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Synthesis of PbTiO; film on LaNiO3-coated
substrate by the spray-ICP technique
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In an attempt to utilize LaNiO; as a bottom electrode for PbTiO; ferroelectric film, PbTiO; and
LaNiO;, films were prepared by the spray—ICP technique under atmospheric pressure. The
dense LaNiO; films crystallized with preferred (11 1) and (1 00) orientations on sapphire
(001) and MgO (1 00), respectively. Resistivities of the LaNiO, films deposited above 600 °C
were about 4x 107° Qm. The PbTiO, film with preferred (00 1) orientation was successfully
prepared on LaNiO;-coated MgO (1 00). Its dielectric constant and dissipation factor were
about 200 and 0.02, respectively, at 1 kHz. The Curie temperature suggested that PbTiO, films

were free from contamination by LaNiO,.

1. Introduction

Thin PbTiO; films are well known as useful ferroelec-
trics [1, 2] and have received considerable attention
for microelectronic applications. Thin PbTiO; films
have been widely prepared by r.f sputtering [3, 4],
chemical vapour deposition [5, 6], laser ablation [7]
and the sol-gel method [8]. The pyroelectric property
of PbTiO; requires (00 1) orientation because of the
polarization axis parallel to (001). Although noble
metals such as platinum or palladium have been used
as the electrodes for PbTiO; capacitors, there are
some problems; expensiveness, weak adhesion to the
substrate [4] and contamination by the interdiffusion
from the substrates [9]. On the other hand, LaNiO,
has a perovskite structure similar to PbTiO; and
shows a metallic conductivity. LaNiO; film is, there-
fore, expected to be the favoured bottom electrode for
PbTiO, dielectric film. The rhombohedral perovskite
of LaNiO, has been favoured for electrodes [10],
electrocatalysts and alcohol sensors [11, 12]. How-
ever, preparation of dense single-phase LaNiQO; is
difficult by a conventional sintering method, owing to
the ease of decomposition to La,NiO, + La,0,
+ NiO above 1120°C [13]. Therefore, Na,CO;, flux
as a sintering aid [14] or a precursor such as acetate
[13] has been used in the preparation of LaNiO,, or
high-pressure techniques such as hot pressing (HP)
[15] or hot isostatic pressing (HIP) [16] have been
employed.

The spray pyrolysis technique, assisted by an in-
ductively coupled plasma (spray—ICP technique) has
many advantages; it is free from contamination by the
electrode, unstable phase formation or fast deposition
rate due to the ultra-high temperature reaction, and
easy composition control using aqueous source solu-
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tions [17-21]. Oriented PbTiO; films were recently
prepared on sapphire (001) and MgO (100) sub-
strates by this method [22]. However, in order to
utilize PbTiO; films in microelectronic fields, it is
necessary to prepare (00 1)-oriented PbTiO, films on
electrically conductive films for use as the bottom
electrode. This study was focused on the preparation
of a conductive LaNiO; film as a new bottom elec-
trode by the spray—ICP technique and the formation
of (001)-oriented PbTiO; films on the LaNiO,-
coated substrates.

2. Experimental procedure

Mother solutions were prepared by dissolving
La(NO,);:6 H,O, Ni(NO,), 6 H,O, Pb(NOj;), or
TiO(NO,), in distilled water in the required stoichio-
metric ratio (La:Ni or Pb:Ti = 1:1, total concentra-
tion of metal = 0.25M). The spray-ICP technique
employed here was similar to that originally reported
by Kagawa et al. [20], and used previously to prepare
oriented films of PbTiO; on various substrates [22].
The spray—ICP technique was described in detail in
the previous paper [22]. Typical conditions of the
spray—-ICP technique in this study are shown in Table
L. Sintered high-purity alumina, Si (100), sapphire
(001) and MgO (100) plates (10-20 mm wide by
0.5 mm thick) were used as substrates. The substrate
was heated to 350-800°C by the ICP flame.

The films were investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and
X-ray microprobe analysis (XMPA), The film com-
positions were determined by an ICP spectroscopic
analysis after the films were dissolved in concentrated
nitric acid. Electrical resistivities of LaNiOj films were
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TABLE I Typical spray—ICP conditions for deposition

R . frequency 4 MHz
R{. power 6-7kW
Pressure 760 torr
Plasma gas (Ar) 15SLM
Sheath gas (Ar) 10 SLM

(0,) 2SLM

Carrier gas (Ar) 2SLM
Position of substrate from centre of work coil 35S mm
Feed rate of mother solution 20mlh !

1.4

Close to cubic

1.2 p

1.0p

Ni/La

0.8} 200

No XRD gpattern

0.6 p 4100

Grain size (nm)

0.4 A —
300 400 500 600 700 800

Deposition temperature {°C)

Figure I The effect of deposition temperature on composition and
grain size of LaNiO; film deposited on sintered alumina.

measured by the standard four-probe technique using
sputtered gold as the electrodes. Capacitors were
formed by sandwiching a PbTiO; film between a
bottom electrode (LaNiQO; film) and a top electrode
(sputtered gold). The dielectric properties were meas-
ured by using a LCZ meter (2330, NF Electronic
Instruments).

