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Abstract

This study aims at the deposition of PbTiO; (PT) islands prepared by a water-based chemical solution deposition (CSD). Two aqueous citrato-based
PbTiO; precursor solutions, either with or without peroxide, are deposited by spin coating. The effect of different substrates on the formation of
separated grains or islands is examined. It is observed that spin coating of a 0.6 M precursor solution on a Pt(1 1 1)/IrO,/Ir/SiO,/Si substrate gives
the best results towards island formation. For this substrate, crystallizations are carried out between 600 °C and 900 °C. A final crystallization at
800 °C results in the highest degree of separation for the islands, while keeping the platinized substrate intact. The deposition of diluted precursors
shows that it is possible to form islands from a precursor solution with a concentration down to 0.3 M. Solutions with a lower concentration result

in irregularly shaped structures.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead titanate has received a lot of attention in the last
decades because of dielectric, pyroelectric, piezoelectric and
ferroelectric properties, which emerge from its tetragonal per-
ovskite structure at room temperature. Research on PbTiO3 (PT)
bulk ceramics'™ and thin films, resulted in the use of PT in
several electronic applications, such as infrared sensors, micro-
actuators, capacitors, electro-optic devices and non-volatile
ferroelectric random access memories (NVFeRAMs).*/

Thin films of PT have been deposited on several substrates by
different deposition techniques, such as pulsed laser deposition
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(PLD),® molecular-beam epitaxy (MBE),? sputter deposition'?
and chemical vapour deposition (CVD).'!"'? Chemical solu-
tion deposition (CSD) methods combined with chemical routes
such as sol-gel,' hybrid and metallo-organic decomposition
(MOD)'* are advantageous because of their simplicity, stoichio-
metric control and relatively low investment costs. !>

The demand for ultra-high-density memories'®!7 stimulates
current research of top-down (lithography-based) and bottom-up
(self-assembly based) approaches towards the fabrication of reg-
ular arrays of ferroelectric nanostructures. Top-down approaches
can result in a good spatial resolution and precision but are
expensive, time-consuming and not well suited to result in
<100 nm patterns. Bottom-up techniques on the other hand,
allow the fabrication of (nano)structures but the realization of
an organized arrangement of the structures is still a challenge.'®
However, Lee et al. recently fabricated well-ordered nanocapac-
itors (64 nm in size) in a completely bottom-up approach using
PLD in combination with ultrathin AAO (anodic aluminium
oxide) masks.!? Other approaches have also been studied, but
no perfect arrangement of the nanostructures could be obtained
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so far. Among them are the high temperature instability of
thin films*® and the use of micro-emulsions®' or diblock-
copolymers.”> A combination of top-down and bottom-up can
also result in well-defined organized nanostructures. Clemens et
al. for example used electron-beam lithography generated TiO»
templates as seeds for the formation of PT nanostructures, fol-
lowed by the deposition of the ferroelectric material by chemical
solution deposition, a powerful bottom-up technique. !>

During the last several years, our laboratory has gathered a
considerable know-how on the synthesis of totally water-based
precursor solutions for the preparation of numerous (multi)metal
oxides as powders or as thin films.>*~2° In this aqueous precursor
route, metal salts or metallo-organics are dissolved in water only
(no other solvent is used to improve the solubility) and stabilized
against hydrolysis and condensation using, e.g. peroxo and/or
citrato ligands as complexing agents. The stable solutions can be
stored in simple glassware and need no special treatments during
further manipulations, such as the protection from ambient mois-
ture. Also, the use of a non-hazardous and inexpensive solvent
is of economical interest and ecological importance. Because of
these advantages and their flexibility, aqueous precursors were
recently used for e.g. fast material screening purposes for alter-
native gate-dielectric materials.>® Other aqueous precursors for
PT (not citrato(peroxo)-based) have already been used to pre-
pare PT powders® or films by hydrothermal synthesis,*! but to
our knowledge not for CSD purposes.

