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Abstract. Ferroelectric Pb(Zr,Ti)O3 thin films were fabricated by liquid delivery MOCVD using Pb(DPM)2,
Ti(OiPr)2(DPM)2 and Zr(DIBM)4. The deposition rate of 12.3 nm/min was attained on 6-inch Pt/Ti/SiO2/Si wafers
at 550◦C. The average and the deviation of twofold remanent polarization were 45.5 µC/cm2 and ±6.4%, re-
spectively, over the 6-inch wafer. Step coverage was improved from 44% to 90% by decreasing deposition tem-
perature from 550 to 400◦C although the deposition rate decreased by 60%. TiO2 nanoparticles diffused to the
surface of platinum bottom electrodes were effective as a seed to obtain 111 preferential oriented PZT thin films
at the deposition temperature of 550◦C. Iridium oxide bottom electrodes were reduced to metal ones by CO
and/or H2 gases generated by decomposition of precursors. Oxide materials seem to be not the best as bottom
electrodes in liquid delivery MOCVD. A cocktail source consisted of Pb(METHD)2, Ti(MPD)(METHD)2 and
Zr(METHD)4 was also examined. PbPtx alloy phase existed in PZT films deposited at 500◦C was disappeared by
post-annealing at 600◦C and the annealed film showed hysteresis properties with the 2Pr of 56 µC/cm2 and the 2Ec of
181 kV/cm.
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1. Introduction

A ferroelectric random access memory (FeRAM) is a
promising candidate for future mainstream memory de-
vices because of some advantages, such as nonvolatil-
ity, high-speed operation, high-endurance, low-voltage
operation and low-power consumption, compared with
DRAMs, EEPROMs and FLASH memories [1].
Recently, many manufacturers have announced the de-
velopment of high-density FeRAMs with capacities of
8-64 Mbits [2–6]. Metalorganic chemical vapor depo-
sition (MOCVD) has attracted much attention as a key
technology for mass production of such high-density
FeRAMs. Ferroelectric Pb(Zr,Ti)O3 (PZT) is one of
promising candidates used in such high-density FeR-
AMs. A large number of studies have been made on
the formation of PZT thin films by MOCVD [7–10].
We also reported the formation of PZT thin films by
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MOCVD using tetraethyl lead Pb(C2H5)4 or triethyl-
neopentoxy lead (TEPOL) as lead sources [11, 12].
However, it was difficult to use such lead sources
in industry because they were toxic. Liquid delivery
MOCVD generally uses liquid sources prepared by dis-
solving metal complexes such as β-diketon in a solvent
[13]. This made possible the utilization of novel lead
sources, such as lead dipivaloylmethnate Pb(DPM)2,
which are less toxic and have little vapor pressure at
room temperature.

For high-density FeRAMs, good step coverage on
three-dimensional structure is desired. Lowering of de-
position temperature is also required for compatibil-
ity with the fabrication process of LSIs. High speed
and uniform deposition on large size wafers may cut
down a fabrication cost. Therefore, we are challenging
the formation of homogeneous ferroelectric PZT thin
films on large size wafers with good step coverage at
low temperature at high deposition rate by liquid de-
livery MOCVD [14–17]. We are also examining cock-
tail sources in which some precursors are premixed to
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simplify a delivery system. This paper describes re-
cent developments in our laboratory on the formation
of PZT thin films by liquid delivery MOCVD.

2. Experimental

2.1. Precursors

At the beginning of this study, Pb(DPM)2,
Ti(OiPr)2(DPM)2 and Zr(DPM)4 dissolved in
tetrahydrofuran (THF) were used as precursors in
the formation of PZT thin films. However, higher
supplying rate was required for Zr(DPM)4/THF
to form PZT thin films because Zr(DPM)4 was
stable and had higher decomposition temperature
than other precursors. Then, we have selected zir-
conium diisobutylylmethnate Zr(DIBM)4 as a Zr-
precursor.

