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Epitaxial Growth and Ferroelectric Properties of PbTiO; Thin Films
on Coherently Grown Pt Bottom Electrodes
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We investigated epitaxial growth of PbTiO; thin films on coherent and incoherent Pt thin films
on SrTi0;(100) by metalorganic chemical vapor deposition and their ferroelectric properties.
PbTiO; films were grown on both Pt films in the Volmer-Weber mode. The coalescence of
neighboring islands observed at the earlier growth stage on coherent Pt films than on incoherent
Pt films due to the higher crystalline orientation and smoother surface. Therefore, the minimum
thickness above which continuous PbTiO; films were formed on coherent Pt films, 50nm, was
smaller than 100nm on incoherent Pt films. 50nm-thick PbTiO; films on coherent Pt films
showed D-E hysteresis loops with a remanent polarization of 64.0pC/cm’ and a coercive field of

275kV/em.
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1. INTRODUCTION

For epitaxial growth of ferroelectric thin films, many
kinds of substrate and electrode materials have been
used. Among various materials, StRuQO; (SRO) is one of
the most promising materials because coherently grown
films with an atomically controlled surface can be
obtained on SrTiO; (STO) single crystal. [1] There have
been many reports on epitaxial growth of ferroelectric
thin films on SRO/STO. By using SRO/STO,
single-crystalline PbTiO; thin films have been
successfully prepared by off-axis sputtering [2] and
hydrothermal method. [3] In these reports, ferroelectric
properties of PbTiO; films have been also examined at
film thicknesses down to 100nm [2,3] although it had
been quite difficult to obtain pure PbTiO; crystals with a
high crystallinity and high resistivity due to a high
volatility of lead oxide (PbO,) and a phase transition
from cubic to tetragonal phase during cooling after the
crystallization. This means that bottom electrodes with
high crystallinity are inevitable for electrical
measurements of PbTiO; thin films.

In addition to SRO on STO, epitaxial Pt films grown
on STO and MgO have also been used as bottom
electrodes for epitaxial ferroelectric thin films. [4-7]
However, it has been quite difficult to obtain
single-crystalline Pt thin films with an atomically flat
surface because a large amount of misfit dislocations
was introduced into the film/substrate interface. This is
one of reasons why SRO has been favored as a bottom
electrode for epitaxial growth of ferroelectric thin films
although polycrystalline Pt films were very often used.
Therefore, the crystallinity of PbTiO; thin films on Pt
bottom electrodes has not been so high as that of those
on SRO bottom electrodes. For example, the thickness
of epitaxial PbTiO; thin films on Pt bottom electrodes in
which D-E hysteresis loops have been successfully
observed, 1pm, was much larger than those of films on
SRO. [6,7]
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Recently, we have successfully obtained coherently
grown Pt(001) thin films on STO(100) single crystals up
to thicknesses of 60nm by inserting very thin (<lum) Ir
layers into Pt/STO interface. [8] The coherent Pt films
showed an atomically flat surface, and a smaller misfit
dislocation density than relaxed Pt films with
thicknesses larger than 100nm. Therefore, the coherent
Pt films can be a new candidate as bottom electrodes for
preparation of epitaxial ferroelectric films.

In this study, we investigate epitaxial growth of
PbTiO; thin films on coherently strained Pt bottom
electrodes by metalorganic chemical vapor deposition
(MOCVD). Ferroelectric properties of PbTiO; thin films
are also discussed.

2. EXPERIMENTAL PROCEDURE

STO(100) single crystals were used as a substrate. In
order to obtain an atomically flat surface with
TiO,-termination, STO was etched in a buffered
NH,F-HF solution and subsequently annealed at 950°C
in air. [9] Pt and Ir thin films were prepared at 550°C in
an Ar pressure of 10mTorr by rf magnetron sputtering.
Deposition rates of Pt and Ir films were 40 and
6.0nm/min, respectively. The coherently grown Pt films
with a thickness of 30nm were prepared on STO(100) by
inserting 0.5nm-thick Ir layer into the interface between
Pt and STO(100). The 100nm-thick relaxed Pt films
were directly prepared on STO(100). PbTiO; films were
prepared on these two types of Pt electrodes by
MOCVD. The growth temperature and pressure were
540°C and 5.0Torr, respectively.
(CzH;;)ngO-f’l-CHzC(CHg):;, Ti(O-i—C3H7)4 and Oz were
used as precursors and oxidant, respectively. The
thickness of PbTiO; films was controlled by changing
the deposition time. The growth rate calculated from a
thickness of PbTiO; film deposited for 20min was
6.8nm/min. Crystalline properties and film thicknesses
were evaluated by x-ray diffraction (XRD) and scanning
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electron microscopy. In-plane and out-of-plane lattice
parameters were determined by XRD-reciprocal space
mapping around STO (003) and (103) diffraction spots.
The surface morphology and domain structure were
observed by an atomic force microscopy (AFM) and
piezoresponse force microscopy (PFM). For electrical
measurements, 100nm-thick Pt top electrodes with a
diameter of 50um were prepared by sputtering and
lift-off process. D-E hysteresis loops and switching
currents were measured by the Sawyer-Tower circuit
and a digitizing oscilloscope.