In the present work, two water-based precursor solutions for
the deposition of PbTiO3 are presented and compared for the first
time. After comparison of the two precursors, the deposition of
the material is further examined. This study is initiated by com-
paring the morphology and crystallinity on different substrates.
After selecting the substrate most promising towards island for-
mation, series of diluted precursors are deposited and several
crystallization temperatures are compared, aiming at the forma-
tion of PT islands. The presented study contributes to a better
understanding of the formation of islands on different substrates
and provides experimental information needed to gain further
fundamental insights in this field.

2. Experimental
2.1. Starting materials and reagents

Starting materials for the synthesis of the PT precursor solu-
tions are liquid Ti(IV)-isopropoxide ([(CH3),CHO]4Ti, Acros
Organics, 98+ %), lead citrate trihydrate (Pb3(CgHs07)2-3H> 0,
Alfa Aesar, 99%), citric acid (C¢HgO7, Sigma—Aldrich, 99%),
hydrogen peroxide (H,O,, Acros Organics, 35 wt.% in H;O,
stabilized, p.a.) and ammonia (NH3, Merck, 32% in H,O,
extra pure). HNO3 (J.T. Baker, 69—70%, Baker Instra-analyzed®
Reagent) is used in the sample preparation for ICP-AES
(Inductively Coupled Plasma-Atomic Emission Spectroscopy)
analysis. The solvent for the precursor preparation is pure milli-
Q water with a resistivity of 18 M2 cm.

Polished SrTiO3 substrates are obtained from CrysTec GmbH
(Berlin, Germany). The Pt(1 1 1)/IrO,/Ir/Si0,/Si as well as the
Si0,/Si substrates are provided by IMEC (Leuven, Belgium).

2.2. Methods and apparatus

The metal ion concentration of the different monometal
precursors is determined by means of ICP-AES (PerkinElmer
Optima 3000 DV). The crystallographic phase and orientation
of the deposited films is studied at room temperature by X-ray
diffraction (XRD) on a Siemens D-5000 diffractometer with
Cu K, radiation operating in 6-26 mode. To investigate the
surface morphology, scanning electron micrographs (SEM) of
the deposited layers are obtained on a FEI Quanta 200FEG
SEM equipped with secondary electron (SE) and backscat-
tered electron (BSE) detectors. Chemical analysis is performed
by energy-dispersive X-ray spectroscopy (EDX) with a Si(Li)
detector with Bruker software. The pH of the precursor solutions
is measured with a Schott Gerite pH-Electrode BlueLine Type
18 pH.

Local piezoelectric activity is measured by piezoresponse
force microscopy (PFM), used in combination with a commer-
cial scanning force microscope (SFM) (Nanotec® Electrénica
with WSxM® software), by inducing piezoelectric vibrations
in the structures under increasing and decreasing (DC) voltage,
measuring when the field is driven back to zero (remanent or
pulse hysteresis loops).32

2.3. Synthesis of the precursor solutions

Two different titanium(IV) precursors with metal ion con-
centrations of ~0.7M are synthesized based on the methods
described in Refs. [33,34]. Liquid Ti(IV)-isopropoxide (22 mL)
is hydrolyzed in 300 mL. water, leading to the formation of a
hydrolysis product that is filtered, washed several times with
water and mixed with citric acid in a 2:1 molar ratio against
Ti(IV). For the HyO,-based precursor (A), H,O» is added in a
1.2:1 ratio against Ti(IV), whereas for the HyO;-free solution
(B), just enough H,O is added to disperse the powder (approx.
15mL/0.7M Ti(IV)). Solutions A and B are refluxed in air
at 80°C for respectively 2h and 4h. After reflux, the pH of
both warm solutions is adjusted to ~6.8 using ammonia. This is
accompanied by a further increase of the solutions’ temperature
due to exothermic reactions. After cooling the solutions to room
temperature, the pH is finally set to 7.0. Dilution of the solutions,
results in two precursors having a titanium ion concentration of
~0.7M and a pH of ~7.0.

A ~0.7M lead precursor solution is obtained by combin-
ing lead citrate trihydrate and citric acid in water, ensuring a
2:1 ratio of citric acid against Pb(Il). After subsequent reflux
in air at 80°C for 2h, the pH of the obtained dispersion is
increased to ~8.6 with ammonia to dissolve the lead citrate
precipitate. A clear and colourless solution is obtained this
way. The lead(I) precursor is immediately used after syn-
thesis because of its limited stability of a few weeks to 1
month.