Pb(DPM)2, Ti(OiPr)2(DPM)2 and Zr(DIBM)4

should be separately delivered from each bottle to a va-
porizer because some reactions occur among these pre-
cursors and vaporization properties may change if they
were premixed. This makes the delivery system com-
plex. Therefore, we also examined a cocktail source
prepared from methoxyethoxytetramethylheptanedio-
nato (METHD)-based precursors. The cocktail source
was prepared by mixing Pb(METHD)2, Ti(MPD =
methylpentanedioxide)(METHD)2 and Zr(METHD)4

dissolved in ethylcyclohexane (ECH). Precursors used
in this study are summarized in Table 1.

2.2. Vaporization System

In the liquid delivery MOCVD, liquid sources consist
of metal complexes and solvent are instantaneously
vaporized in a vaporizer. In this situation, vaporizer

Table 1. The precursor materials used in this study.

Chemical Melting Boiling point
formula Abbreviation Point (◦C) (◦C / mmHg) State at R.T.

Pb(C11H19O2)2 Pb(DPM)2 126–128 140/0.05 Solid
Pb(C14H25O4)2 Pb(METHD)2 – – Solid
Zr(C11H19O2)4 Zr(DPM)4 44–45 72/0.2 Solid
Zr(C9H15O2)4 Zr(DIBM)4 270– – Solid
Zr(C14H25O4)4 Zr(METHD)4 – – Viscous liquid
Ti(O-iC3H7)2(C11H19O2)2 Ti(OiPr)2(DPM)2 164 – Solid
Ti(C6H12O2)(C14H25O4)2 Ti(MPD)(METHD)2 – – Viscous liquid

pressure has a great influence on the vaporization of
precursors. However, in conventional liquid delivery
MOCVD systems, it is difficult to control the vapor-
izer pressure because the vaporizers are directly con-
nected to reactors evacuated to low pressure. Then, we
inserted a gasket with a small orifice between a vapor-
izer and a reactor. This made possible to control the
vaporizer pressure independent of the reactor pressure
by changing the flow rate of a carrier gas. The vapor-
izer pressure was adjusted to 500 and 240 Torr for pre-
cursors of the DPM system and the METHD system,
respectively.

2.3. Deposition System

A reactor was evacuated to the pressure of 3–5 Torr
by a mechanical booster pump and a rotary pump. The
reactor pressure was adjusted by a feedback-controlled
valve, which was equipped between the reactor and the
pumps. Source gases were mixed with oxygen gas pre-
heated to 270–280◦C in a double layer structured show-
erhead with a diameter larger than 6 inch. The mixed
gas was then blown onto the substrates heated to appro-
priate temperature by a pyrolyzed boron nitride (PBN)
heater just in size as the 6-inch wafers (Advanced Ce-
ramics International Corporation). The substrates were
rotated at 5 rpm during the deposition. Typical deposi-
tion conditions are summarized in Table 2.

2.4. Evaluations

The crystal structure and the orientation of deposited
PZT thin films were confirmed by X-ray diffraction
reciprocal space mapping (XRD-RSM) (X’Pert PRO
MRD, PANalytical). The reciprocal space mapping
method is a strong tool for characterization of thin
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Table 2. Typical deposition conditions of PZT thin films.

Multi bottles Cocktail bottle

Source materials
Pb source Pb(DPM)2 0.05 mol/L Pb(METHD)2 0.033 mol/L
Zr source Zr(DIBM)4 0.10 mol/L Zr(METHD)4 0.040 mol/L
Ti source Ti(OiPr)2(DPM)2 0.10 mol/L Ti(MPD)(METHD)2 0.020 mol/L
Solvent THF ECH

Source flow rates Pb 0.96 g/min Cocktail 1.20 g/min
Zr 0.17 g/min
Ti 0.41 g/min
THF 0.20 g/min

Carrier gas flow rate N2 2.10 L/min Ar 0.14 L/min
Oxidation gas flow rate O2 1.00 L/min O2 0.20 L/min
Vaporizer temperature 270◦C 280◦C
Vaporizer pressure 500 Torr 240 Torr
Reactor pressure 5 Torr 3 Torr
Substrate temperature 400, 550◦C 500◦C
Showerhead temperature 200◦C 200◦C
Pipe temperature 270◦C 280◦C

films with fiber texture [18]. The composition of de-
posited PZT thin films was estimated by X-ray flu-
orescence (MagiX PRO, PANalysical). Circular plat-
inum top electrodes with a diameter of 0.1 mm were
deposited on the surface of PZT thin films by rf-
magnetron sputtering with a metal shadow mask, and
the electrical properties of the films were measured by
a ferroelectric material analyzer (TF-2000, Aixacct).

