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Effect of La doping on tunable behavior of sol–gel-derived PST thin film
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Abstract

PbxSr1−xTiO3 and (Pb0.4Sr0.6)1−xLa2x/3TiO3 thin films were prepared on ITO/glass substrate by sol–gel technique. The crystalline phase structures
of thin films were investigated by XRD. The dielectric properties were measured by LCZ meter. Results show that the perovskite phase was stable
in PbxSr1−xTiO3 thin film. Its lattice constant was found to increase with the increase of x. When Pb/Sr ratio was about 50/50, the transformation of
the perovskite phase between cubic and tetragonal took place at room temperature. To ensure better tunability, Pb0.4Sr0.6TiO3 thin film was selected
in both paraelectric state (cubic structure) and near the phase transformation point between cubic and tetragonal. The tunability of more than
80% and figure of merit (FOM) of 14.17 were obtained. (Pb0.4Sr0.6)1−xLa2x/3TiO3 was also prepared as La-doped thin film. Its dielectric constant
was decreased below x = 0.4 and then increased above x = 0.4 with the increase in x. The inharmonic coefficient depicting ability of tunability of
(Pb0.4Sr0.6)1−xLa2x/3TiO3 thin film kept constant due to the changeable shape of the crystal cell under electric field at a fixed temperature below
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= 0.4, which is in good agreement with Johnson’s theory. And the coefficient reveals a distinctive variable because of easily changeable shape
nder different bias above x = 0.4. The tunability of about 70% and FOM of about 7 were obtained in the (Pb0.4Sr0.6)1−xLa2x/3TiO3 thin film.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Over the past decades, there has been a great interest in the
pplication of ferroelectric and paraelectric thin films for tun-
ble microwave device such as electrically tunable mixers, delay
ine, filters, capacitor, oscillators, resonators and phase shifters.
erroelectric materials are selected due to their sufficient advan-

ages including adjustable dielectric constant by applied electric
eld. To ensure a better tunability, the materials need to be
esigned to ensure its paraelectric state (cubic structure) and its
hase transformation point between cubic and tetragonal4 is just
elow room temperature. Barium strontium titanate (Ba,Sr)TiO3
BST),1 lead strontium titanate PbxSr1−xTiO3 (PST)2 and sim-
lar titanates, whose compositions satisfy the above conditions
ave been well studied for tunable microwave applications.

Barium strontium titanate and the series doped with some
inors have been investigated intensively. They have tunability

f about 50%, dielectric loss of 10−2 and FOM of ≤300. Lead
trontium titanate with higher tunability and lower loss was sug-
ested for tunable microwave applications recently by Cross and
o-workers.3 The performence of PST is better than that of BST

in tunable microwave application. The investigations of PST thin
films have therefore been reported recently. As it is known that
the doping is significant to improve electrical properties of fer-
roelectric thin films. However, limited attempt has been made so
far to understand PST thin film with a doped content especially
by sol–gel technique.

In this paper, the sol–gel-derived PST and La-doped PST thin
films were prepared and the influence of La content on tunable
behavior of the thin film was investigated in detail.

2. Experimental

Sol precursor of PbxSr1−xTiO3 (x = 0.2–0.8) and
(Pb0.4Sr0.6)1−xLa2x/3TiO3 were prepared using lead acetate
trihydrate, strontium carbonate, lanthanum nitrate and tita-
nium iso-propoxide as starting materials and acetic acid and
2-methoxyethanol as the solvent. PST thin films were deposited
by dip-coating the sol precursor on a conductive ITO/glass
substrate and then rapidly heat-treated on a muffle stove at
450 ◦C or 600 ◦C initially. After that, the PST thin films were
annealed at 600 ◦C for 1 h in oxygen atmosphere for complete
∗ Corresponding author.
E-mail address: mse-dupy@dial.zju.edu.cn (P. Du).

crystallization. The rapid heat treatment process was repeated
for eight times and kept 5 min for each time. The thickness of
PST thin film obtained was approximately 200–400 nm.
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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The crystallinity and phase structure of the PST and La-
doped PST thin films were analyzed by X-ray diffraction (XRD).
Dielectric properties (capacitance as well as dielectric loss) of
the thin films were measured by Keithley 3330 impedance ana-
lyzer under different applied voltages. The dielectric tunability
of the thin film was defined as (εmax − εmin)/εmax figure of
merit (FOM), a frequently used parameter to characterize cor-
relations between tunability and dielectric loss, was defined as
FOMs = (tunability/tan δ(%)).

