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Ba1-xGdxTiO3+δ, at x = 0, 0.05, 0.1, 0.15, 0.2, (BGT) thin films have been fabricated on SiO2/Si substrate using sol-gel
method. The microstructure and surface morphology of the fabricated films have been investigated using X-ray diffraction
(XRD) and atomic force microscopy (AFM). The XRD results show that the fabricated films are crystalline with perovskite
structure. There is a shifting of the preferred peak at 31.5° to a higher angle as the doping ratio increases suggesting a
distortion lattice exists in the films, which could be due to the substitution of Gd3+ ions into Ba-site. The decreasing of
lattice constants confirms the substitution of Gd3+ in BaTiO3 lattice structure. The microstrain and dislocation density are
found to be increased with the increase of Gd3+ doping, which attributed to the reduction of lattice volume that due to the
ionic size mismatch effect. The AFM results show decreasing trend in both average grain size and roughness parameters.
Therefore, the microstructure and surface morphology of BGT samples is strongly dependent on the Gd 3+ doping
concentration that mainly due to the difference ionic radius substitution.
Keywords: barium titanate, gadolinium doping, sol-gel, thin film, microstructure.

1. INTRODUCTION1

fabrication methods. The traditional solid-state method has
a strict criterion on particle size and purity of raw material,
and required high operating temperature, which will acutely
affect the product performance [1, 10]. Recently, the sol-gel
method has been extensively attracted interest despite of its
excellent control of stoichiometry, ease of compositional
modifications and can produce homogeneous film
deposition on large area substrates at relatively low
annealing temperature using inexpensive equipment
[11 – 15].
In this work, Gd-doped BaTiO3 (BGT) thin films at
different doping ratio will be prepared using sol-gel method.
The microstructure of the prepared films will be deeply
investigated via structural parameters. In addition, the grain
size and surface roughness will be intensively studied using
amplitude parameters.

Barium titanate (BaTiO3) is a well-known ferroelectric
material that has been widely used in many applications
including microelectronic and optoelectronic devices due to
its excellent dielectric constant and ferroelectric properties
[1 – 3]. Due to its unique intrinsic capability of the
perovskite structure that can host ions of different sizes,
which allows many dopants to be accommodated in BaTiO3
lattices [4]. Trivalent rare-earth ions are commonly used at
low dopant levels in commercial formulations of BaTiO3based devices to improve its reliability on many properties
[5]. Numerous experiments have been carried out to explore
the incorporation effect of rare-earth dopants in BaTiO3
properties. Among of them, gadolinium (Gd+3) which
possesses good optical properties and strong influences on
electrical properties [6].
Few studies have investigated the effect of
incorporation of Gd3+ dopant in barium titanate. Li et al. [7]
have reported that Gd3+ ions substitution in Ba or Ti site
within perovskite lattice depends on doping concentration,
which affects directly on the dielectric constant of the final
composite. Dale found that Gd3+ dopant has the greatest
increment in the dielectric constant for barium titanate
compared to other rare-earth dopant in his study [8].
However, the influence of Gd3+ on the microstructure lacks
relevant research. It is essential to investigate the effect of
Gd3+ doping in BaTiO3 on microstructure and surface
morphology as it affects many properties, including
electrical and optical properties and gives many
fundamental information such as friction, contact
deformation, and electric conduction mechanism [9].
The microstructure and surface morphology of BaTiO3
are strongly dependent on the synthesis process and