3. Results and discussion

3.1. Properties of LaNiO; films

Fig. 1 shows the effect of substrate temperature on the
composition and grain size of LaNiO, films deposited
on sintered alumina substrates. The atomic ratios
Ni/La of the films were 0.9-0.95 and equal to that of
the mother solution. The splitting of (110) and (101)
diffraction peaks was not so clear in XRD patterns of
LaNiO; films obtained at 500-800 °C that the crystal-
lographic structure of the films were presumed to be
still rhombohedral (low-temperature phase), but it
was close to the cubic form (high-temperature phase)
[13]. Obayashi and Kudo [13] reported that the
rhombohedral-cubic transition was observed at
940 °C. The reasons why the structure of LaNiO; film
was close to the high-temperature phase, in spite of a
lower deposition temperature than the transition tem-
perature, may be as follows: (1) the very small grain
size of LaNiQO; ( < 100 nm) caused the appearance of
the high-temperature phase, as shown in the case of
PbTiO, [23]; (2) the highly activated species in the
high-temperature ICP formed the high-temperature
phase of LaNiO; which was quenched.
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Fig. 2 shows the electrical resistivity of LaNiO,
films deposited on an alumina substrate. The electrical
resistivity decreased with increasing deposition tem-
perature, and low resistivities of about 4 x 107 Qm
were obtained for the films deposited above 600 °C.
Because the reported electrical conductivity of dense
LaNiO; prepared by HIP at 1400°C was 2.2

x 107Qm [16], LaNiO, films obtained above
600 °C in this study were deduced to be fairly dense.

Fig. 3 shows XRD patterns of films deposited at
800 °C on the substrates of sintered alumina, Si (1 00),
sapphire (00 1) and MgO (100). The LaNiQ, films
crystallized with preferred (110), (101), (111) and
(100) orientations on sintered alumina, Si (100),
sapphire (00 1) and MgO (100), respectively. In par-
ticular, the LaNiO; film on MgO {100) oriented
preferentially: it was found on the various substrates
of single crystal as well as on the polycrystalline
substrate of sintered alumina that LaNiO, films crys-
tallized in a form close to the high-temperature phase
(cubic). SEM images of LaNiO; films deposited
on sintered alumina, Si (100), sapphire (001) and
MgO (100) at 800°C are compared in Fig. 4. The
microstructures of these films depended significantly
on the substrates. The films on sintered alumina and Si
(100) were composed of particles 0.1-0.2 pm in size.
On sapphire, a smooth surface consisted of particles
with triangular planes parallel to the substrate, sug-
gesting the (11 1) orientation of the particles. The film
on MgO was also very smooth and dense. Several rod-
like particles were observed on the surface. The tex-
tures of the smooth surfaces and the arrangements of
the particles on sapphire and MgO suggested an
expitaxial growth. Confirmation was left for future
experiments.

3.2. PbTiO; films deposited on the
LaNiO; films,
In order to use LaNiO; as a bottom electrode for
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Figure 2 The effect of deposition temperature on resistivity of
LaNiQ, film deposited on sintered alumina.
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Figure 3 XRD patterns of LaNiO, films deposited at 800 °C on (a)
sintered alumina, (b) Si (1 00), (c) sapphire (00 1) and (d) MgO (100).
(O) LaNiOyg, (A) substrate.

PbTiO; dielectric film, PbTiO; films were formed on
LaNiO;-coated substrates. Fig. 5 shows XRD pat-
terns of PbTiO; films deposited on LaNiO;-coated
various substrates. The substrate temperatures were
kept at 800 and 650 °C during deposition of LaNiO,
and PbTiO,, respectively. The film of PbTiO, depos-
ited on sintered alumina coated with LaNiO5 was not
oriented. The PbTiO; films on silicon, sapphire and
MgO crystallized preferentially with (111), (111) and
(001) orientations. The degree of c-axis orientation,
o =X I(001)/Z I(hk]), of the film deposited on MgO
was 0.8-0.9, where I{001) and I(hkl) are the XRD
intensities of (00 1) and (h k) reflections. This value
was equivalent to that obtained by a sputtering
method [24]. It should be noted that (11 1) orienta-
tion appeared on LaNiOj-coated silicon substrate,
whereas orientation of the film was not observed on

TABLE II €, and tan$ of PbTiO; film measured at 1 kHz

silicon without an LaNiQOj-coating [22]. The prefer-
red orientation on LaNiOj-coated silicon may be
attributed to the oriented LaNiO; film which has a
similar perovskite-type structure to PbTiO;.

