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Enhancement in Ferroelectric Properties of Pb„Zr0.4Ti0.6…O3
Thin-Film Capacitors with PtOx Electrodes
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The characteristics of sputtered PtOx electrodes and the ferroelectric reliability of Pb�Zr0.4Ti0.6�O3 �PZT� thin-film capacitors for
memory application in relation to the oxygen content in the electrodes were investigated. The PZT thin films of 130 nm thickness
were deposited on PtOx electrodes. Both Pt and PtO phases coexist and a compressive stress is also induced in the electrode after
rapid thermal annealing �RTA� at 600°C. The polarization-switching characteristics, including polarization value and switching
rate of PZT capacitor, are improved by using the PtOx as electrodes, especially for the bottom electrode, in comparison to that
made with Pt electrodes. In addition to the enhancement in polarization-switching characteristics, the properties of fatigue
endurance were tested at room temperature. High fatigue endurance �97% of initial remnant polarization remains after 1010 cycles�
can also be achieved for the capacitors having both top and bottom electrodes made with PtOx having a high oxygen content.
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The use of an appropriate electrode material is important for
integrating ferroelectric capacitors, such as that of Pb�Zr1−xTix�O3
�PZT�, in high-density nonvolatile memory with submicrometer-
scale complementary metal oxide semiconductor �CMOS� logic in-
tegrated circuits. Besides the consideration of dry etching capability
and endurance against hazardous ambient in fabrication process,1

the appropriate choice of electrode material may also improve the
performance and reliability characteristics of the ferroelectric
capacitor.2-4 Noble metal electrodes, e.g., Pt, are commonly used in
ferroelectric capacitors for their high thermal stability, negligible
leakage, low resistivity, and processing simplicity. However, the ca-
pacitor configuration of Pt/PZT/Pt is prone to fatigue and retention
problems, i.e., loss of polarization after repeated switching cycles
and the ability of retaining polarization charge, respectively, which
are drawbacks for high-performance memory application. To im-
prove the degradation characteristics of ferroelectric capacitors, the
use of the conducting oxide electrodes, such as LaNiO3,5

La1−xSrxO3,6 SrRuO3,7 IrO2,8 and RuO2,9 to replace the Pt electrode
was considered and extensively studied. However, a high leakage
current often accompanies the use of these conducting oxide elec-
trodes, although inserting Pt as a buffer layer may be helpful in
reducing the leakage current.10,11

The PtOx thin films have also been investigated for the possibil-
ity of application in ferroelectric thin-film capacitors.12,13 In addition
to the advantages of easy fabrication by reactive sputtering, the ca-
pability of using a photoresist mask instead of a hard mask for
plasma etching, and outstanding hydrogen-blocking ability,14 the
improvement in the fatigue properties of the PZT capacitors is also
significant by using the PtOx as electrode.15-18 However, the re-
ported properties of PZT capacitors made with PtOx electrodes are
not all satisfactory. Moreover, characteristics of retention and other
reliability issues of device operation have been rarely investigated.
Therefore, an extensive study on the improvement in the ferroelec-
tric reliability of PZT capacitor with the use of PtOx electrodes is
carried out in this work.

Experimental

The bottom electrode of PtOx �100 nm� was deposited at 150°C
on TiN�50 nm�/Ti�20 nm�/Si substrate by reactive sputtering of Pt
metal target in Ar/O2 gas mixture with a ratio ranging from 90/10 to
50/50. A pure Pt electrode was also prepared by sputtering at 350°C
in Ar gas for comparison. The PZT thin films of 130 nm thickness
were then deposited on the electrodized substrate by reactive sput-
tering of Pb�Zr0.5Ti0.5�O3 target in Ar gas at room temperature, and
crystallized by rapid thermal annealing �RTA� at 600°C in O2 atmo-
sphere for 5 min. The top electrode of PtOx or Pt 100 nm thick were
deposited at room temperature and patterned by the lift-off method
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with dot area of 7.85 � 10−5 cm2 to make the PZT capacitors in the
configuration of PtOx/PZT/PtOx, Pt/PZT/PtOx, and Pt/PZT/Pt,
respectively, in which the notation of electrode �top�/PZT/electrode
�bottom� is used.

