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Gold-Particle-Enhanced Crystallite Growth of Thin Films of
Barium Titanate Prepared by the Sol–Gel Process
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The effects of gold-particle incorporation on the structure
of barium titanate (BaTiO 3) thin films was investigated.
BaTiO3 thin films (110 nm thick) with different gold con-
centrations were prepared via sol–gel processing and ana-
lyzed using X-ray diffractometry. The diffraction results
showed that the crystal structure of the thin films changed
from predominantly the cubic phase to the tetragonal
phase, and the crystallite size increased as the gold concen-
tration increased. Possible mechanisms for the gold-
enhanced crystallization have been discussed.

I. Introduction

BARIUM TITANATE (BaTiO3) has been widely studied in sev-
eral different forms, including powder,1–3 bulk,4–6 thin

film,7–12and multilayer,13–15because of its excellent electronic
and optical characteristics; these include high dielectric con-
stant, transparency in visible wavelength, and high nonlinear
optical susceptibility. To satisfy potential microelectronics ap-
plications, thin films of BaTiO3 with good electrical and/or
electro-optical properties are required. Several methods are
suitable for the formation of thin films. Among these methods,
sol–gel,8–11 chemical vapor deposition,7 and sputtering12,13

processes are most widely favored. The sol–gel approach is
arguably one of the easiest methods to obtain good-quality
films. However, film structure and electrical properties are
greatly dependent on annealing and/or deposition temperature,
in addition to film thickness and grain size. It has been reported
that, after annealing at a temperature of >500°C, the films are
crystalline, whereas they remain amorphous at temperatures
<500°C.11

Noble-metal-dispersed dielectric materials have also been
intensively studied,11,16–19 because the noble-metal particles
create an electric field around the particles and, therefore, en-
hanced electrical and electro-optical properties of these dielec-
tric materials may be expected. Among the noble metals, gold
is most intensively studied, because of a special blend of char-
acteristics, including high polarizability, high electronegativity,
and a relatively low tendency to react with other pertinent
elements.

From this perspective, gold-dispersed BaTiO3 films are ex-
pected to exhibit a high dielectric constant and, therefore, be
suitable for electronic and microelectronic applications (e.g.,

dynamic random access memories, DRAMS). However, there
are few reports in the literature on this material to date.11

In this paper, we have used the sol–gel process for the for-
mation of gold-dispersed BaTiO3 films, and the effects of gold
addition on the structural properties are investigated via X-ray
diffractometry (XRD). Some interesting results of gold-
enhanced crystallization and a cubic–tetragonal phase transi-
tion are presented and then related to a kinetic model. Finally,
some possible mechanisms for the crystallization enhancement
are proposed.

II. Experimental Procedure

The sample preparation was conducted in the following
manner, as was used by Kineriet al.11 First, 1 mol of
Ba(CH3COO)2 was dissolved in the mixed solution of 20 mol
methanol (C2H5OH), 25 mol CH3COOH, and 1 mol glycerol,
and then the solution was stirred for 2 h. After stirring, 1 mol
of Ti[O(CH2)3CH3]4 was added to the solution, followed by
stirring for 2 h. Then, a mixed solution with various specified
quantities of HAuCl4zxH2O20 and 1 mol of C2H5OH was added
to the above-mentioned solution. Finally, to form the gold-
dispersed BaTiO3 films, the final solution was spin coated onto
two different types ofp-type Si (resistivities,r, of 0.5–0.7 and
5–7 Vzcm) wafers that had been dipped into hydrofluoric acid
(HF) prior to spin coating, to remove the native silicon oxide.
The conditions for the spin coating were 2000 rpm for 45 s.
After the solution was spin coated, all the samples were an-
nealed at 170°C for 1 h in anitrogen-gas atmosphere, followed
by two steps of successive annealing of 400°C for 1 h and
700°C for 1 h in air. The thickness of all the samples prepared
using this procedure was∼110 nm, as measured by ana-step
profilometer and by using cross-sectional field-emission scan-
ning electron microscopy (SEM).