3. Results and discussion

Fig. 1 shows XRD patterns of the PST thin films with the
ratio of Pb/Sr from 10/90 to 80/20. All the PST thin films
with different compositions are found non-textured polycrys-
talline perovskite phase without any evident secondary phase.
The peaks of the perovskite phase shifts slightly towards low
2θ angle while the ratio of Pb/Sr is increased in PST, and peak
between 45◦ < 2θ < 47◦ split into two peaks at the ratio of 50/50
and above.

As it is known, the lattice constant of a perovskite phase can
be decreased when Pb2+ is substituted by Sr2+ due to smaller
radii of Sr2+(1.12 A). For the PbxSr1−xTiO3 thin films of this
study, the lattice constant of the perovskite phase increases with
the increase in Pb content as shown in Fig. 1, which is in agree-
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Fig. 2. Lattice constants as a function of the contents of Pb in the perovskite
phase in PbxSr1−xTiO3 film.

ture distortion of the perovskite phase is increased with adding
Pb to certain content at a certain temperature. Fig. 2 shows the
lattice constant of the perovskite phase as a function of Pb con-
tent in the thin film. It exhibits evidently that, when the ratio
of Pb/Sr is about 50/50, the phase transformation from cubic
to tetragonal occurs at room temperature. The sol–gel-derived
Pb0.4Sr0.6TiO3 thin film is therefore paraelectric state with cubic
perovskite structure and has a phase transformation point near
room temperature. The Pb0.4Sr0.6TiO3 thin film is actable to
be used in microwave devices for its tunability since the per-
ovskite phase usually possess low loss in its paraelectric state
and high tunability near the phase transformation point.4 There-
fore, it would play an important role in the device with high
FOM. Fig. 3 shows the plots of normalized-dielectric-constant
of Pb0.4Sr0.6TiO3 thin film as functions of electric bias under
different frequencies of 1, 10 and 100 kHz. The dielectric tun-
abilities of the thin films are greater than 80%, which is much
higher than that ever reported in literatures.5–7 It further exhibits
a tendency of increase from 80.8% to 85.0% with the frequency
from 1 to 100 kHz although the dielectric constants without bias
show a trend of decrease.

La-doped PST, (Pb0.4Sr0.6)1−xLa2x/3TiO3 was also selected
for high tunability. Fig. 4 shows its X-ray diffraction patterns. It
exhibits that the crystallinity of the perovskite phase decreases
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ent with the above argument. The distortion of the perovskite
hase structure appears and becomes serious with increasing
b/Sr ratio. Actually the nature of the perovskite phases of PST
ith low Pb addition would be different from that with high
b. The lattice system will change probably from original cubic

o a new tetragonal, while the lattice constant and the struc-

ig. 1. XRD patterns of the PbxSr1−xTiO3 thin films annealed at 600 ◦C with
ifferent lead contents.
ig. 3. Normalized-dielectric-constant–electric–voltage relationship of
b0.4Sr0.6TiO3 thin film under different applied frequencies at room

emperature.
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Fig. 4. X-ray diffraction patterns of (Pb0.4Sr0.6)1−xLa2x/3TiO3 thin films.

with increasing La doping. Fig. 5 is the variation of (1 1 0) peak
position against the dielectric constant of the La-doped thin film.
The (1 1 0) peak position, which is related to the lattice constant,
is linearly increased from x = 0.1 to x = 0.4 and then decreased
until x = 0.5. Dielectric constant decreases from x = 0.1 to x = 0.4
and then increases from x = 0.4 to x = 0.5 with increasing La con-
tent. The maximum 2θ angle of (1 1 0) peak position (minimum
of the lattice constant) and the minimum of the dielectric con-
stant simultaneously appear in x = 0.4.