Before crystallization of the PZT films, 30% excess Pb content
was observed by Ruthford backscattering spectrometry �RBS�, but
the cation stoichiometry of Pb�Zr0.4Ti0.6�O3 films was confirmed
after the RTA process. The crystallinity of the films was investigated
by X-ray diffraction �XRD�. The binding energy state of each ele-
ment in the thin films was characterized by X-ray photoelectron
spectroscopy �XPS�. The surface morphology and roughness of PtOx
films were examined by scanning electron microscopy �SEM�. A
four-point probe was employed to measure the sheet resistance of
the PtOx films. The ferroelectric properties of the PZT capacitors
were tested with TF-Analyzer 2000 FE-Module �aixACCT Sys-
tem�.The applied voltage was 5 V and the voltage was applied to the
bottom electrode. The residual stress in the thin films was also mea-
sured by the change of curvature of specimen with a laser-reflection
system.

Results and Discussion

Figure 1a and b shows the change of the resistivity of PtOx films
as a function of O2 concentration in the gas flow and their XRD
patterns, respectively. The resistivity at 0% O2 concentration is
12 �� cm, consistent with the resistivity of Pt bulk. With the in-
crease of O2 concentration, a rise in resistivity along with the shrink
of the Pt �111� peak can be observed. The PtO phase is formed at
30% O2 concentration, which is identified from the appearance of
the PtO �002� peak,12,13 and the resistivity of the film rises to
100 �� cm but it is still low enough to act as an electrode in com-
parison to other conducting oxides. The XRD pattern shows no crys-
talline peak, and resistivity drastically increases for oxygen concen-
tration increasing more than 50%, indicating the formation of the
amorphous phase of platinum oxide. The Ti and TiN peaks also
disappear in the deposition of PtOx at 50% oxygen concentration,
probably due to their oxidation in the deposition process,19 but it is
not clear in our experimental data.

Figure 2 shows the XRD patterns of the PZT films deposited on
various PtOx and Pt electrodes and followed by RTA treatment. All
the PZT films are crystallized into perovskite phase with diffraction
intensity somewhat lower than expected, indicating that the crystal-
linity of PZT films is not satisfactory. The PtOx electrode is also
reduced back to crystalline Pt, as confirmed from the appearance
of �111� peak. However, for the PtOx electrode deposited at
Ar/O2 = 70/30, a broad peak around 2� = 33° still remains, which
corresponds to the overlap of PZT�110� and PtO �002� peaks, and
the diffuse scattering from amorphous PtOx.

The polarization-electrical field �P-E� hysteresis loops
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of Pt/PZT/Pt, Pt/PZT/PtO70/30, PtO90/10/PZT/PtO70/30, and
PtO70/30/PZT/PtO70/30 capacitors, in which the subscripts denote the
Ar/O2 ratio of sputtering atmosphere in PtOx deposition, and their
dependence of Pr and Ec value on applied voltage as shown in Fig.
3a and b, respectively. The P-E relation was measured in one cycle

Figure 1. �a� Resistivity and �b� XRD patterns of PtOx film prepared in
different Ar/O2 gas mixture.

Figure 2. The XRD patterns of PZT film deposited on different PtOx or Pt
electrodes, followed by RTA treatment at 600°C in O ambient for 5 min.
2
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of voltage scan, starting from a negatively relaxed state of polariza-
tion. In consequence, a backswitching component corresponding to
the relaxation of remnant polarization appears in the measured
loops. The loops are also quite tilted, apparently due to the poor
crystallinity of the PZT films, which may be the reason for the
relatively low Pr values measured in this work. Moreover, the satu-
ration of polarization for Pr and Ec is not reached in the range of
applied voltage. It is most likely related to the influence of current
leakage of PZT films. Nevertheless, compared to Pt/PZT/Pt capaci-
tor, all the capacitors made with PtOx electrode exhibit significantly
higher Pr and lower Ec values. The Pt/PZT/PtOx capacitors also
show a voltage offset toward negative bias. It can be attributed to the
built-in field induced from the different work functions of two
electrodes.20 The symmetric PtO70/30/PZT/PtO70/30 capacitor shows
the highest Pr value and the lowest Ec value, compared to other
capacitors, and still has a high 2Pr value of 20 �C/cm2 for opera-
tion at a low applied voltage of 1 V. In addition, a large Ps-Pr value,
where Ps is the saturated polarization, is observed for PtOx cases,
indicating the higher contribution of polarization switching from 90°
domains in the PZT films deposited on PtOx electrodes. It is most
likely related to the decrease of the clamping effect from using the
PtOx electrode.18

It has been pointed out that the release of active oxygen from
PtOx electrode in PZT capacitors could annihilate the oxygen vacan-
cies at interface during annealing.16 Because the oxygen vacancies

