Journal of Opotoelectronics and Advanced Materials Vol. 6, No. 4, December 2004, p. 1349 - 1356

METHODOLOGICAL NOTE

METHODS FOR PREPARATION OF BaTiOs THIN FILMS

M. Cernea

Nationd Institute R&D of Materias Physics, PO BOX MG-7, Bucharest,
RO-77125, Romania

Chemical, physical and electrochemical general methods used for deposition of various
materials were tested for preparation of BaTiO; films. Researchers are focusing on the
influence of processing parameters on the stoichiometry and the properties of BaTiO;s films
for each deposition method. Did ectric properties of BaTiOgs thin films prepared by different
methods shown various values suggesting that the optimal parameters for deposition of
BaTiO; be not well known. Great efforts are concentrated on the economica aspect of the
deposition process. In the case of BaTiOs films, it is important to prepare crystallized films
a low temperatures. The methods for deposition of BaTiO; look into and develop
continuous due to increase of the domain to use of BaTiOs films.
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1. Introduction

Considerable amount of research has recently focused on the growth of ferrodectric thin
films. The ferrodectric BaTiO; thin film is used in dectronic [1-4] and e ectro-optic devices [5-7]
due to its high permittivity phenomena, associated with the basic ferrod ectric behaviour. For these
applications it is important to have high-quality epitaxid thin films with smooth surfaces. Many
chemical, dectrochemical and physica methods were used to depaosition and growth BaTiOs thin
films. The primary objective of this review is to describe and discuss the features of the various
techniques for preparation of BaTiO; thin films. The methods are classified on the basis of the main
process, which contributes to obtain the film.

2. Physical methods for BaTiOs films
2.1. Radio frequency sputtering

Sputter deposition is performed by extracting ions (usually Ar) from a plasma at KeV
energies that dtrike a target consisting of the materia to be deposited [8]. The energetic Ar ions
produce a continuos flux of sputtered atoms that deposit on a nearly substrate. A DC voltage, radio
frequency (RF) power, or a magnetron operating at millitorr pressures sustains the plasma. The RF
magnetron-sputtering technique is characterized by high reproducibility in the chemical
composition, easy process control, and compositional change of the film can be achieved only by
varying the compasition of the target. Some results regarding the corrd ation between the deposition
parameters and the properties of BaTiOs film are presented in literature. Kim et d. [9] and Ukino et
a. [10] described the dependence of amorphous, cubic and tetragond phase transitions of the
substrate and annealing temperatures of BaTiOs; thin films prepared by rf sputtering. They used
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magnesia, silicon and strontium titanate substrates, maintained in the temperature range 25-700°C.
The sputtered BaTiO; films were annealed in air using temperatures from 800 to 1400 °C.

The films were amorphous when deposited on MO if the substrate temperature was less
than 450 °C, while for those grown on silicon the temperature had to be less than 500 °C.

Above these temperatures, the films were crystalline, with cubic symmetry. After annealing
the thin films on magnesia, the crystal structure changed from cubic to tetragonal phase above
1100 °C. Thethin films on SrTiO; were found to be c-axis oriented tetragonal films for a substrate
temperature above 500 °C.

Mansingh et a. [11] studied the effect of the target on the structure of radio frequency
sputtered barium titanate films. Films were sputtered from non-reduced hot-pressed ceramic,
reduced hot-pressed ceramic, multiphase powder and single-phase powder. The substrates were
fused quartz plates, kept at 200 °C. The X-ray diffraction (XRD) patterns of the different starting
targets materials and films sputtered from these respective targets are shown in Figs.1ato h.
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Fig. 1. X-ray diffractograms of BaTiOs; filmsand the respective target materials.
BaliO; (BT), BaTiO, (B,T), BaTi,Os (BT,), hexagona BaTiO; (HBT).
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The hot-pressed ceramic has tetragona structure (Fig.1a). Films sputtered from these targets
were microcrystalline as evidenced from XRD patterns (Fig.1b). The structure of the hot-pressed
ceramic is affected greatly by the reduction, as can be seen from the X-ray diffraction (Fig.1c) of
reduced ceramic where only a small intensity peak corresponding to the (110) plane is observed.
Films sputtered from this reduced target were amorphous (Fig.1d). However, annedling of this
reduced target in an oxygen atmosphere helps the target to regain its original structure, and the films
sputtered from this anneal ed target were microcrystalline, similar to that presented in Fig.1b. This
suggests that the crystallinity of the films be greatly affected by the oxygen non-stoi chiometry of the
target. Fig. 1e shows the XRD patterns of the multiphase barium titanate powder, which contains a
number of peaks. Films sputtered from the multiphase powder were amorphous (Fig.1f). Films
sputtered from single-phase powder (tetragona BaTiOs, Fig.1g) were crystalline with tetragonal
polymorph structure, as shownin Fig.1h. A split in pattern is observed in one peak (corresponding to
the (001), (100) planes) in the XRD patterns as a consequence of the tetragona structure of BaTiOs.

