polarization decay process is accelerated when the capacitor
is kept at higher temperatures.1,2 According to previous reports, the
remnant polarization decay is caused by the generation of polarization
back-switching by the internal field that is formed by the redistribu-
tion of defect charges near the metal-ferroelectric interface during
the retention period.1,3 When the number of polarization charges in
the FeRAM devices decreases below a specific threshold level, the
memory of the bit is lost. Therefore, polarization loss is an important
factor in the expansion of FeRAM device application areas over a
wide range of temperature.

In previous work, we have noted that BiFeO3 (BFO) with its
large spontaneous polarization (∼100 μC/cm2), high Curie tempera-
ture (830◦C), and large coercive field (300 kV/cm) is a ferroelectric
material that can achieve superior retention properties even at high
temperatures.6–9 The large spontaneous polarization of BFO enables
further integration of FeRAM devices. In addition, the remnant po-
larization is expected to be stable at high temperatures because of the
large coercive field of BFO, which is closely correlated to the barrier
height of the polarization loss on a thermal dynamics basis.10

In our previous study, we reported on the high temperature re-
tention properties of a Pt/(Bi,Pr)(Fe,Mn)O3 (BPFM)/Pt capacitor that
used (Pr,Mn)-doped BFO prepared by the chemical solution deposi-
tion (CSD) method as a ferroelectric layer.11 Here, the BPFM material
has been modified to improve the insulation performance of BFO.12,13

As a result, the Pt/BPFM/Pt capacitor showed good retention perfor-
mance with low polarization losses even at temperatures above 400◦C.
However, differences in the polarization losses, which depend on the
polarization directions during the retention time, were observed in the
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retention performance of the Pt/BPFM/Pt capacitor. Asymmetric re-
tention properties have often been reported in ferroelectric capacitors
with asymmetrical boundary conditions.4 According to a previous
study, atomic diffusion from the ferroelectric layer to the Pt bot-
tom electrode occurred when ferroelectric thin films were deposited
on the Pt/Si substrate by the CSD method.14 Because the electrode-
ferroelectric interface in a ferroelectric capacitor strongly affects the
device’s retention performance,1,3–5 we presumed that the asymmetric
switching behavior of the Pt/BPFM/Pt capacitor was mainly caused
by differences between the electrode-ferroelectric interface structures
at the top and bottom electrodes due to atomic diffusion. To solve
the problem of atomic diffusion through the interface, oxide electrode
materials such as RuO2 and SrRuO3 (SRO) were often used to sup-
press interface defects.15 Therefore, we have attempted to introduce an
SRO layer with high a work function and high electrical conductivity
on the Pt bottom electrode to act as a barrier layer and obtain a good
ferroelectric/bottom-electrode interface in the BPFM film capacitor,
which resulted in SRO/Pt layered bottom electrodes. In this study, we
report the effects of the SRO layer on the retention properties of a
BPFM film capacitor at high temperatures.

Experimental

A 60-nm-thick SRO layer was deposited on a Pt-coated Si(100)
substrate at room temperature (RT) by the pulsed laser deposition
(PLD) method. Then, the BPFM thin film was prepared on the
SRO/Pt/Si(100) substrate by the CSD method. A BPFM solution with
composition of (Bi0.9Pr0.1)(Fe0.97Mn0.03)O3 was spin-coated at 3000
rpm for 30 s; this process was followed by a drying procedure at
240◦C for 5 min and a pyrolysis process at 365◦C for 10 min in the
ambient atmosphere. These processes were repeated ten times, result-
ing in a film thickness of 220 nm. Pt top electrodes with areas of
2.5×10−5 cm2 were deposited on the BPFM thin film at room tem-
perature (RT) by the PLD method using a shadow mask, to obtain the
metal-ferroelectric-metal capacitor structure.

The polarization vs. electric field (P-E) curves of the specimen
were measured using a ferroelectric test system (Toyo FCE-3) with
a measurement frequency of 5 kHz. Capacitance vs voltage (C-V)
curves were measured using a precision LCR meter (Agilent 4284A)
at 1 MHz. The crystal structure was determined by X-ray diffraction
(XRD; Rigaku Smart Lab) analysis with Cu Kα radiation.

Results and Discussion

Figure 1 shows the XRD 2θ-ω scanning patterns of the
Pt/BPFM/SRO/Pt capacitor. For comparison, the corresponding XRD
2θ-ω scanning patterns of a Pt/BPFM/Pt capacitor are also shown in
the figure. The BPFM thin film was found to be polycrystalline and
formed without any impurity phases such as Bi2O3 and Bi2Fe4O9 in
both specimens.16 In addition, no significant differences in crystal-
lization between the two specimens were observed with respect to the
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Figure 1. XRD patterns for the Pt/BPFM/SRO/Pt and Pt/BPFM/Pt capacitors.
Symbols indicate the Si substrate and the Pt thin films.

BPFM thin film. Therefore, we consider that the introduction of the
SRO layer hardly had any effect on the crystallization of the BPFM
thin film.