Figure 3. �a� The polarization-electric field �P-E� hystersis loops of PZT
capacitors made with different PtOx or Pt electrodes and �b� the dependence
of remanent polarization �Pr� and coercive �Ec� value on applied voltage.
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could form space charges or defect dipole with metal ion causing the
pinning of polarization domains and degrading the ferroelectric
properties,21,22 the annihilation of oxygen vacancies is helpful in
improving the operation and reliability characteristics of PZT ca-
pacitors. In addition to the annihilation of oxygen vacancies by ac-
tive oxygen, other factors in enhancing polarization switching char-
acteristics of PZT capacitors made with PtOx electrode should also
be considered. It has been found that the electrodes in a low com-
pressive stress state improve the fatigue endurance of PZT capaci-
tors vs than those having a tensile stress or high compressive
stress.23 The introduction of a compressive stress reduces the tensile
residual stress in PZT thin films and gives rise to higher dielectric
constant and remnant polarization.24,25 The residual stress in films
can be measured from the change of radii of the substrate curvature
before and after thermal process.26 The specimens for stress mea-
surement were prepared on a 2 � 0.5 cm rectangular blanket
TiN�20 nm�/Si �675 �m�substrate. The elastic modulus and Pois-
son ratio of PtOx thin films are assumed the same as those of Pt for
convenience. Figure 4a shows the change of stress in the as-
deposited thin films of PtOx prepared in different Ar/O2 gas mixture.
Compressive stress is found in PtOx thin films deposited at 150°C,
and it increases with increasing the oxygen content of sputtering
atmosphere, indicating the expansion of volume from oxygen
incorporation.27

Figure 4. The residual stress �a� in as-deposited PtOx thin films prepared in
different Ar/O2 gas mixture and �b� before and after 600°C RTA treatment of
PtOx and Pt films deposited at different temperature.
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Figure 4b shows the effect of RTA treatment on the stress state of
PtOx and Pt thin films deposited at different temperature. The re-
sidual stress in thin films usually consists of two components, i.e.,
the intrinsic stress and the thermal one. For the as-deposited PtOx
films, the stress is in a compressive state due to the previously
mentioned oxygen incorporation, but the stress decreases with in-
creasing the deposition temperature. It is most likely related to the
compensation from the increase of tensile thermal stress in associa-
tion with the low thermal expansion characteristic of Si substrate.
The as-deposited Pt films also have a compressive stress at low
deposition temperature, but tensile stress appears for deposition at
temperatures above 350°C. The compressive stress induced in low-
temperature deposition can be attributed to the energetic bombard-
ment of heavy Pt ions in sputtering deposition,28 and the increase of
thermal stress from high-temperature deposition causes the changes
of stress from compressive to tensile state. After 600°C RTA treat-
ment, the stress state of both PtOx and Pt thin films tends to shift
toward tensile, apparently due to the thermal stress induced from the
RTA treatment. However, the stress relief in PtOx films deposited at
low temperature is more evident after the RTA treatment. In con-
trast, the PtOx films prepared at temperatures above 350°C only
show an insignificant change of stress, i.e., a high compressive state
is retained.

During annealing, tightening between intercolumnar or grain
boundaries has been observed due to the buildup of thermal stress.29

As the PtOx films deposited at higher temperature have denser mi-
crostructure and lower density of intercolumnar microvoids induced
from energetic ion bombardment,27 the film deposited at 400°C has
a lower driving force for densification and stress relief in RTA treat-
ment. Figure 5 shows the XPS spectra of PtOx films deposited at
different temperature and followed by RTA treatment. The peaks at
71.2 and 74.2 eV correspond to binding energies of Pt4f electron in
Pt and PtO, respectively.12 From the comparison of the peak area of
PtOx, the film deposited at 400°C shows a higher oxygen content
than that in the cold-sputtered film and, thus, an excessive incorpo-
ration of oxygen could seriously distort the Pt lattice of the former
film. Moreover, because the stress relaxation in Pt thin films is re-
lated to a diffusion-controlled process,28 the excess oxygen released
from reduction of PtOx may segregate at grain boundaries, which
would retard the recrystallization and the defect recovery at elevated
temperature, and hence suppress the stress relaxation.30

The difference in stress relaxation of PtOx films from RTA treat-
ment is also examined by XRD, as shown in Fig. 6. The PtOx film
deposited at 400°C exhibits a �200� preferred orientation with peak