3. Results and Discussion

3.1. Deposition on 6-Inch Wafers

PZT thin films were deposited on 6-inch Pt/Ti/SiO2/Si
wafers at 550◦C for 30 minutes by liquid deliv-
ery MOCVD using Pb(DPM)2, Ti(OiPr)2(DPM)2 and
Zr(DIBM)4. The average thickness of the film was
370 nm; the deposition rate of 12.3 nm/min was at-
tained at a total supplying rate of 114 µmol/min. The
deviation in the thickness was less than ±10% over
the 6-inch wafer. The films were crystallized into per-
ovskite PZT with 100/001 mixed orientations at all
the points of the wafer. However, lead platinum alloy,
PbPtx was formed at the peripheries in addition to PZT.
The formation of PbPtx is sometimes observed in the
deposition of PZT thin films on platinum bottom elec-
trodes by MOCVD [17, 19]. We believe that carbon
monoxide and/or hydrogen, CO and/or H2, generated
by the decomposition of precursors have an important

role in the formation of PbPtx alloy. It seems that lead
atoms generated by reduction of lead oxides reacted
with platinum at the surface of bottom electrodes and
formed PbPtx alloy.

The lead contents at peripheries were higher by
5–7% than those at the center while the zirconium and
the titanium contents were almost constant at a Zr:Ti
molar ratio of 30:70 over the 6-inch wafer. This ex-
cess lead was due to the formation of PbPtx at periph-
eries. The twofold remanent polarization 2Pr higher
than 40 µC/cm2 was attained all the points of the
6-inch wafer as shown in Fig. 1. The average and the
deviation of 2Pr were measured to be 45.5 µC/cm2 and
±6.4%, respectively, over the 6-inch wafer in spite of
the formation of PbPtx at peripheries. Figure 2 shows
hysteresis loops of the PZT film at the center of the
6-inch wafer. The well-saturated hysteresis loop with
2Pr of 45.5 µC/cm2 and 2Ec of 130 kV/cm was ob-
served at the initial state and the remanent polarization
decreased only by 30% after the polarization reversal
of 109 cycles.

3.2. Improvement of Step Coverage

PZT thin films were deposited on SiO2/Si substrates
with microholes and planar Pt/Ti/SiO2/Si substrates at
the substrate temperature of 400 and 550◦C. Step cov-
erage was drastically improved from 44 to 90% with
decreasing the substrate temperature from 550 to 400◦C
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Fig. 1. The distribution of 2Pr on (a) the horizontal and (b) the
vertical centerlines of the 6-inch wafers.

Fig. 2. Hysteresis loops of the PZT thin film at the center of the 6-
inch wafers at initial state and after the polarization reversal of 109

cycles.

as shown in Fig. 3 while the deposition rate was reduced
by 60%; from 10.4 to 4.0 nm/min. The Zr:Ti molar ratio
was changed from 30:70 to 70:30 with decreasing the
substrate temperature from 550 to 400◦C. This means

that the deposition efficiency of Ti(OiPr)2(DPM)2 was
lower than those of Pb(DPM)2 or Zr(DIBM)4 at low
temperature. A new titanium precursor which has lower
decomposition temperature will be needed for low tem-
perature deposition.

The PZT thin films deposited on Pt/Ti/SiO2/Si sub-
strates at 400◦C were amorphous and did not show
any hysteresis properties while the films deposited at
550◦C were crystallized into perovskite PZT. After the
post-annealing at 600◦C in air for 30 minutes, the films
deposited at 400◦C were crystallized into perovskite
PZT and showed hysteresis properties.

We concluded that the combination of the deposi-
tion at low temperature and post-annealing at higher
temperature is one of the solutions that make pos-
sible the fabrication of the ferroelectric PZT capaci-
tors with excellent step coverage on three-dimensional
structure.