3. RESULTS AND DISCUSSION
3.1 Growth of coherent and incoherent Pt films

STO is a cubic perovskite with a lattice parameter of
0.3905nm. Pt and Ir are face-centered-cubic metals with
lattice parameters of 0.3923 and 0.3841nm, respectively.
Therefore, Pt films on STO(100) will be under
compressive stress in the in-plane from a mismatch with
substrate at both room and growth temperatures. The
critical thickness below which Pt films coherently grown
on STO(100) substrate at the growth temperature of
550°C is calculated to be 22nm using the mechanical
equilibrium theory by Matthews et al. [10] Therefore,
when Pt films with thicknesses larger than 50nm were
directly prepared on STO(100), in-plane and
out-of-plane lattice parameters of Pt were almost
constant at 0.3912 and 0.3943nm, respectively,
independently of the thickness. The in-plane lattice
parameter was larger than that of STO and smaller than
that of bulk Pt. This means that Pt films with thicknesses
above 50nm were partially relaxed. On the other hand,
when a very thin Ir layer (~0.5nm) was inserted into the
interface between Pt and STO substrate, the in-plane
lattice constant of Pt films was equal to 0.3905am of
STO up to the thickness of 60nm, This indicates that Pt
films were coherently grown on STO and the critical
thickness increased to 60nm. According to the Vegard’s
rule, the lattice parameter of Pi-Ir alloy will be more
close to that of STO than those of Pt or Ir because Pt and
Ir have slightly larger (+0.5%) and smaller (-1.7%)
lattice parameters than that of STO, respectively.
Therefore, it is concluded that the formation of the alloy
of Pt and Ir reduced the generation of misfit dislocations
at the interface.

Topographic AFM images of partially relaxed
100nm-thick Pt and coherent 20nm-thick Pt/Ir films are
shown in Fig.l. The 100nm-thick Pt film showed a
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Fig.1 AFM

100nm-thick Pt and (b) coherent 20nm-thick Pt/Ir
films.

images of (a) incoherent

rough surface with a root-mean-square (rms) surface
roughness of 0.6nm. The cross-hatch pattern observed
along the <110> direction corresponds to the generation
of misfit dislocations. The surface morphology of the
coherent Pt/Ir films was largely different from that of
incoherent Pt films. Atomic steps with a height of 0.2nm,
corresponding to one half of Pt unit cell, were clearly
observed on the surface. An rms surface roughness was
less than 0.1nm.

XRD measurements revealed that full widtbs at a half
maximum (FWHMs) of rocking curves of Pt(002)
diffraction peaks were 0.3° for incoherent Pt and 0.06°
for coherent Pt/Ir films, This indicates that the
crystallinity of coherent Pt/Ir films was much higher
than that of incoherent Pt films.

On the other hand, the crystallinity of Pt films was
degraded when the thickness of Ir layers was larger than
Inm. Details of preparation of coherent Pt/Ir films will
be published elsewhere.

3.2 Epitaxial growth of PbTiO; films

PbTiO; thin films with thicknesses from 34 to 136nm
were prepared on these two types of Pt films by
MOCVD. The thicknesses were changed by changing
the deposition time from 3 to 20min. Epitaxial growth of
PbTiO; films was confirmed by pole figure
measurements of PbTiO4(101), Pt(202) and STO(202)
diffractions. AFM observations revealed 3-dimensional
island formation with a subsequent coalescence of
neighboring islands at the early growth stage of PbTiO;
films on both Pt films. This means that the growth mode
of PbTiO; on Pt is the Volmer-Weber (V-W) mode
independently of the in-plane lattice constants,
crystallinity or surface roughness of Pt films. [11] Film
growth of PbTiO; on Pt/Ir and Pt films was different in
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Fig.2 AFM images of PbTiO; films grown on
(a, b) coherent Pt/Ir and (c,d) incoherent Pt films.
Deposition times and thicknesses are (a,c) 7.5 min
and 50nm, and (b,d) 15min and 100nm, respectively.
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the formation of continuous films from small islands; the
coalescence occurred at earlier growth stage on Pt/Ir
films than on Pt films. Therefore, continuous films were
formed on Pt/Ir films when deposition times were longer
than 7.5min, as shown in Fig.2. The minimum thickness
above which continuous films were formed was 50nm.
On the other hand, continuous films were obtained on
relaxed Pt films when deposition times were longer than
15min, corresponding to a thickness of 100nm. This
difference indicates that the coalescence of neighboring
islands more easily occurred on coherent Pt/Ir films than
on incoherent Pt films because of their smoother surface.
In addition, pyramidal-shaped and
triangular-prism-shaped nanoislands were observed on
the continuous PbTiQ; films on the incoherent Pt films,
as shown in Figs.2(c,d). Due to this difference in the
film growth, the surface roughness of PbTiO; on Pt/Ir
films, 0.9-1.9nm, was much smaller than 4.4-6.5nm of
PbTiO; on Pt films. These AFM observations revealed
that the growth behavior of PbTiO; thin films was
largely influenced by the surface roughness of
underlying bottom electrodes or substrates even in the
V-W growth mode. AFM and PFM observations also
revealed @-¢ multidomain structure in continuous
PbTiO; films on Pt and PV/Ir films. The generation of a-¢
multidomains is also confirmed by XRD measurements
of PTO(001) and (100) diffractions.