Desu [12,13] studied the rdationship between the film deposition process, stresses and the
properties of ferrodectric BaTiOs thin films, deposited at 300-700°C and at pressures from 0.1 to
100 Pa, on both Si and sapphire single crystds. Film stress influences the properties of thin films
and affects the reiability of thin film eectronic device [14]. In ferrod ectric thin films, film stresses
can ater mechanical, didectric and optical properties, domain structure, Curie point, and switching
properties. The stresses generated by interaction of the film with the substrate can be classified into
thermal, intrinsic, and extrinsic stresses. Thermal stresses arise due to differences between the mean
coefficients of therma expansion of the substrate and film and due to the differences in working
temperature when compared to the deposition temperature. Intrinsic stress, which is oftenreferred to
as growth gtress, is determined by the nature of both film and substrate, and is fundamentally related
to the film deposition process, such as temperature, pressure, reactant concentration, and i mpurity
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incorporation. Extrinsic stresses are caused by structura changes, which produce dimensional
changes. Most of the films are subjected to increase in density due to structure evolution, such as
crystalization of amorphous phase, or densification, which lead to film shrinkage and tensile
stresses in the films. The variation of calculated intrinsic stress of BaTiO; thin films as a function of
deposition pressure and deposition temperature respectively, is presented in Figs. 2 and 3.
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Fig. 2. Dependence of intrinsic stress on deposition pressure.
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Fig. 3. Dependence of intrinsic stress on deposition temperature.

Fig. 2 indicates that increasing the deposition pressure from 0.5 to 40 Paincreased intrinsic
stress from -80 MPa (compressive) to 140 MPa (tensile), the total change occurring between
deposition pressures of 5 and 40 Pa. The intrinsic stress is more or less constant for deposition
pressure between 0.5 and 5 Pa. At low deposition temperatures intrinsic stress is compressive in
nature and is independent of temperature (Fig.3). For deposition temperatures above 500 °C, the
intrinsic compressive stress linearly decreases with increasing deposition temperature By a
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judicious choice of deposition conditions, BaTiOs films having low intrinsic stresses and properties
close to those of single crystals were obtained. For example, some of the properties of BaTiO; films
deposited a 650°C and 2 Pa pressure on silicon substrate are: refractive index n=2.37 at 700 nm,
coercive fidd Ec=10.2 Kv/cm, remanent polarization Pr=15.9 p/cn?, Curie point=129°C and
intrinsic stress 0;=-47 MPa. Based on these studies, many works were reported onto doped BaTiOs;
thin films produced by RF sputtering [15-18].

2.2. Pulsed laser deposition (PL D)

The pulsed laser deposition (PLD) named also, pulsed laser ablation (PLA) technique offers
many advantages for film growth, including epitactic or crystalline growth at low substrate
temperatures, congruent deposition of materids with complex stoichiometries, facile deposition of
materials with high melting points and ability to form metastable microstructures [19]. Conceptualy
and experimentally, PLD is extremely simple, probably the simplest among &l thin film growth
techniques [20]. It consists of atarget holder and a substrate holder housed in a vacuum chamber. A
high-power laser is used to vaporize materia s and to deposit thin films.