3.3. Orientation Control of PZT Thin Films

PZT thin films formed by MOCVD at low temperature
tend to have 100/001 mixed orientations although 111
oriented PZT thin films are desirable for high reliable
FeRAMs. Therefore, a high temperature of 620◦C is
currently used in industry for the deposition of PZT thin
films to obtain a 111 orientation [2]. Some seeding layer
will be required for lowering deposition temperature in
the near future. Therefore, we are examining suitable
bottom electrode structure to obtain 111 oriented PZT
thin films.

Two kinds of Pt/TiO2/SiO2/Si substrates were pre-
pared: one with a 200 oriented rutile TiO2 layer and
the other with a 103 oriented anatase TiO2 layer. The
rutile and anatase TiO2 layers were formed by deposit-
ing metal titanium thin films at room temperature and
annealed at 700 and 400◦C in O2, respectively. Plat-
inum layers were deposited on the TiO2 layers by rf-
magnetron sputtering at 500◦C. Both platinum layers
deposited on two kinds of TiO2 layers had 111 orienta-
tions. TiO2 nanoparticles were observed on the surface
of the platinum layer only in case of anatase [20]. PZT
thin films were deposited on both substrates at 550◦C.
Figure 4 shows the volume fraction of each orienta-
tion perpendicular to the substrate surface calculated
from XRD-RSM charts. The PZT thin film had a pref-
erential 111 orientation in case of anatase TiO2 while
100/001 mixed orientations were obtained in case of
rutile TiO2. This result suggests that TiO2 is effective
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Fig. 3. Cross-sectional images of the PZT thin films deposited on SiO2/Si substrates with microholes at (a) 550◦C and (b) 400◦C.

as a seed to obtain 111 oriented PZT thin films at low
temperature.

3.4. Deposition on IrO2 Bottom Electrodes

Some oxide electrodes such as IrO2 [21] and SrRuO3

[22] are useful to prevent the fatigue of PZT capacitors.
Therefore, we examined the deposition of PZT thin
films on IrO2 bottom electrodes. IrO2 thin films with a
thickness of 20 nm were deposited on Pt/TiO2/SiO2/Si
substrates by reactive sputtering at the substrate tem-
perature of 400◦C. Then, PZT thin films were deposited
on the IrO2 layers at 550◦C. Figure 5 shows XRD-RSM
charts of the samples before and after the PZT depo-
sition. Some diffraction peaks due to IrO2 were ob-
served before the PZT deposition as shown in Fig. 5(a).
However, these peaks disappeared and the diffraction
peaks due to PbPtx alloy appeared in addition to PZT
diffraction peaks after the PZT deposition as shown in
Fig. 5(b). This means that the IrO2 layer was reduced
during the PZT deposition and lead atoms diffused to
the platinum surface through grain boundaries of the
reduced Ir, and then reacted with platinum as shown in
Fig. 6. We concluded from these results that conductive

oxide materials such as IrO2 are not suitable for bottom
electrodes in liquid delivery MOCVD.

3.5. Deposition Using a Cocktail Solution

A cocktail solution was prepared by mixing
Pb(METHD)2, Zr(METHD)4 and Ti(MPD)
(METHD)2 at a Pb:Zr:Ti molar ratio of 1.65:2.00:1.00.
PZT thin films were deposited on Pt/Ti/SiO2/Si sub-
strates at 500◦C for 30 minutes using the cocktail
solution. The thickness of deposited films was 390 nm;
the deposition rate of 13 nm/min was attained at a total
source supplying rate of 129 µmol/min. The Pb:Zr:Ti
molar ratio of the deposited PZT films was estimated
to be 1.55:0.33:1.00. It is found from these results
that the depositing efficiency of the Zr precursor was
approximately 1/6 of the Ti precursor at 500◦C. The
development of novel cocktail sources including a Zr
precursor with high deposition efficiency is urgently
required for low temperature deposition.