2. EXPERIMENTAL DETAILS
BGT solutions at different molar ratios with the formula
Ba1-xGdxTiO3+δ are prepared via sol-gel technique, where
x = 0, 0.05, 0.1, 0.15, 0.2. Barium acetate, gadolinium
acetate and titanium (IV) isopropoxide are used as starting
materials together with glacial acetic acid and 2methoxyethanol as solvent agents. Proportional amount of
barium acetate and gadolinium acetate are dissolved in preheated glacial acetic at constant stirring for 1 hour, and then
followed by refluxed at 120 °C for 1 hour to formed Ba:Gd
solution. In a separate condition, titanium solution is
prepared by drop-added a stoichiometric amount of titanium
(IV) isopropoxide into 2-methoxyethanol and stirred at
room temperature. Under constant stirring condition, the Ti
solution is subsequently drip-added into Ba:Gd solution at
room temperature. The mixture is later refluxed at 120 oC
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for 1 hour in order to obtain a transparent homogeneous
solution. Lastly, the final solution is then filtered using a
nylon syringe filter. Five solutions with different
proportions of Ba:Gd, i.e. 1:0, 0.95:0.05, 0.90:0.10,
0.85:0.15, and 0.80:0.20, that are labelled as BGT0, BGT05,
BGT10 BGT15, and BGT20, respectively, have been
prepared.
Silicon substrates have been sequentially cleaned by
following the standard cleaning process. A 15 nm of silicon
dioxide has been thermally deposited on silicon substrates
as buffer layer. The prepared solutions are spun-deposited
on SiO2/Si substrates using spin coater at speed of 4000 rpm
for 20 seconds and then followed by post-heated at 200 oC
for 20 minutes to vaporize organic solvents. Annealing
process is then carried out on the as-deposited samples at
900 oC for 1 hour to form crystalline films. The phase
analysis of BGT at various compositions is studied using Xray diffractometer (XRD, D2 Phaser, Bruker) with Cu-Kα
radiation source (λ = 1.5406 Å), scanning from 20o to 60o
with a scan step of 0.02o, operated at a voltage of 30 kV and
a current of 10 mA. XRD analysis gives information on size
of the unit cell, lattice parameters and crystallite size
accordingly. The lattice parameters, a and c, of the films can
be determined using lattice geometry for tetragonal phase
given by [16]
1
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match with the perovskite peak of (100), which explains the
high intensity of the (100) diffraction peak in BGT samples.
This peak is attributed to the crystalline structure of the SiO2
grown in our lab. There are two peaks corresponding to
secondary silicate phases (Fresnoite, Ba2TiSi2O8) detected
at 27.0o and 28.9o. These phases could be attributed to the
incorporation of a small amount of BGT with the substrate
which due the diffusion of silicon into BGT films arise very
fast at high-temperature heating process and formed
interfacial silicate [19]. However, the formation of Fresnoite
peak can be avoided by growing a thicker layer of buffer
layer [20].
On the other hand, a decrease of diffraction intensity for
the orientations (110), (111), (200) and (211) planes is
observed as Gd3+ ratio concentration increases. This
decrement of diffraction intensity is due to the distortion of
lattice arrangement in the perovskite lattice due to the
substitution of Gd3+ into Ba2+ sites. Generally, the
diffraction intensities reflect the total scattering from
BaTiO3 crystal structure, and are directly proportional to the
concentration of the compound that exhibit it [21, 22]. In
other words, the concentration of Ba2+ reduces as the Gd3+
increases and results in lower diffraction intensity. Besides
that, it is observed that the peaks getting broader as Gd
concentration increases, which is more obvious for the main
diffraction peak of (110).
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where d is the interplanar spacing, and h, k and l are Miller
indices. The average crystallite size of the BGT films can be
calculated from the width at half height of the main
diffraction peak (110) in Fig. 1 using Scherrer equation [17],
which given by:
𝑘𝜆
𝛽𝑐𝑜𝑠𝜃

,

(2)

where D is the crystallite size, λ is the radiation wavelength
of Cu-kα, β is the full width at half maximum height of the
peak (FWHM), k = 0.9 is the shape factor of the average
crystallite and θ is the Bragg angle of the main diffraction
peak. The dislocation density formula is given by [18]:
5𝜉

ℎ

𝑘

𝑙

𝐷

𝑎

𝑏

𝑐

𝛿𝐷 = ( ) ( + + ),

(111)

(200)

(211)

(a)
(b)

Intensity, a.u.