A lead titanate precursor with a total metal ion concentration
of 0.6 M is prepared by mixing both monometal ion precursors in
the right molar ratio. The combined precursor solution with pH
~8.0 is further diluted with water to obtain the desired concen-
trations of 0.3 M, 0.12M, 0.06 M and 0.03 M. Sets of solutions
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Fig. 1. Plane-view SE (back scattered, BSE) images obtained for the deposition of PT precursor solution A with a total metal ion concentration of 0.6 M on
Pt(1 1 1)/IrO,/Ir/SiO/Si. The final crystallization temperature is (a) 700 °C, (b) 750 °C, (c) 800 °C, (d) 800 °C (BSE), (e) 850 °C and (f) 900 °C (BSE).

either with (A) or without HyO; (B) in the titanium(IV) precur-
sor are prepared. All of the prepared solutions contain a 16 mol%
excess of Pb2* to compensate for the lead losses during thermal
treatment. 333

2.4. Deposition of PT

The substrates are first treated by a sulphuric acid hydrogen
peroxide mixture (SPM) and an ammonia hydrogen peroxide
mixture (APM),?” resulting in a clean, hydrophilic substrate sur-
face with a very high wettability towards water-based solutions.
Before deposition on these substrates, the precursors are filtered

with a 0.2 wm syringe filter to remove dust. Single layered PT
films are fabricated from both peroxide containing (A) and per-
oxide free (B) precursors by spin coating (30's, 3000 rpm with
an acceleration of 1000 rpm/s). The macroscopically uniform, as
deposited films, are dried and pyrolyzed on hot plates in ambient
air at the following temperatures/times: 200 °C/2’,350 °C/2" and
450°C/2'. The final crystallizations between 700 °C and 900 °C
(30') are carried out in a preheated crucible in a tube furnace
(0.5 L/min flow of dry air). The final crystallization at 600 °C
(30') is carried out on a hot plate in ambient air with the lid of
the hot plate closed to maintain the temperature. In both cases,
the substrates are cooled abruptly to room temperature after the
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Fig. 2. Plane-view SE images obtained for the deposition of PT precursor solution B with different total metal ion concentrations. The deposition is carried out on
Pt(1 1 1)/IrO,/1t/SiO2/Si with a crystallization temperature of 700 °C. (a) 0.6 M, (b) 0.3 M, (c¢) 0.12M and (d) 0.06 M.

thermal treatment is finished, except for the SrTiO3 substrates,
which are cooled slowly to avoid breaking.

3. Results and discussion
3.1. Precursor systems

Besides carboxylato ligands, peroxo ligands are frequently
used as electron donating groups to stabilize highly valent metal
ions against hydrolysis.3®3 The tetravalent titanium ion has the
possibility to form stable water-soluble citrato complexes with3*
or without?® peroxo ligands.

Malic et al. showed that the precursor type has a big influ-
ence on the microstructure of PbTiO3 films.*? As they reported,
variations in precursor structure affects the pyrolysis behaviour,
thickness and microstructure of the obtained PT films. It is
believed that in the case of citrato (peroxo) titanium complexes,
the extra oxygen present in the peroxo complex could have its
repercussions on the phase and morphology of the deposited
films since the intrinsic presence of more oxygen could facil-
itate phase formation. In order to study this effect, a titanium
precursor with and without peroxo ligands is synthesized.

After reflux of the peroxide containing titanium(IV) pre-
cursor (A), an acid (pH 1), burgundy coloured solution is
obtained. The solutions’ colour proves the presence of 1:1 tita-

nium(IV):peroxo complexes.*!*? During the following addition
of ammonia, this burgundy solution slowly changes its colour
and becomes yellow-orange at pH 7. For the peroxo free solu-
tion (B) on the other hand, a colourless solution is obtained at
all stages of the synthesis. This colour difference confirms that
two different titanium complexes are synthesized.

Figs. 1(a) and 2(a) show SEM images of PT depositions on
Pt/IrO,/Ir/Si0,/Si obtained from a 0.6 M solution of PT precur-
sor A and precursor B, respectively. No significant differences
can be found in grain size, shape or intergrain distance.