In this study, the highest annealing temperature (700°C) and
thickness of the films (110 nm) were both fixed and only the
gold concentration in the solution, and, hence, in the films, was
varied. Table I summarizes the sample-preparation conditions.
According to X-ray photoelectron spectroscopy (XPS) mea-
surements, the gold concentration for sample 1107B was∼0.5
at.%. Structural evaluation of the films was performed using
XRD (D5000 system, Siemens, Cherry Hill, NJ).
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Table I. Summary of Sample-Preparation Conditions
Sample
code

HAuCl4zxH2O
content† (mol)

Annealing
temperature (°C)

Thickness
(nm)

1107A 0 700 110
1107B 0.05 700 110
1107C 0.01 700 110
1107D 0.005 700 110

†Per 1 mol of Ba(CH3COO)2.
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III. Results

Figure 1 shows the XRD results for the four different
samples. In the sample with no gold (sample 1107A), only a
small broad peak is observed, at 2u ≈ 44.5°, which can be
assigned to the (200) plane of cubic BaTiO3.2 On the other
hand, for the sample with the highest gold concentration in this
experiment (sample 1107B), two sharp peaks, at 2u 4 22.3°
and 2u 4 45.5°, are observed. These two peaks are due to the
reflections from the (100) and (200) planes of BaTiO3; the
latter peak is, in fact, not from the cubic phase but the tetrag-
onal phase (or perovskite) of BaTiO3.2,9,21Also, from the XRD
pattern of sample 1107B, it is clear that the film has a larger
average grain size and is highly oriented along the [100] di-
rection, despite the use of a (100) Si wafer as a substrate, which
has a substantially different crystal structure. The film of
sample 1107B shows a small peak, at 2u ≈ 28.8°, which has not
yet been assigned. By adding a small amount of gold (0.005
mol, sample 1107D) to the BaTiO3 film, the peak intensity for
the (200) plane of cubic BaTiO3 increases; however, the peak
is still weak and broad. Further additions of gold (0.01 mol,
sample 1107C) result in the appearance of an unknown peak at
2u 4 28.8°, as is observed in sample 1107B, whereas the cubic
(200) peak intensity seems to weaken. From the above-
mentioned results, it may be concluded that adding gold to
undoped BaTiO3 films enhances crystallization in these films.

IV. Discussion

In this section, we focus on why the presence of gold en-
hances crystallization in the films. We also examine why gold
induces a phase transition from a cubic structure to a tetragonal
structure.

Our sol–gel process is very similar to that used by Kineriet
al.,11 who examined the effects of heat treatment on the struc-
tural and optical properties of BaTiO3 thin films after spin
coating, using XRD and infrared spectroscopy. Their results
showed that (i) most of the organic matter and water could be
removed from the films by annealing at 500°C, (ii) at 500°C,
the BaTiO3 films are still amorphous while the gold particles
have already crystallized, and (iii) when annealed at 600°C,
BaTiO3 films show crystallinity, although the kinetics of struc-
tural changes in these films were not stated in their paper. In
addition to the above-mentioned results obtained by Kineriet
al.,11 our XPS results show that most of the chlorine ions
brought into our BaTiO3 films with gold are removed from the
films (the detection limit for chlorine via XPS is∼0.1 at.%).
Hence, in our case, only the influence of gold particles on the

primary crystallization of BaTiO3 films from the amorphous
phase should be considered.

Much work has been focused on the tetragonal–cubic phase
transition in this material.22–28 It is widely accepted that oxy-
gen vacancies and internal stress contribute to crystallite
growth and phase transformation in BaTiO3 and that BaTiO3
with a large grain size has a tendency to be tetragonal. Al-
though there is little information on the effects of adding gold
particles to the structure of BaTiO3, there are several possible
explanations why gold particles enhance crystallization; these
include substitutional doping,29 oxidation of metal particles,30

liquid-phase mediation,31 internal stress,32 electric field,33 and
heterogeneous nucleation. We will now examine whether these
possible causes are likely to occur in our case.

For the case of substitutional doping, Hsianget al.29 studied
the effects of lanthanum and manganese doping on the struc-
ture of BaTiO3 powders. These dopant atoms can be located in
substitutional sites and, consequently, create either oxygen or
cation vacancies. Their findings were that manganese doping
enhances crystallite growth, because of the increase of oxygen
vacancies, whereas lanthanum doping causes a decrease in the
concentration of oxygen vacancies and, therefore, crystallite
growth is inhibited at high temperatures. They also found that
doping with lanthanum and manganese increases the internal
strain. In addition, it increases the crystallite size, under spe-
cific conditions, from 30 nm to 100 nm, because of the pres-
ence of cation or oxygen vacancies. However, in the present
case, substitutional doping by gold is less likely to occur.