𝐷=

#

#

(c)
(d)
(e)

(f)
20

25

30

35

40

45

50

55

60

2, degree

Fig. 1. XRD patterns at different Gd doping ratio of: a – BGT0;
b – BGT05;
c – BGT10;
d – BGT15;
e – BGT20;
f – substrate

(3)

where ξ is the microstrain as ξ = β cos θ/4 and can be
calculated using single XRD peak. The surface morphology
analysis has been performed using Atomic Force
Microscopy (AFM, SPA400, SII Nanotechnology, Inc) in
contact mode. Area of 5 µm x 5 µm and 1 µm x 1 µm is
scanned at four different positions on the sample surface
away from the sample edges to avoid edge effect for surface
roughness and average grain size, respectively. Specific
roughness parameters have been extracted using Gwyddion
software.

This broadening increment could be attributed to the
changes of crystallite size in the films. The calculated
crystallite size is tabulated in Table 1, which shows that the
crystallite size of BGT reduces from 21.041 nm to
11.269 nm as the Gd3+doping increases.
From XRD results, it is observed that the main
diffraction peak at 31.4o for the samples that are doped with
Gd3+ shifts toward a higher angle. This could be explained
based on ionic substitution mechanism within the lattice.
Gd3+ ion has intermediate ionic radius of 0.094 nm
compared to Ba2+ and Ti4+ ions, therefore, the substitution
of Gd3+ into Ba/Ti site will result in shrink/expand of the
lattice, and the diffraction peak will either shift toward a
higher degree or a lower degree [23]. The shifting toward
higher angle in this case indicates that Gd3+ ions occupies
Ba2+ sites, and it is in good agreement with Gama’s result
[24].
Dislocation is a crystallographic deformity within a
crystal structure and it strongly influences number of

3. RESULTS AND DISCUSSION
The XRD patterns of Gd doped BaTiO3 films annealed
at 900 oC are illustrated in Fig. 1. It can be seen that the
diffraction peaks for all films are (100), (110), (111), (200),
and (211) within the 2θ range from 20o to 60o, which
confirm that the films are crystallized with perovskite
structure. It has been observed that the prepared substrate
for this experiment show a high intensity peak at 22.5o that
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physical properties of the material [25]. The calculated
lattice parameters, microstrain and dislocation density are
tabulated in Table 1. It is found that both a and c lattice
constants are slightly reduced and a gradual contraction of
the lattice volume is observed as the Gd3+ doping ratio
increases. Tsur et al. [26] found that lattice shrinks with the
substitution of ionic rare earth on Ba-site and expanded with
ionic rare-earth on the Ti-site. Ben and Sinclair [27] found
that replacement of smaller doping ion in Ba-site results in
decrease in lattice volume as the doping ratio increased.
Accordingly, the decreasing in lattice volume confirmed the
substitution of Gd3+ in Ba-site [28].
On the contrary, both microstrain and dislocation
density are found to be increased with the increase of Gd3+
doping ratio. This increment is attributed to the ionic size
mismatch effect on the A-site between Ba2+ and Gd3+ ions
[27]. The substitution of Gd3+ in perovskite lattice causes
distortion in the size of the lattice unit and reduces its
volume as discussed earlier. The reduction in the lattice
volume results in lattice mismatch and consequently, creates
more vacancies between grains, which contributes to a
larger area in grain boundaries [29] and leads to higher
microstrain and dislocation density with the increase of
Gd3+ doping ratio. Generally, the current thin films show
relatively low dislocation density values compared to bulk
form [24].
AFM analysis is carried out to investigate the surface
morphology in terms of grain size and roughness on
different doping ratio of BGT deposited on SiO2/Si
substrates. Fig. 2 shows two-dimensional AFM
micrographs of one layer samples at different doping
concentrations of Gd3+. It can be seen from BT sample in
Fig. 2 a that the grains are agglomerated and evenly
distributed over the scanned area. As the Gd3+ ions are
introduced into BT, the grains obviously become smaller in
size and formed in clusters distributed uniformly over the
surface as shown in Fig. 2 e. It is clearly seen that the bright
grains in the AFM micrographs in Fig. 2 represent the grains
closer to detector.
The average grain size of these samples has been
measured in diameter and is plotted as a function of Gd 3+