Figure 5. X-ray photoelectron spectra of Pt4f electrons in PtOx films depos-
ited at �a� 400°C and �b� 150°C followed by RTA treatment at 600°C in O2
ambient for 5 min.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



F118 Journal of The Electrochemical Society, 153 �6� F115-F119 �2006�F118
shifted to low � value after RTA treatment, but that deposited at
150°C only shows a �111� preferred orientation as that of pure Pt
films. The preferential growth of �200� orientation and the peak shift
have been attributed to the large strain energy for distortion in the
�111� plane and the lattice expansion of Pt, respectively, from oxy-
gen incorporation.27

Although the XRD pattern of PZT thin films deposited on PtOx
electrodes does not show any significant orientation change or peak
shift that a stress state often influences,31 the pulse-width depen-
dence of polarization in PZT capacitors made with different elec-
trodes provides evidence on the effect of stress on the dynamic
properties of the domain structure, as shown in Fig. 7. The fre-
quency dependence of domain switching is well known.32 The
switching of the 90° domain is harder and slower than the 180°
domain, and the 90° domain structure is often accompanied by ten-
sile stress in the PZT films. From the pulse-mode measurement, the
Pt/PZT/Pt capacitors have steeper slope than that of capacitors
made with PtOx electrodes. The capacitors having the same PtOx
bottom electrode exhibit similar low decay rate of polarization, ir-

Figure 6. The XRD patterns of PtOx films deposited at �a� 400°C and �b�
150°C, followed by RTA treatment at 600°C in O2 ambient for 5 min; �c� Pt
film for reference.

Figure 7. Pulse-width dependence of polarization for PZT capacitors made
with different electrodes, measured with 5 V pulse at room temperature.
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respective of the difference in oxygen content in the top electrode.
The result clearly reveals the role of the bottom electrode in con-
trolling the switching behavior of domains in PZT thin films, which
is apparently related to the stress state of the capacitor stack. The
switching of the 90° domain leads to shrinking the PZT films be-
cause it increases the tetragonality ratio �c/a� of the film and can be
compensated by the compressive stress in the bottom electrode. On
the contrary, for the PZT films subject to a tensile stress from the
bottom electrode, the 90° domain switching will be suppressed. Be-
sides the stress state, the oxygen vacancies generated in the PZT
films from the use of Pt electrodes would also cause the pinning of
domains and retard the polarization reversibility. Therefore, the po-
larization switching in Pt/PZT/Pt capacitors decreases by 50% at
pulse width of 1 �s, while that of PZT capacitors made with PtOx
bottom electrodes only slightly decreases by �11%.

Figure 8 shows the fatigue endurance of PZT capacitors in dif-
ferent electrode configurations. The fatigue test was performed un-
der 5 V bipolar cycles at a frequency of 1 MHz. Different property
of fatigue endurance results from the use of different electrodes in
PZT capacitors. The value of polarization switching reduces by 20%
for Pt/PZT/Pt capacitors. However, for the PtO70/30/PZT/PtO70/30
capacitors, the value only decreases by �3% after 1010 cycles. The
reduction of oxygen content in any of the PtOx electrodes would
decrease the fatigue endurance. An interface-controlled fatigue be-
havior of PZT capacitors has been suggested, which is related to the
domain pinning induced by charge injection from electrode to the
oxygen vacancies segregated near the electrode/ferroelectric
interface.33,34 Because the excess oxygen released from PtOx elec-
trodes can compensate the oxygen vacancies near the interface in
PZT, the enhancement in fatigue endurance from using the PtOx
electrodes can be thus realized by the suppression of charge injec-
tion.

Conclusion

A sputtered PtOx electrode prepared at 150°C and in gas mixture
of different Ar/O2 ratio was used in the fabrication of PZT ferro-
electric capacitors. After rapid thermal annealing of the PZT capaci-
tors at 600°C, both Pt and PtO phases coexist in the sputtered PtOx
electrodes, and the electrodes also exhibit a low compressive stress.
Compared to that using Pt electrodes, the PtOx/PZT/PtOx capacitors
show a significant enhancement in polarization switching character-
istics, either in polarization value or in switching rate. Moreover, a

Figure 8. Fatigue endurance of PZT capacitors made with different elec-
trodes, measured with 5 V bipolar cycles at a frequency of 1 MHz. The inset
shows the real values of switched polarization.
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high fatigue endurance �97% remains after 1010 cycles� can also be
achieved for the capacitors having both top and bottom electrodes
made with PtOx having a high oxygen content.
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