Figure 7 shows the XRD-RSM charts of the PZT
films deposited at 500◦C and subsequently annealed at
600◦C. PbPtx alloy and lead oxide (PbO) were formed
in addition to PZT in the as-deposited film as shown
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Fig. 4. Relative volume fractions of each orientation of the PZT thin
films deposited on Pt/TiO2/SiO2/Si substrates (a) without and (b)
with TiO2 nanoparticles on the surface of platinum bottom electrodes.

in Fig. 7(a). All these indexes were confirmed by the
XRD-RSM measurement of wide scan range from 20
to 70 degree in 2theta. Pyrochlore phase was not ob-
served in this film. The PbPtx alloy had a strong 111
orientation just like the platinum thin film while the
PZT thin film had 100/001 mixed orientations. The ex-
istence of PbO indicated that the as-deposited film had
excess lead atoms. The diffraction peaks due to PbPtx

and PbO disappeared after the post-annealing at 600◦C
for 30 minutes in air as shown in Fig. 7(b). The PbPtx

alloy was decomposed and oxidized at 450◦C and the
excess PbO was evaporated at 600◦C. The as-deposited
thin film without post-annealing after the deposition of
platinum top electrodes showed the rounded hystere-
sis loops as shown in Fig. 8(a). The post-annealing at
higher than 450◦C improved hysteresis properties sig-
nificantly and the capacitors annealed at 600◦C showed

Fig. 5. XRD-RSM charts of IrO2/Pt/TiO2/SiO2/Si substrates
(a) before and (b) after PZT deposition.

well-saturated hysteresis loop as shown in Fig. 8(b), al-
though the post-annealing at 400◦C did not affect hys-
teresis properties. It seems that this improvement was
not only due to the formation of the symmetrical con-
tacts between ferroelectrics and electrodes but also the
structural change of this films with disappearance of
PbO and PbPtx phases. The twofold remanent polar-
ization and the twofold coercive field of the annealed
PZT film were 56µC/cm2 and 181 kV/cm, respectively.

4. Summary

Fabrication of ferroelectric PZT thin films by liq-
uid delivery MOCVD was investigated from the ap-
plying point of view to the mass production of
high-density FeRAMs. In the first half, Pb(DPM)2,
Ti(OiPr)2(DPM)2 and Zr(DIBM)4 dissolved in THF
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Fig. 6. Schematic diagram of the mechanism on the reduction of
IrO2 and the formation of PbPtx alloy.

were used as liquid sources. The deposition rate of 12.3
nm/min was attained on 6-inch Pt/Ti/SiO2/Si wafers at
550◦C at a total source supplying rate of 114 µmol/min.
The average and the deviation of twofold remanent po-
larization were 45.5 µC/cm2 and 6.4%, respectively,
over the 6-inch wafer. Step coverage of 90% was
attained at 400◦C although post-annealing at higher
temperature was needed for crystallization into per-
ovskite PZT. However, the deposition efficiency of
Ti(OiPr)2(DPM)2 at 400◦C was obviously lower than
those of other sources. It is necessary to develop novel
titanium sources with lower decomposition tempera-
ture for low temperature deposition. 111 preferential
oriented PZT thin films were obtained even at 550◦C
by using TiO2 nanoparticles diffused to the surface of
bottom platinum electrodes as a seed. It is found that
oxide materials are not the best for bottom electrodes
in liquid delivery MOCVD because IrO2 bottom elec-
trodes were reduced to metal Ir. It seems that CO and/or
H2 gases generated by decomposition of precursors re-
duced the IrO2 electrodes. Those CO and/or H2 gases
also caused the formation of PbPtx alloy.

In the latter part, we investigated on a cocktail source
consisted of Pb(METHD)2, Ti(MPD)(METHD)2 and
Zr(METHD)4 dissolved in ECH. The PZT films de-
posited at 500◦C using the cocktail source and annealed
at 600◦C showed hysteresis properties with the 2Pr

of 56 µC/cm2 and the 2Ec of 181 kV/cm. However,

Fig. 7. XRD-RSM charts of the PZT thin films (a) deposited at 500◦C
using a cocktail source and (b) subsequently annealed at 600◦C for
30 min.

Fig. 8. Hysteresis loops of the PZT thin films deposited at 500◦C
using a cocktail source (a) and subsequently annealed at 600◦C for
30 min (b).
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the deposition efficiency of Zr-precursor was approx-
imately 1/6 of that of Ti-precursors. The development
of novel cocktail sources including a Zr precursor with
high deposition efficiency is urgently needed.
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