As confirmed by comparing more depositions of both pre-
cursor systems on different substrates and with different process
conditions, the use of a peroxo containing (A) or a peroxo (B)
free PT precursor results in the same morphology and crystal
phase (not shown). This means that during the further course
of this study, precursor A and B can be interchanged without
affecting the final morphology or crystal phase of the deposited
material.

3.2. Effect of substrate and temperature

PT precursor A with a total metal ion concentration of 0.6 M is
spin coated onto different substrates: Pt(1 1 1)/IrO,/I1/Si0,/Si,
SiO7 (1.2nm)/Si and (00 1) SrTiO3. After the drying and the
pyrolysis steps, the film is crystallized at 600 °C or 700 °C.
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Fig. 3. Plane-view SE images obtained for the deposition of PT precursor solu-
tion A with a total metal ion concentration of 0.6 M onto different substrates.
The final crystallization temperature is 600 °C. (a) Pt(1 1 1)/IrO,/Ir/SiO,/Si, (b)
SiO; (1.2nm)/Si and (¢) (00 1) SrTiOs3.

Fig. 3 shows the morphology on the different substrates after
crystallization at 600 °C. As can be seen, the morphology is
greatly influenced by the substrate. The platinized substrate
gives rise to a polycrystalline layer (XRD, see below) with
a uniform but non-continuous coverage of individual grains
with lateral sizes between 50nm and 160nm, Fig. 3(a). On

the SiO,/Si substrate on the other hand, a continuous layer
with hills or craters on its surface is formed and no individual
grains can be discerned. These hills and craters could origi-
nate from the fact that there is no lattice matching between
the amorphous SiO, substrate and the potential PT lattice.
The substrate is not beneficial to the nucleation of PT grains.
Instead, homogeneous nucleation occurs in the film or at the
interface of the film with the environment (free surface nucle-
ation). Gases released during the treatment of the as deposited
film, typically CO,, NH3 and H,0,* can then be trapped
under a solid layer of material, i.e. the hills, but can also be
released resulting in the craters. This might be minimized by
adjusting the pyrolysis steps in such a way that the release of
gases occurs in a more controlled way. Finally, deposition on
a single crystal strontium titanate substrate leads to a porous
film.

Fig. 4 shows the morphology for the same set of substrates
crystallized at 700 °C. The PT grains on the platinized substrate,
Fig. 4(a), have lateral sizes between 70nm and 140nm and
are more distant from each other than after crystallization at
600 °C. Thermal treatment after spin coating on the oxidized
silicon wafers, Fig. 4(b), results in the formation of small grains
and platelet-like structures. This obtained morphology can be
attributed to phase segregation occurring at this elevated tem-
perature, resulting in small structures on top of the continuous
film. As indicated by the X-ray diffraction pattern in Fig. 5(e),
these structures can be linked to the formation of a PbyOj3
phase. Hills or craters as in Fig. 3(b) are not observed anymore.
Deposition on SrTiO3 and a final treatment at 700 °C results
in a slightly porous but continuous coverage of the substrate,
Fig. 4(c).

X-ray diffraction data of the layer deposited on
Pt(1 1 1)/TrO,/1x/SiO2/Si confirms the presence of a poly-
crystalline material for both temperatures (Fig. 5(a) and (d)).
The diffraction peaks can be compared with the reference
powder diffraction pattern for PT (JCPDS 06-0452) and show
that the tetragonal phase of PbTiO3 is formed. For all SiO,/Si
substrates however, no crystalline PT phase can be found.
Fig. 5(b) and (e) shows the experimental XRD patterns for a
deposition on SiO; (1.2nm)/Si after crystallization at 600 °C
and 700 °C, respectively. The only pattern that can be matched
with the recorded pattern in the case of 700 °C is that of PbyO3
(JCPDS 36-0725). Kushida et al.** reported for a six-layered
PT film a better crystallization on Pt/Si wafers than on fused
quartz. Fused quartz is a non-crystalline SiO; substrate,
comparable with the top layer of the SiO,/Si substrate. Only
after deposition of six layers, they could obtain a slightly
oriented film on the quartz substrate. Taking into account that
they found no interaction layer between the quartz substrate
and the PT film, this might indicate the need for a multi-layered
film in order to obtain some degree of crystallinity for the PT
film.