A good example of the effects of oxidation of metal particles
has been described by Emoto and Hojo.30 They studied the
effects of nickel particles that were dispersed in BaTiO3 pow-
ders on dielectric characteristics. They also observed a de-
crease in tetragonality with increases in nickel addition. Al-
though they did not mention the reason why the tetragonality
decreased by adding nickel particles, their discussions that re-
lated to oxidation of the nickel particles in the BaTiO3 matrix
implied an increased oxygen vacancy concentration in the
structural transformation.

In the case of liquid-phase mediation, specific oxides that
melt at relatively low temperatures are added mainly to permit
the resulting liquid phase to modify the microstructure. In the
case of gold additions to BaTiO3 films, gold particles them-
selves do not melt at 700°C, and no evidence of any eutectic
phases have been detected in this study. Therefore, this possi-
bility is neglected.

The additional internal stress (probably compression due to
the addition of gold particles in the film) could be one contrib-
uting factor in the enhancement that is observed in our case.

Fig. 1. XRD results for the four samples given in Table I, showing a phase change from cubic to tetragonal and grain growth with increasing gold
concentration.

April 1998 Communications of the American Ceramic Society 1075



The experimental results observed by Hwanget al.32 are in
contradiction to the results by Hsianget al.,29 in terms of the
role of oxygen vacancies. The Hwanget al.studies focused on
the effects of silicon carbide (SiC) particulates incorporated in
the BaTiO3; they observed that, as the SiC content increased,
(i) the structure of the BaTiO3 changed from the tetragonal
phase to the cubic phase, (ii) the Curie temperature decreased,
(iii) the grain size decreased, and (iv) the carrier concentration
increased. According to their discussions, these results may be
caused by an increase in the oxygen vacancy concentration and
residual stress that resulted from the SiC particulate additions.
The internal stress is well-known to be able to contribute to
atomic migration.

Soejimaet al.33 investigated the effects of electric field on
the BaTiO3 structure by applying an external electric field to
cubic BaTiO3 crystals, and these researchers detected some
structural changes via XRD. Although they did not discuss the
mechanism for such structural changes, we can consider the
effects of internal fields in our case as follows. The incorpo-
ration of gold particles creates strong local electric fields
around the particles, as mentioned in section I, which may
assist in electron transfer from the BaTiO3 matrix to the gold
particles. This event, in turn, can contribute to a weakening of
the bonds between oxygen atoms and cations in the BaTiO3. At
high temperatures during annealing, this phenomenon would
facilitate atomic migration, compared to films that have no
incorporated gold particles.

Finally, in regard to the possibility of the heterogeneous
crystallization of BaTiO3 onto gold particles from the amor-
phous phase, more information is required to answer whether
the gold particles do indeed act as nuclei. However, in general,
in the presence of nuclei (or seeds for crystallization), crystal-
lization rates are enhanced, because the potential barrier for
nucleation is reduced by a factor ofF (0 # F # 1; F is a ratio
of volumes of the heterogeneously and homogeneously formed
nuclei).34

From the above-mentioned discussion, we propose that the
main reasons for gold-enhanced crystallization are the presence
of additional internal stresses, the internal electric fields that
are induced by gold particles, and/or heterogeneous nucleation
and growth. To establish the precise mechanism for gold-
enhanced crystallization of BaTiO3 films, further studies are
needed.

V. Summary

To obtain information on structural changes resulting from
gold-particle additions to barium titanate (BaTiO3) thin films,
BaTiO3 thin films 100 nm thick with different gold concentra-
tions were prepared via sol–gel processing and evaluated via
X-ray diffractometry. The main results of these studies are as
follows:

(1) Additions of gold to the BaTiO3 films enhance crys-
tallization.

(2) The crystal structure of BaTiO3 films with no and small
amounts of gold is cubic and has a fine grain structure.

(3) As the gold concentration is increased in the films, the
structure has a tendency to become more tetragonal and show
a strong texture in the [100] direction.

Possible mechanisms for the enhancement have been dis-
cussed. The presence of internal stress, internal electric fields,
and/or heterogeneous nucleation and growth are proposed as
being the main contributing factors.
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1B. Miloševic, M. K. Milkovic, and D. P. Uskokovic, ‘‘Characteristics and

Formation Mechanism of BaTiO3 Powders Prepared by Twin-Fluid and Ultra-
sonic Spray-Pyrolysis Methods,’’J. Am. Ceram. Soc., 79 [6] 1720–22 (1996).

2H.-I. Hsiang and F.-S. Yen, ‘‘Effect of Crystallite Size on the Ferroelectric
Domain Growth of Ultrafine BaTiO3 Powders,’’ J. Am. Ceram. Soc., 79 [4]
1053–60 (1996).