Figure 2 shows the P-E curve for the Pt/BPFM/SRO/Pt capacitor,
as measured at RT. To investigate the effects of introduction of the
SRO layer, the curve of the Pt/BPFM/Pt capacitor is also shown in the
figure. Well-saturated hysteresis loops are observed in both capacitors.
The remnant polarization (2Pr) and the coercive field (2Ec) of the
Pt/BPFM/Pt capacitor were 108 μC/cm2 and 617 kV/cm, respectively,
at the maximum electric field of 900 kV/cm. On the other hand, 2Pr

and 2Ec in the Pt/BPFM/SRO/Pt capacitor were 132 μC/cm2 and
490 kV/cm, respectively. As a result, we find that 2Pr was increased
and 2Ec was reduced by the introduction of the SRO layer. Therefore,
we confirmed that the SRO layer protects the ferroelectric/electrode
interface and leads to improvement of the ferroelectric properties of
the BPFM film capacitor.17,18

The retention properties of the specimens were performed using
the ferroelectric test system with conventional rectangular pulses.1,11,19

The pulse train used for the retention measurements is shown in
Fig. 3. After the application of a write pulse with pulse width t0 to the
capacitor at RT, the BPFM capacitor was maintained at the retention
temperature of RT or at 400◦C in a N2 gas flow. Then, the retention
time t1 was varied from 10−3 to 104 s. For the read pulse, switching
and non-switching pulses with pulse widths of t0 were applied at RT,

Figure 2. P-E curves of the Pt/BPFM/SRO/Pt and Pt/BPFM/Pt capacitors
with measurement frequency of 5 kHz at RT.

Figure 3. Pulse train used for retention measurement with the downward
polarization (−Pr) state. The write and read pulses were applied at RT. The
retention temperature was RT or 400◦C. When the retention properties are
measured while the polarization points in the upward direction (i.e., the +Pr
state), the polarities of the three pulses are reversed.

and the switching charges Qsw were calculated from the difference
between the observed switching polarization and the non-switching
polarization. The pulse width t0 and the pulse interval t2 were 5 ×
10−5 s and 1 × 10−4 s, respectively, and a pulse amplitude of 900
kV/cm was used to obtain sufficient polarization charges because the
Ec of the specimen was approximately 250–300 kV/cm. Qsw in the
Pt/BPFM/SRO/Pt capacitor which was 127 μC/cm2 at the maximum
applied field of 900 kV/cm with a retention time t1 of 10−3 s was
found to be close to the 2Pr value of the specimen that was observed
in the P-E curve.

Figure 4 shows the retention properties of the normalized Qsw in the
Pt/BPFM/SRO/Pt capacitor as a function of the retention time at RT.
Here, the Qsw value was normalized relative to that of Qsw measured
with t1 of 10−4 s. The +Pr state and the –Pr state denote polarization
vectors that point toward the top and the bottom electrodes, respec-
tively, during the retention period. From the retention measurements
at RT, we confirmed that the Pt/BPFM/SRO/Pt capacitor showed good
retention properties as did the Pt/BPFM/Pt capacitor.11 In addition, the
rapid polarization losses and short retention times that can be caused
by a depolarization field were not observed.1,4

Secondly, we measured the retention performances of the
Pt/BPFM/SRO/Pt capacitor at a retention temperature of 400◦C.
Figure 5 shows the retention properties of the normalized Qsw in the
Pt/BPFM/SRO/Pt capacitor as a function of t1 at 400◦C. For compar-
ison, the retention properties of the Pt/BPFM/Pt capacitor under the
same conditions are also shown in the figure. The Pt/BPFM/Pt capac-
itor retained more than 90% of Qsw with a t1 of 104 s at 400◦C in both
the +Pr and –Pr states. However, the polarization losses of the +Pr

Figure 4. Retention properties of normalized Qsw in the Pt/BPFM/SRO/Pt
capacitor as a function of retention time. The retention temperature was RT.
Upward and downward polarizations are denoted by the +Pr state and the −Pr
state, respectively.
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Figure 5. Normalized Qsw retention properties in the Pt/BPFM/SRO/Pt and
Pt/BPFM/Pt capacitors as a function of retention time. The retention tempera-
ture was 400◦C. Upward and downward polarizations are denoted by the +Pr
state and the −Pr state, respectively.