Norton et al. [19,21,22] demonstrated that epitactic BaTiOs thin films could be grown on
(001)-oriented single-crysta MgO by pulsed laser ablation. The films produced were oriented with
their c-axis perpendicular to the film-substrate interface plane (c-axis oriented). It has been shown
that the microstructure of the films can be varied by changes in the deposition parameters.
Optimizing these variations permits the formation of thin films with controlled microstructures and
properties [23]. They obtained thin films of BaTiOs with a Curie temperature of 110 °C by PLD at
670 °C temperature of the substrate and 53 Pa ambient oxygen pressure

Nakata @ a. [24-27] make interesting studies onto the plume dynamics and the rdationship
between the deposition conditions and film characteristics. They obtained BaTiOs thin films on
MgO substrate by PLD at an oxygen pressure of 0-500 mTorr and at a heater temperatures of 800
and 850 °C. The lattice parameter of the film BaTiO; was decreased as the oxygen pressure was
increased. The similar behavior has been reported by T. -F. Tseng & a. [28] for (1-X)SITiOs-
xBaTiO; films deposited on Si by PLD. The oxygen pressure also greatly influences the surface
morphology of these films. The size of the grain observed on the film surface is larger as the
pressure increase. At 10 mTorr, BaTiO; thin film with smooth surface could be obtained. Fig. 4
shows an AFM image of Ce-doped BaTiO; surface film with a mean surface roughness of 48 nm
deposited by PLD inasmall ambient oxygen pressure (30 Pa) [29].

Fig. 4. AFM image of BaTiO3 doped with 5.5 mol%Ce film.

Tsukada et a. [30] found close corrdation between the did ectric constant and the degree of
preferential (111) orientation for Ba(TigssSho1s)Os solid-solution thin films deposited on a
Pt/Ti/SIO,/Si(100) substrate by pulsed laser deposition. They shown that substrate temperatureisthe
principa factor which determines orientation and crystalline quality of the films. The studies on the
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relationship between the characteristics of the laser-plasma deposited films and the film properties
must be continued.

2.3. Laser molecular beam epitaxy (M BE) technique

Computer-controlled laser molecular beam epitaxy (laser MBE) is a promising method
which use the both merits of PLA and conventiona MBE for depositing films from high melting
point ceramics and multicomponent solids, and for the control of the growth layer in atomic scale
[31]. Molecular beam epitaxy (MBE) uses continuous molecular beams generated by Knudson
sources [32]. Thereis very little information available in the literature on the preparation of BaTiOs;
thin films by laser MBE. Da-Fu Cui e al. [31], reported the growth of BaTiOs thin films by laser
MBE on SITiO; (001) substrates. Single-crystal tetragonal BaTiOs thin films with fully c-axis
orientation were obtained by laser MBE a 750 °C in vacuum (~10° Torr). AFM and TEM
observations demonstrated that the BaTiO; thin film surface is very smooth (atomically smooth
surface) and the BaTiOs/SrTiO; interface is fla and sharp. The root mean sguare (rms) surface
roughness value is 0.29 nm. Epitaxial BaTiO; film with a smooth surface is suitable for optical
wavegui de devices.

2.4. Flash evaporation technique

Slack et a. [33] and then Bdtran e al. [34] deposited BaTiO; thin films using the flash
evaporation technique. Barium titanate thin films were deposited on top of Si substrates. Samples
were put in a sample holder into the chamber, 30 cm above the filament. This technique uses a
vacuum system which it was adapted a pressure controlled feeder that allows the barium titanate
evaporation on a grain basis. The samples inside the chamber were brought to a base pressure of
2x10“ Pa, which rose to 1.4x10° Pa when barium titanate grains were evaporated. Some samples
recaved a thermal treatment in oxygen ambient for times between 15 seconds and 2 minutes at
850°C. Auger spectrum for an as-deposited sampl e shows the in-depth uniform distribution of Ba, Ti
and O. Samples which received the thermal treatment showed Ba migration towards the interface
and Ti diffusion towards the layer surface. Thin flash-evaporated barium titanate films have shown
promising features to be used as didectric layer in MIS (metal -i nsulator-semi conductor) sensors for
relative humidity detection [34]. Some problems related to inhomogeneities of the depaosited layers
remain to be solved.

3. Chemical methods for BaTiO; films
3.1. Chemical vapor deposition (CVD) technique

The deposition flux in chemical vapor deposition (CVD) is derived from the reaction of two
or more gaseous chemicals on or above a heated substrate [35,36]. Heaters above the substrate
provide the energy necessary to sustain the reaction. Meta-organic chemical vapor deposition
(MOCVD) issimilar to CVD, but in MOCVD the reacting gases are metal-organic compounds that
widen the range of materials [37] that can be deposited by CVD.