The in-plane and out-of plane lattice parameters of
c-domains in 100nm-thick PbTiO; films on Pt/Ir films
were 0.392 and 0.411nm, respectively. The lattice
parameters of continuous PbTiO; films showed no
distinct - dependence on the film thickness. PbTiO; thin
films on incoherent Pt films showed the nearly same
lattice parameters as those of PbTiO; on coherent Pt/Ir
films. This means that the extent of relaxation of strains
from a mismatch of thermal expansion coefficients of
PbTiO; and STO was not dependent on the coherency of
underlying Pt films, and that the strain due to the lattice
mismatch between cubic PbTiO; and Pt at the growth
temperature was relaxed by the generation of misfit
dislocations at the interface. [12] In addition, no distinct
difference was observed for FWHMs of rocking curves
of the PbTiO3(001) peak of continuous films on both
coherent Pt/Ir and incoherent Pt films. From these XRD
measurements, it is found that there was no distinct
difference in the crystallinity of continuous PbTiO;
films on both coherent Pt/Ir and incoherent Pt films
because the thickness was much larger than the critical
thickness for coherent growth of PbTiO; on both Pt
films.

3.3 Ferroelectric properties of PbTiOj; thin films

D-E hysteresis loops can be obtained for continuous
PbTiO; films on both Pt/Ir and Pt bottom electrodes, as
shown in Fig.3. Remanent polarization (Pr) and coercive
field (Ec) were 60.3uC/cm? and 184kV/em, and
61.0pC/em? and 195kV/em for 100nm-thick PbTiO;
films on incoherent and coherent Pt, respectively. The Pr
and Ec of the 50nm-thick PbTiO; film were 64.0uC/cm’
and 275kV/cm, respectively. The Pr values were
determined by switching current measurements in which
leakage currents can be subtracted because the leakage
was observed in D-E loops shown in Fig.3; the Ec
values were obtained from D-E loops. The difference in
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Fig.3 D-E hysteresis loops of (a) 100nm-thick
PbTiO; film on incoherent Pt and (b) 50 and
100nm-thick PbTiO; films on coherent Pt bottom
electrodes, respectively.

Pr values corresponds to the difference in the volume
fraction of c-domain. The fractions determined by the
XRD measurements were 94 and 85% for 50 and
100nm-thick PbTiO; films on Pt/Ir and 84% for
100nm-thick PbTiO; on Pt, respectively, indicating that
fraction was dependent on the thickness not on the
coherency of the Pt bottom electrodes. These Pr values
are comparable with previously reported values for
PbTiO; films prepared above the Curie temperature but
much smaller than those of films prepared below the
Curie temperature (Pr=80uC/cm’ for lpm-thick film
prepared on Pt/MgO(100) at 550°C by pulsed laser
ablation, [6,7], Pr=40;th/cm2 for 125nm-thick film on
SRO/STO(100) at 600-700°C by off-axis sputtering [2],
and Pr=96.5uC/cm® for perfectly c-axis oriented
100nm-thick films on SRO/STO(100) by the
hydrothermal method at 150°C [3]). The thickness of
50nm in which saturated D-E hysteresis loops were
successfully obtained is the minimum value among
PbTiO; films prepared on SRO and Pt bottom electrodes
previously reported. [2-7] These results indicate that the
Pt films coherently grown on STO(100) can be used as a
bottom electrode for epitaxial growth of ferroelectric
thin films.

4. CONCLUSIONS
Coherently grown Pt films with thicknesses up to
60nm were successfully prepared on STO(100) by
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inserting very thin Ir layer into the Pt/STO interface.
Coherent Pt films showed a step and terrace structure
with a 0.2nm-high atomic step, corresponding to a half
unit cell of Pt. The minimum thicknesses above which
PbTiO; formed continuous films were 50 and 100nm on
coherent Pt/Ir and incoherent Pt films, respectively.
50nm-thick PbTiO; films on coherent Pt/Ir films showed
saturated hysteresis loops with a Pr of 64.0pC/em?’.
From these experimental results, it is demonstrated that
coherent Pt/Ir films on STO(100) is a new candidate as
bottom electrodes for epitaxial growth of ferroelectric
thin films.
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