Thermal treatment of the as deposited film on (00 1) SrTiO3
results for both 600°C and 700 °C in a highly oriented film,
Fig. 5(c) and (f). This epitaxial relationship has also been
observed for other precursor systems and is attributed to the
small lattice mismatch between PT and SrTiO3.444
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Fig. 4. Plane-view SE images obtained for the deposition of PT precursor solu-
tion A with a total metal ion concentration of 0.6 M onto different substrates.
The final crystallization temperature is 700 °C. (a) Pt(1 1 1)/IrO,/Ir/SiO»/Si, (b)
SiO; (1.2nm)/Si and (¢) (00 1) SrTiO3.

3.3. Effect of the crystallization temperature

The aforementioned results clearly indicate that the
formation of individual islands is most favourable on
Pt(1 1 1)/TrO,/Ir/Si0,/Si substrates and at a high temperature.
To investigate the effect of the crystallization temperature on

the formation of islands further and to check the stability of the
substrate, a 0.6 M PT precursor of solution A is spin coated on a
platinized substrate, thermally treated and finally crystallized at
different temperatures: 600 °C, 700 °C, 750 °C, 800 °C, 850 °C
and 900 °C.

The obtained morphologies for the different crystallization
temperatures are presented in Figs. 1 and 3(a). The small and
numerous grains, formed at 700 °C (Fig. 1(a)) seem to grow
together to form larger, but fewer grains at 750 °C (Fig. 1(b)),
with sizes between 100 nm and 190 nm and form even larger
islands at 800 °C (Fig. 1(c) and (d)), where sizes between 120 nm
and 205 nm are measured. Also, the intergrain distance becomes
larger at elevated temperatures, there are more non-touching
grains and the number of small grains is reduced. As the grow-
ing grains spheroidize and thereby uncover the substrate, it is
believed that the grains grow by boundary motion to envelop
the smaller grains.*0

Crystallizing at even higher temperatures (>800 °C) disturbs
the morphology, causes delamination of the platinum layer and
destroys the substrate by promoting the crystal growth of IrO,
crystals through the top layer, as is observed in SEM images in
Fig. 1(e) and (f). Qualitative EDX analysis shows that the formed
crystals contain an elevated amount of Ir, which suggests that
IrO, is indeed present (EDX data not shown).

Increase of the crystallization temperature favours the for-
mation of (100) oriented PT grains, as can be seen in the
X-ray diffraction patterns for the different depositions on
Pt(1 1 1)/TrO,/1x/SiO,/Si: Figs. 5(a) and (d) and 6(a). The inte-
grated peak area ratios I(1 00)/I(00 1) are 2.2, 4.0, 6.8 and 14.4,
corresponding to the crystallization at 600 °C, 700 °C, 750°C
(XRD not shown) and 800 °C, respectively.

At 900 °C, no indication of a lead titanate phase can be found
by X-ray diffraction, Fig. 6(b). Only diffractions owing to IrO,
(JCPDS 43-1019) and the substrate are present.

The literature reports different observations regarding the
evolution of the (100) orientation when increasing the crys-
tallization temperature. Preferential (100) orientation has
been observed by Lai et al. in a study of the influence of
the anneal temperature on the film characteristics.*’” They
observed for an alcohol based sol-gel precursor, deposited on
Pt(1 1 1)/Ti/Si(1 00), that an increase of the crystallization tem-
perature from 450°C to 600°C resulted in a highly (100)
oriented film (thickness 0.15 pm). In our XRD patterns, we also
observe an increase in (1 00) orientation when increasing the
anneal temperature.

A study conducted by Lu et al.”® on the other hand, showed
that for the same substrate as Lai et al., Pt(1 1 1)/Ti/Si(100),
an increase in temperature (from 620 °C to 700 °C) resulted
in less (100) oriented PbTiO3 for a 0.28-pum thick film. The
inconsistency between both observations could be attributed to
the film thicknesses, since for a 0.28-pum thick film the driving
force of the substrate towards a certain orientation is smaller
than for a 0.15 pm layer. Since we deposited a single layer, the
obtained films have a strong (1 0 0) orientation, comparable with
the results of Lai et al. As can be seen, a small change in the pro-
cess conditions (layer thickness, anneal temperature) can lead
to different results.