doping concentration which illustrated in Fig. 3. The
diameter of each grain is measured at different points and
the average value is taken to ensure the accuracy of the
measured grain size. The graph shows a decrement trend of
grain size from 158.74 nm to 62.87 nm as the Gd3+ doping
concentration increased, which is in agreement with Li’s
results [7]. The grain size decrement can be attributed to
inhibition behaviour of the grains due to Gd 3+ ions
substitution at Ba2+ in perovskite lattice. It is interesting to
mention here that the decreasing trend of the measured grain
size is agreed with the calculated crystallite size from XRD
results. However, it is well known that the grain might
contain several crystallites which explain the large value of
the grain size compared to the crystallite size for the same
ratio of doping. The inhibition of grain growth is similar
with Pal’s result [30], thus it is confirmed that Gd3+ act as a
grain growth inhibitor.
Fig. 4 shows three-dimensional micrographs of single
layer samples at different doping ratio of Gd3+. From the
micrographs, it can be seen that fine and sharp peaks are
well-distributed over the scanned area indicating that the
surface of fabricated films are dense and smooth with crackfree. The surface morphology of the tested samples is
quantitatively evaluated using amplitude analysis [9]. The
average roughness of the films has been extracted and
plotted as a function of Gd3+ ratio which shown in Fig. 5.
The relatively low value of Ra indicates the fabricated BGT
film surfaces are smooth. From Fig. 5, the average
roughness is almost linearly decreases as the Gd doping
ratio increases.
This decreasing trend is due to the grain growth
inhibition mechanism over the scanned area. The decreasing
of Ra also can be mathematically explained through equation
given by [9]:
1

𝐿

𝑅𝑎 = ∫0 |𝑦(𝑥)|. 𝑑𝑥 ,
𝐿

(4)

where L is the length of the profile on the x-axis used for
measurement and y(x) is the variation of the height from the
profile line for each data point.

Table 1. Distinct structural parameters of BGT at different doping concentration of Gd
Sample

FWHM, degree

Crystallite size,
nm

BGT0
BGT05
BGT10
BGT15
BGT20

0.443
0.489
0.579
0.717
0.828

21.041
19.087
16.128
13.008
11.269

Lattice constant, Å
a
4.000
3.987
3.985
3.982
3.975

c
4.056
4.049
4.024
4.008
4.014

Lattice volume,
Å3

Microstrain η,
(x10-3)

Dislocation
density δD, µm-2

64.877
64.365
63.908
63.538
63.442

1.647
1.816
2.149
2.665
3.076

1863.46
2386.35
3344.02
5145.12
6866.84

a
b
c
d
e
Fig. 2. Two-dimensional AFM micrograph at different Gd doping ratio: a – BGT0; b – BGT05; c – BGT10; d – BGT15; e – BGT20
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The profile height represents each grain on the surface,
as the grain size reduces, the number of profile height
associated to the grain increases over the same scan area
leading to roughness decreases. The others of amplitude
parameters are summarized in Table 2.

where n is the number of sampling points along the
assessment length, which is 5 in this study, Pi is the height
of the i-th peak and Vi is the depth of the i-th valley with
respect to the line profile. However, Rt for BGT05 in this
case is lack of this trend which believed due to large distance
of maximum peak to valley as seen in Fig. 4 b. The positive
sign of skewness roughness (Rsk) values indicates the
samples surface is predominant with peaks [31]. For
roughness kurtosis, BGT 05 and BGT 10 show value greater
than three which revealed a spiky surface. On the other hand,
samples with Rsk value lower than three demonstrated a
bumpy surface. The formation of spiky surface and bumpy
surface is probably attributed to the sample preparation
processes.
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Fig. 3. Grain size of one layer sample at variation Gd doping ratio