M etal-organic chemical vapor deposition [38-40] and metal-organic deposition (MOD) [41]
were used to obtain BaTiOs thin films. Kim et al. [42] prepared epitaxia BaTiO; thin film on
Nb-doped SrTiOs, on SrTiO; [43] and MgO substrates [44] by coating-pyrolysis process. In brief,
the mixed solution of barium and titanium naphthenates was used as a precursor solution. The
precursor sol ution was diluted in toluene to adjust the concentration (~0.2 mmol/g) and viscosity for
spin coating. The precursor solution was spin spin-coated on Nb-doped SrTiO; substrate at 2000 rpm
for 5s. The amorphous film pyrolyzed at 470 °C was crystallized with high orientation after heat-
treatment at 850 °C under low oxygen partial pressure. X-ray diffraction (Fig. 5) indicated that the
BaTiO; film was epitaxia rdationship with Nb-doped SrTiO; substrate
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Fig. 5. XRD pattern of BaTiO3 thin film. (* indicates the XRD pattern of Nb-doped SrTiO3 substrate).

The did ectric constant was approximately 230 at 1 KHz.

3.2. Sol-gel techniques

Among the various techniques, sol-gel is gaining interest for the fabrication of ferroeectric
films due to low equipment cost and ease of integration with the already existing semiconductor
technology. The sol-gd techniques can be dassified in function of precursors used. Sharma & a.
[45] prepared BaTiOs thin film from barium acetate and titanium (1V) isopropoxide precursors. The
films were found to be amorphous, which crystallized to tetragonal phase after anneding a 700°C in
air for one hour. The value of the didectric constant of the thin film at 1 KHz was 370 at the Curie
temperature of 125°C. All the sol-gd routes used for preparation of BaTiOs; powders can lead to
BaTiO; thin films.

3.3. Hydrothermal method

The hydrothermal method is an attractive technique for formation of perovskite type
ceramic. The ABOs thin film can be synthesized on substrates of the B-site metd being reacted in an
akaline agueous sol ution contai ning the A-site e ements, through the autoclave at sealed conditions.
Pilleux & al. [46] have prepared BaTiOs fil ms by treating the substrate (titanium deposited on silicon
wafer by sputtering) in a0.25 M Ba(OH), solution a 250 °C for 8 h. The BaTiOs film thickness was
about 50 nm. The effects of the preparatory conditions, such as reacting species, reactant
concentration, reacti on temperature and time, on the properties of the titanate film formed, grain size
and reaction rate, have not been studied [47].

4. Electrochemical tecnique for BaTiO; films
4.1. Electr ophoretic deposition method
There are few reports on the dectrophoresis deposition of BaTiO; thick films [48,49]. This

method utilizes the phenomenon of the movement of colloidal particles suspended in amediumina
dc dectric fidd. It is therefore important to select a suitabl e suspension medium for the powders.



Methods for preparation of BaTiOs thin films 1355

Diethylene glycol dimetyleter; 1-nitropropane; pyridine, and a mixed ethanol-acetylacetone have
been used as suspension media for BaTiOs; powders. Nagai et d. [50] obtained barium titanate thick
films 10-70 um thick using a e ectrophoretic deposition technique, which utilizes a mixed ethanol -
acetyl acetone suspension as dispersive medium. The capacitance of the BaTiOs; films was measured
as 25-75 nF, at temperature of up to 200 °C giving a did ectric constant of 4000-12000 and did ectric
loss (tand) of 0.13-0.51. In the sintered (2 h at 1400 °C) films thus deposited on the Pt cathode, (111)
orientation was observed, and the degree of orientation was found to increase with decrease of the
thickness of the films. In so-oriented films, the Curie point was near 120 °C.

5. Conclusions

There are numerous methods for preparation BaTiOs thin films. The classification that is
presented here is not rigorousy ddimitated because appeared mixed methods as sol-
dectrodeposition method [51], laser molecular beam epitaxy (LMBE) technique (PLA-MBE) and
hydrothermal-d ectrochemical technique [52]. The properties of obtained BaTiO; thin films are
influenced by the processing conditions, which are specifically to each deposition technique.
Academic and industrial researchers must deve op these methods to produce high-quality thin films
economically.
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