1_48
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Fig. 5. X-ray diffraction patterns obtained for the depositions on different substrates. Left column (a), (b), and (c), crystallized at 600 °C and right column (d), (e),
and (f), crystallized at 700 °C. (a) and (d) Pt/IrO,/Ir/SiO,/Si; (b) and (e) SiO; (1.2 nm)/Si; (c) and (f) (00 1) SrTiO3. (M) PbTiO3 (JCPDS 06-0452), (A) substrate,
(4) Pb03 (36-0725), (@) SrTiO3 (84-0444).
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Fig. 6. X-ray diffraction patterns obtained for the deposition on Pt/IrO,/Ir/SiO,/Si and crystallization at different temperatures. (a) 800 °C and (b) 900 °C. (H)
PbTiO3 (JCPDS 06-0452), (A) substrate, (@) IrO, (43-1019).
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Fig. 7. Left a: topography image obtained by scanning force microscopy (SFM) of the deposited PT grains on the platinum substrate after crystallization at 750 °C.

Right b: local d;gf hysteresis loop of the marked (x) grain on the SFM image.

Because of the well separated, small grains of pure PT islands,
the crystallization temperature of 750 °C leads to the desired
results in terms of morphology and crystallographic phase. To
prove the ferroelectric properties of the islands, local polariza-
tion loops are measured by means of PFM.

Fig. 7(a) shows a topography image obtained by scanning
force microscopy (SFM) for the film crystallized at 750 °C
together with three measured dggf loops, corresponding to the
marked grain, Fig. 7(b). These loops indicate that the sponta-
neous polarization can be switched, demonstrating the presence
of piezoelectric activity, and thus proving the ferroelectric char-
acter of the grains.

3.4. Effect of the concentration

To investigate the effect of dilution on the films’ morphology,
solutions of system B with a total metal ion concentration of
0.6M, 0.3M, 0.12M, 0.06 M and 0.03 M are deposited on the
platinum substrate and crystallized at 700 °C for 30 min.

Dilution of the precursor has an influence on morphology,
grain size and intergrain distance, as was also reported for
another precursor system where an alcohol was used as the
solvent.* This can also be observed in the SEM images shown
in Fig. 2. Decrease of the concentration results in smaller grains,
which lie further apart, as shown in Fig. 2(b) for a total metal ion
concentration of 0.3 M. Grain sizes between 65 nm and 100 nm
in diameter are observed. Further decrease of the concentration
results in platelet-like and needle-like structures, as is clear for
0.12 M, Fig. 2(c). All lower concentrations (0.06 M and 0.03 M)
do not lead to distinguishable structures, no needles or grains
are observed on the substrate, Fig. 2(d).

4. Conclusions

The obtained results show that starting from a water-based
citrato(peroxo)-PT precursor solution, individual PT grains can
be obtained if suitable experimental conditions are applied. Sep-
arated islands are obtained with sizes in the range of 50-200 nm.

Out of three different substrates it is found that
Pt(1 1 1)/TrO,/1r/Si0,/Si, the most interesting substrate for
industrial applications, is also the most suitable candidate

towards island formation if a 0.6 M aqueous precursor solu-
tion is deposited. Increasing the crystallization temperature from
600 °C to 800 °C results in larger but more distant grains. Dilut-
ing the precursor results in smaller grains, but is limited to a
total metal concentration of 0.3 M, since lower dilutions do not
form separated grains but result in plate-like and needle-like
structures.

Depositions on SiO;/Si and SrTiO3 do not result in separated
grains for the 0.6 M concentration. Instead, the deposition on
silicon dioxide results in a continuous coverage of the substrate
without the formation of a crystalline PT phase, whereas (00 1)
SrTiOs as a substrate results in a continuous but porous coverage
of lead titanate with an epitaxial relationship with the substrate.

In general, it is shown that the films’ morphology is mainly
driven by the substrate and the concentration of the deposited
solution. The sizes of the obtained islands are determined by the
final crystallization temperature.
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