From Table 2, both parameters of RMS roughness (Rq)
values and maximum peak to valley height roughness (Rt)
values show the same trend as the average roughness values
for different doping concentrations which also can be
mathematically explained according to given formulas [9]:
1

𝐿

2

𝑅𝑞 = √ ∫0 |(𝑦(𝑥)) | . 𝑑𝑥 ,
𝐿
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Fig. 5. Average roughness of the tested samples as a function of
variation Gd3+ doping concentration

(5)

𝑅𝑡 = (∑𝑛𝑖=1 𝑃𝑖 − ∑𝑛𝑖=1 𝑉𝑖 ),

2
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Table 2. The amplitude parameters of tested samples at different Gd doping ratio
Sample

Ra, nm

Rq, nm

Rt, nm

Rsk, nm

Rku, nm

BT
BGT05
BGT10
BGT15
BGT20

3.134 ±0.112
2.389 ±0.066
1.512 ±0.012
0.736 ±0.095
0.662 ±0.029

3.930 ±0.137
3.495 ±0.212
2.037 ±0.022
0.950 ±0.108
0.860 ±0.036

39.670 ±0.851
48.708 ±0.976
40.970 ±3.514
10.493 ±0.819
9.371 ±0.994

0.304 ±0.035
2.008 ±0.017
0.729 ±0.035
0.915 ±0.018
0.852 ±0.029

0.191 ±0.033
8.793 ±0.176
13.470 ±0.622
0.964 ±0.008
1.668 ±0.014

a

b

d

c

e

Fig. 4. Three-dimensional AFM micrographs at different Gd doping ratio: a – BT; b – BGT05; c – BGT10; d – BGT15; e – BGT20
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4. CONCLUSIONS
Gadolinium doped barium titanate (Ba1-xGdxTiO3+δ)
thin films have been successfully fabricated on SiO2/Si
substrate using spin coating method. The microstructure and
surface morphology of the fabricated films have been
characterized using XRD and AFM. The diffraction peaks
in XRD results reveal that the samples are crystallized with
perovskite structure. A small peak corresponding to
secondary silicate phases is detected at 27.0o and 28.9o,
which is due to the diffusion of Si into BaTiO3. There is a
small shift for the main diffraction peak of the samples that
are doped with Gd3+ ions towards a higher degree, suggested
that the Gd3+ ions have substituted into Ba-site in the
perovskite structure. The crystallite size is calculated using
Scherrer equation, which shows a decrement from
21.041 nm to 11.269 nm as Gd3+ doping ratio increases
confirming that Gd3+ ions have replaced Ba-sites and leads
to a reduction in lattice volume. The dislocation density in
the films increased from 1863.46 µm-2 to 6866.84 µm-2 with
the Gd3+doping ratio. This increment is due to the ionic size
mismatch effect, which contributes to larger grain
boundaries area and higher microstrain and dislocation
density.
From AFM results, the average grain size of all samples
decreases from 158.74 nm to 62.87 nm with the increase of
Gd3+ doping ratio, which is attributed to the reduction lattice
due to substitution of Gd3+ in Ba-site, that is in line with
XRD results. Same trend is noticed for surface roughness,
Ra, of the samples which can be explained through the
reduction of grain size over the scanned area. The skewness
roughness values show that the tested films’ surfaces are
uniformly distributed with peak as dominant. Nevertheless,
kurtosis roughness values reveal both spiky and bumpy
surfaces, which are believed due to the fabrication processes.
Therefore, it can be concluded that the microstructure and
surface morphology of BGT samples is strongly dependent
on the Gd3+ doping concentration and is mainly due to the
difference ionic radius substitution
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