3M. A. Delfrate, J. Lemaitre, V. Buscaglia, M. Leoni, and P. Nanni, ‘‘Slip
Casting of Submicron BaTiO3 Produced by Low-Temperature Aqueous Syn-
thesis,’’ J. Eur. Ceram. Soc., 16 [9] 975–84 (1996).

4Z. Feng and C. Zechun, ‘‘Study on the Electrical Properties of Single Grain
Boundaries in BaTiO3 Ceramics,’’J. Appl. Phys., 80 [2] 1033–36 (1996).

5M. H. Frey and D. A. Payne, ‘‘Synthesis and Processing of Barium-Titanate
Ceramics from Alkoxide Solutions and Monolithic Gels,’’Chem. Mater., 7 [1]
123–29 (1995).

6H. Shimooka and M. Kuwabara, ‘‘Preparation of Dense BaTiO3 Ceramics
from Sol–Gel-Derived Monolithic Gels,’’J. Am. Ceram. Soc., 78 [10] 2849–52
(1995).

7J. Zhang, C. P. Beetz Jr., and S. B. Krupanidhi, ‘‘Photoenhanced Chemical-
Vapor-Deposition of BaTiO3,’’ Appl. Phys. Lett., 65 [19] 2410–12 (1994).

8S. Nourbakhsh, I. Vasilyeva, and J. N. Carter, ‘‘Novel Metalorganic Route
for Fabrication of BaTiO3 Thin Ferroelectric-Films,’’Appl. Phys. Lett., 66 [21]
2804–806 (1995).

9T. Hayashi, N. Oji, and H. Maiwa, ‘‘Film Thickness Dependence of Dielec-
tric Properties of BaTiO3 Thin Films Prepared by Sol–Gel Method,’’Jpn. J.
Appl. Phys., 33 [9B] 5277–80 (1994).

10M. N. Kamalasanan, D. Deepak Kumar, and S. Chandra, ‘‘Structural and
Microstructural Evolution of Barium-Titanate Thin-Films Deposited by the Sol–
Gel Process,’’J. Appl. Phys., 76 [8] 4603–609 (1994).

11T. Kineri, E. Matano, and T. Tsuchiya, ‘‘Preparation and Optical Properties
of Gold-Dispersed BaTiO3 Thin Films by Sol–Gel Process,’’Proc. SPIE—Int.
Soc. Opt. Eng., 2288, 145–50 (1994).

12Q. X. Jia, L. H. Chang, and W. A. Anderson, ‘‘Surface and Interface Prop-
erties of Ferroelectric BaTiO3 Thin-Films on Si using RuO2 as an Electrode,’’
J. Mater. Res., 9 [10] 2561–65 (1994).

13M. H. Song, Y. H. Lee, T. S. Hahn, M. H. Oh, and K. H. Yoon, ‘‘Effects of
a New Stacking Method on Characteristics of Multilayered BaTiO3 Thin-Film,’’
J. Appl. Phys., 79 [7] 3744–48 (1996).

14T. Azuma, S. Takahashi, and M. Kuwabara, ‘‘Preparation and Basic Prop-
erties of BaTiO3–BaPbO3 Multilayer Thin Films by Metal-Alkoxides Method,’’
Jpn. J. Appl. Phys., 32 [9B] 4089–91 (1993).

15Y. Ohya, T. Ito, and Y. Takahashi, ‘‘Dielectric Properties of Multilayered
Ferroelectric Thin Films Fabricated by Sol–Gel Method,’’Jpn. J. Appl. Phys.,
33 [9B] 5272–76 (1994).

16S. Sakka, H. Kozuka, and G. Zhao, ‘‘Sol–Gel Preparation of Metal Particle/
Oxide Nanocomposites,’’Proc. SPIE—Int. Soc. Opt. Eng., 2288, 108–19
(1994).

17G. C. Vezzoli, M. F. Chen, and J. Caslavsky, ‘‘New High Dielectric-
Constant Materials: Micro/Nanocomposites of Suspended Au Clusters in SiO2/
SiO2–Al2O3–Li2O Gels and Relevant Theory for High Capacitance Applica-
tions,’’ Nanostruct. Mater., 4 [8] 985–1009 (1994).

18K. Kadono, T. Sakaguchi, M. Miya, J. Matsuoka, T. Fukumi, and H.
Tanaka, ‘‘Optical Non-linear Property of Au Colloid-Doped Glass and the Laser
Irradiation Stability,’’ J. Mater. Sci.: Mater. Electron., 4, 59–61 (1993).