Fig. 6 shows SEM images of cross-sections of these
films. PbTiO; particles on LaNiO;-coated sapphire
and silicon were columnar. Their coagulation was not
so tight. On the other hand, films on LaNiO;-coated
sintered alumina and especially on LaNiO;-coated
MgO, were densely coagulated. 1t should be noted
that the film on LaNiO;-coated MgO had a smoother
surface than that deposited directly onto MgO with-
out an LaNiO;-coating [22]. The PbTiO, particles on
this smooth film had a square plane, and the edges
were parallel to the {001) direction of the MgO
substrate, as shown in Fig. 7. An epitaxial growth of
PbTiO, on LaNiO;-coated MgO is suggested.

3.3. Dielectric properties

When the LaNiO; film is utilized as a bottom elec-
trode for PbTiO, ferroelectric film, there is the risk of
contamination by diffusion of LaNiQO; to the PbTiO,
layer during deposition. The contamination with lan-
thanum in the PbTiO; film may cause the formation
of Pb, _La,,;;TiO, and result in a lowering of the
Curie temperature. In order to confirm this point, the
temperature dependence of dielectric constants, (g,),
was investigated for the dense PbTiO, films obtained
on LaNiO;-coated MgO and sintered alumina (thick-
ness about 0.5 um). The results are shown in Fig. 8.
The maximum dielectric constant due to the
ferroelectric—paraelectric phase transition was clearly
observed at about 490°C for both films, and the
relationship between ¢ and T followed the
Curie—Weiss law above 490 °C. This transition tem-
perature agreed closely with that of pure PbTiO,
ceramics. This result suggested that the contamination
with LaNiQj; in the PbTiO; layer was negligible, and
that the LaNiO, interlayer was a good bottom elec-
trode for PbTiO, dielectric film.

Table II shows the ¢, and the dissipation factor,
tan §, measured at 1 kHz and at room temperature.
g, of PbTiO; films deposited at 650°C on LaNiO;-
coated MgO and sintered alumina were 197 and 125,
respectively, for a film thickness of about 0.6 pm. This
difference was deduced to be attributed to the differ-
ence in the densities of films. €, decreased for the films
deposited on LaNiO;-coated MgO at 600 and 700 °C.
The lower &, might be attributed to the thinness of the
film (about 0.4 pm) [3]. Tan 8 had the relatively small
value of 0.017-0.08.

Sample Substrate Deposition Thickness € Tand
temp. (°C) {pm)

1 LaNiO,;/Al, 04 650 0.6 125 0.08

2 LaNiO;/MgO(100) 600 0.44 101 0.03

3 LaNiO;/MgO(100) 650 0.63 197 0.08

4 LaNiO,;/MgO(100) 700 043 144 0.017
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Cross-section

Figure 4 SEM images of LaNiO, films deposited at 800 °C on (a) sintered alumina, (b) Si (100), (c) sapphire (00 1) and (d) MgO (1 00). The

insert in (d) is a surface observed from the film edge.
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Figure 5 XRD patterns of PbTiO; films deposited at 650°C on
LaNiO;-coated substrates: (a) sintered alumina, (b) Si (100), (¢)
sapphire (001) and (d) MgO (100). (O) LaNiO,, (®) PbTiO;,
(A\) substrate.
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4. Conclusion

In order to utilize LaNiOQ; as a bottom electrode for
PbTiO, ferroelectric film, PbTiO; was deposited on
LaNiO;-coated substrate by the spray-ICP tech-
nique. Single phases of perovskite-type LaNiO; and
PbTiO, were obtained at 500-800 °C. Most of the
films had relatively dense structures. In particular,
PbTiQ; obtained on LaNiO;-coated MgO (1 00) was
denser than that deposited directly on MgO (100).
Because this film crystallized with the (00 1) orienta-
tion perpendicular to the polarization axis, the dielec-
tric constant was relatively high (about 200 at 1 kHz).
it should be noted that excellent films could be ob-
tained by the spray-ICP process, as quickly by the
MOCVD method, but which requires a reduced atmo-
sphere and expensive source materials. These prefer-
entially oriented films were attributed to the successful
preparation of dense, oriented LaNiO; film, which
had the same type of crystal structure as PbTiO; and
a high electrical conductivity. In addition, the contam-
ination of PbTiO; films from the LaNiO; layer was
found to be negligible. It was, therefore, believed that
the LaNiQ; film was a more favourable electrode for
PbTiO, dielectric film than the conventional platinum
electrode. Other lanthanum series perovskites could
also be expected to be used as electrodes for dielectric
films.



Figure 6 Cross-sections of PbTiO,/LaNiO, films deposited on (a) sintered alumina, (b) Si (100), (¢) sapphire (00 1) and (d) MgO (100). P, L
and S refer to Jayer of PbTiO;, LaNiO; and subsirate, respectively.
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Figure 8§ Temperature dependence of dielectric constant of PbTiO,
- film deposited on LaNiO;-coated substrate (at 1kHz). ( )
Figure 7 PbTiO, particles deposited on PbTiO; film which was PbTiO,/LaNiO;/MgO, 600°C; () PbTiO;/LaNiO,/Al,0,,
prepared on LaNiO;-coated MgO (100). 650°C.
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