and –Pr states were approximately 3% and 8% respectively, which
resulted in asymmetric switching behavior. One of the causes of this
asymmetric switching behavior is the difference in the built-in bias of
the ferroelectric-top and bottom electrode contacts in the Pt/BPFM/Pt
capacitor. While the Pt/BPFM/Pt capacitor is a symmetrical struc-
ture from a material view point, the observed results demonstrate that
the effective work functions of the two electrodes are different. We
attribute this difference between the effective work functions of the
two electrodes to the thermal conditions during specimen fabrica-
tion. Another cause of highly asymmetric switching behavior in the
Pt/BPFM/Pt capacitor is the existence of an interfacial layer between
the BPFM film and the Pt bottom electrode. As mentioned above, it
is known that atomic diffusion often occurs into the bottom electrode
through the grain boundary of the Pt bottom electrode during the fer-
roelectric thin film fabrication process. This atomic diffusion forms an
interfacial layer with a low dielectric constant between the ferroelec-
tric thin film and the bottom electrode, which reduces the screen
charges in the bottom electrode. Because reduction of the screen
charges in the bottom electrode causes enhancement of the depolar-
ization field in a ferroelectric capacitor,1,4,20 the asymmetric switching
behavior of the Pt/BPFM/Pt capacitor was enhanced. In contrast, the
polarization losses were approximately 6.4% with t1 of 104 s at 400◦C
in both the +Pr and –Pr states for the Pt/BPFM/SRO/Pt capacitor.
This highly symmetrical switching behavior in the Pt/BPFM/SRO/Pt
capacitor demonstrates that the SRO layer is effective in suppressing
the atomic diffusion. In addition, the similar work functions of Pt
(5.4 eV) and SRO (5.1 eV) could also contribute to the symmetrical
switching behavior of the Pt/BPFM/SRO/Pt capacitor.21,22

To further confirm that the introduction of the SRO layer sup-
pressed the atomic diffusion, we calculated the dielectric constants of
the two capacitors. When an interfacial layer with a low dielectric con-
stant is formed because of atomic diffusion between the BPFM thin
film and Pt bottom electrode, the dielectric constant of the Pt/BPFM/Pt
capacitor should be smaller than that of the Pt/BPFM/SRO/Pt ca-
pacitor. The results of C-V measurements showed that the dielectric
constants of the Pt/BPFM/Pt and Pt/BPFM/SRO/Pt capacitors were
115 and 139, respectively. This result implies that the formation of
the interfacial layer with the low dielectric constant was prevented
by the introduction of the SRO layer. Hence, we consider that the
good BPFM/SRO interface suppresses the depolarization field, which
results in the symmetrical switching behavior that was observed for
the Pt/BPFM/SRO/Pt capacitor.

Although symmetrical switching behavior was obtained by intro-
duction of the SRO layer, the polarization losses with t1 of 104 s at
400◦C were slightly larger than those observed for the +Pr state for
the Pt/BPFM/Pt capacitor. We therefore measured the measurement
temperature dependence of Qsw for all specimens, to investigate the
cause of the larger polarization losses in the Pt/BPFM/SRO/Pt capaci-

Figure 6. Temperature dependence of Qsw in the Pt/BPFM/SRO/Pt and
Pt/BPFM/Pt capacitors. The pulse amplitude was 680 kV/cm.

tor. In these measurements, conventional rectangular pulses were used
along with the retention measurements. Here, all pulses had a width of
5 × 10−5 s and t1 was 10−3 s. After the specimens were poled toward
the top electrode by application of the write pulse, two read pulses
of opposite polarity were applied to obtain Qsw. This pulse train with
amplitudes of 680 kV/cm was applied in the temperature range from
RT to 175◦C. Figure 6 shows Qsw as a function of the measurement
temperature for the Pt/BPFM/SRO/Pt and Pt/BPFM/Pt capacitors. As
shown in the figure, a rapid increase in Qsw was observed above 100◦C
for the Pt/BPFM/Pt capacitor. This trend indicates that reversal of the
domains that were pinned by defects occurred because of the ele-
vated thermal energy.23–25 In contrast, no rapid increase in Qsw was
observed for the Pt/BPFM/SRO/Pt capacitor with increasing measure-
ment temperature. When considering the dielectric constants of the
two capacitors, the effective applied voltage across the BPFM film in
the Pt/BPFM/SRO/Pt capacitor is higher than that in the Pt/BPFM/Pt
capacitor. We should note that a similar trend was observed for even
the smaller pulse amplitudes (450 kV/cm). Based on these results, it
is suggested that the Pt/BPFM/SRO/Pt capacitor requires lower acti-
vation energy for polarization reversal than the Pt/BPFM/Pt capacitor.
This agrees well with the magnitude correlation of 2Ec between the
two specimens, shown in Fig. 1. The lower polarization reversal activa-
tion energy of the Pt/BPFM/SRO/Pt capacitor means that polarization
reversal induced by the depolarization field occurs readily. Hence,
the larger polarization losses for the Pt/BPFM/SRO/Pt capacitor were
due to the low polarization reversal activation energy caused by the
introduction of the SRO layer, which reduces the density of pinning
site with deep energy level in the capacitor structure. In future work,
to solve the problem of these large polarization losses, it will be nec-
essary to improve the retention properties of the Pt/BPFM/SRO/Pt
capacitor through the introduction of artificial trap sites by elements
substitution.26

Conclusions

We introduced the SRO layer on the Pt bottom electrode to improve
the asymmetric switching behavior of the Pt/BPFM/Pt film capacitor.
The polarization losses that were measured with a retention time of
104 s at 400◦C for the Pt/BPFM/SRO/Pt capacitor were approximately
6.4% in both the +Pr and –Pr states. Moreover, symmetrical switching
behavior was obtained as a result of the introduction of the SRO
layer. The observed symmetrical switching was mainly caused by the
improvement in the ferroelectric/bottom electrode interface due to
introduction of the SRO layer.
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