19M. Mennig, M. Schmit, U. Becker, G. Jung, and H. Schmidt, ‘‘Gold Col-
loids in Sol–Gel Derived SiO2 Coatings on Glass and their Linear and Nonlinear
Optical Properties,’’Proc. SPIE—Int. Soc. Opt. Eng., 2288, 130–39 (1994).

20Catalog Handbook of Fine Chemicals; p. 782. Aldrich Chemical Co., Mil-
waukee, WI, 1994.

21R. N. Viswanath, S. Ramasamy, K. Shanmugam, and R. Ramamoorthy,
‘‘Preparation and Characterization of Nanocrystalline BaTiO3,’’ J. Mater. Sci.
Lett., 14 [12] 841–43 (1995).

22W. Y. Shih, W.-H. Shih, and I. A. Aksay, ‘‘Size Dependence of the Fer-
roelectric Transition of Small BaTiO3 Particles: Effect of Depolarization,’’
Phys. Rev. B: Condens. Matter, 50 [21] 15575–85 (1994).

23Y. Babu, M. D. Sastry, B. A. Dasannacharya, S. Balakumar, R. Ilangovan,
P. Ramasamy, and M. D. Aggarwal, ‘‘The Tetragonal–Cubic Phase-Transition
in Mixed Perovskite Ba1−xCaxTiO3 Single-Crystals: EPR Evidence of Impurity-
Induced Dynamic Effects,’’J. Phys.: Condens. Matter, 8 [42] 7848–56 (1996).

24S. Schlag and H.-F. Eicke, ‘‘Size Driven Phase-Transition in Nanocrystal-
line BaTiO3,’’ Solid State Commun., 91 [11] 883–87 (1994).

25O. Kanert and H. Schulz, ‘‘Nuclear-Magnetic-Resonance Study of the Cu-
bic-to-Tetragonal Phase-Transition in BaTiO3,’’ Solid State Commun., 91 [6]
465–69 (1994).

26T. Kanata, T. Yoshikawa, and K. Kubota, ‘‘Grain-Size Effects on Dielectric
Phase Transition of BaTiO3 Ceramics,’’Solid State Commun., 62 [11] 765–67
(1987).

27K. Irie, M. Shiono, H. Nakamura, N. Ohnishi, and A. Okazaki, ‘‘High-
Resolution X-ray Diffraction Study of the Cubic-to-Tetragonal Transition in
BaTiO3,’’ Solid State Commun., 62 [10] 691–93 (1987).

28D. R. Spearing and J. F. Stebbins, ‘‘Oxygen Displacement through the Fer-
roelectric Phase Transition of Barium Titanate—High-Temperature17O NMR,’’
J. Am. Ceram. Soc., 77 [12] 3263–66 (1994).

29H.-I. Hsiang, F.-S. Yen, and Y.-H. Chang, ‘‘Effects of Doping with La and
Mn on the Crystallite Growth and Phase-Transition of BaTiO3 Powders,’’ J.
Mater. Sci., 31 [9] 2417–21 (1996).

30H. Emoto and J. Hojo, ‘‘Sintering and Dielectric Properties of BaTiO2-Ni
Composite Ceramics,’’J. Ceram. Soc. Jpn., 100 [4] 555–59 (1992).

31H.-F. Cheng, T.-F. Lin, C.-T., Hu, and I-N. Lin, ‘‘Effect of Sintering Aids
on Microstructures and PTCR Characteristics of (Sr0.2Ba0.8)TiO3 Ceramics,’’J.
Am. Ceram. Soc., 76 [4] 827–32 (1993).

32H. J. Hwang, T. Sekino, K. Ota, and K. Niihara, ‘‘Perovskite-Type BaTiO3
Ceramics Containing Particulate SiC,’’J. Mater. Sci., 31 [17] 4617–24 (1996).

33Y. Soejima, T. Ninomiya, and H. Yamada, ‘‘The Structural Phase-
Transition in BaTiO3 in a Static Electric-Field,’’Phase Transitions, 54 [2]
123–29 (1995).

34I. Gutzow, ‘‘Induced Crystallization of Glass-Forming Systems: A Case of
Transient Heterogeneous Nucleation, Part 1,’’Contemp. Phys., 21 [2] 121–37
(1980). h

1076 Communications of the American Ceramic Society Vol. 81, No. 4