In a strict sense, an electric dipole, which dominates the
dielectric behavior, is normally dependent on lattice constant
or distortion of the oxygen octahedron in the perovskite phase
structure. When smaller size La3+ substitutes for larger size
Pb2+ and Sr2+, the vacancy defects of Pb and Sr appear. The
crystal lattice will thus decrease when there is an increase
in La addition. The lattice constant of the perovskite phase
in (Pb0.4Sr0.6)1−xLa2x/3TiO3 thin film will also decrease with
increasing La as proved indirectly by Fig. 5(a) below x = 0.4.
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Fig. 6. Variation of normalized dielectric constant with changing electric field
in (Pb0.4Sr0.6)1−xLa2x/3TiO3.

The dielectric constant is therefore decreased with increasing
La3+ in the phase structure below x = 0.4 as shown in curve
b in Fig. 5. In addition, as La3+ content is above x = 0.4, the
dielectric constant is increased with increasing La doping in the
thin film as shown in curve b in Fig. 5. This is because the
high concentration of La ions promotes the disappearance of
Pb and Sr while a lot of La ions substitute for Pb and Sr in
the perovskite phase. Because Pb exhibits a high polarization
itself and hence contributes a high bond force with surround-
ing atoms, the decrease in attractive force among atoms and
the loosening of the crystal lattice will occur with decreasing
Pb. Unlike shrinking the phase structure while generating the
vacancy defects and decreasing ion size mainly below x = 0.4,
the lattice size therefore increases when the Pb significantly
decreases especially above x = 0.4. It means that the dielectric
constant increases with decreasing Pb rather than decreasing
with increasing La in this case. As confirmed in curve a in Fig. 5,
the lattice constant is increased with the increase in La content
ranging from x = 0.4 to x = 0.5. The dielectric constant is there-
fore increased with lattice constant, which is related to La doping
within higher doping range. The lowest dielectric constant as
well as the smallest lattice constant (i.e. largest peak position in
2θ) is at La content of x = 0.4 in (Pb0.4Sr0.6)1−xLa2x/3TiO3 thin
film.

Fig. 6 deals with the relationships between the dielectric con-
stant and applied electric field for (Pb0.4Sr0.6)1−xLa2x/3TiO3
t
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ig. 5. XRD (1 1 0) peak position in 2θ and normalized dielectric constant of
Pb0.4Sr0.6)1−xLa2x/3TiO3 thin film with different La doping x without bias.
hin film. When the electric field is applied to the
Pb0.4Sr0.6)1−xLa2x/3TiO3 thin film, their dielectric constant
hanges with increasing La doping in almost the same rule
nder whole range of electric fields, which is similar to the
act shown in Fig. 5(b). In addition, the decrease in dielectric
onstants with increasing electric field due to the tunable nature
f the thin films. But it is noticeable that their decreases are
ifferent with different La additions and under different bias. It
mplies that the dielectric constants almost keep the same degree
f decrease (decrease percentage) for all thin films below x = 0.4
nd distribution is of different extent of decrease above x = 0.4.
herefore, the dielectric tunabilities calculated from the values

n Fig. 6 show little difference below x = 0.4, such as 65.37,
6.47, 65.57 and 65.46 at x = 0.1, x = 0.2, x = 0.3 and x = 0.4,
espectively, but show the decrease finally above x = 0.4, such as
9.94 at x = 0.5. According to Johnson’s expression with respect
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to dielectric constant depending on electric field,8 inharmonic
coefficient, the important factor which affects the tunability, is
not a constant for (Pb0.4Sr0.6)1−xLa2x/3TiO3 thin films below
x = 0.4 at a fixed temperature. They are quite agreeable with his
theory. In practice, as mentioned above, the effect of lattice size
shrinkage mainly occur below x = 0.4. Evidently, the shrinkage
of the crystalline phase could keep the phase dense although the
vacancy defect content is increased with increasing La doping.
It implies that the shape of dense crystalline phase is there-
fore difficult to be changed under electric field. The inharmonic
coefficient is unchangeable under different bias since it would
be much more related to the shape of crystal structure. However,
in higher La doping above x = 0.4, considering the loosening of
the crystal lattice due to amount plenty of Pb, it is confirmed that
the inharmonic coefficient is decreased with increasing applied
voltage. The tunability behavior of (Pb0.4Sr0.6)1−xLa2x/3TiO3
thin film shows actually a special variable inharmonic coeffi-
cient under different bias. It is much more different from that
with La doping below x = 0.4. As mentioned above, large dis-
tortion of octahedron of oxygen atoms and large crystal lattice
of the perovskite phase would occur in high extent of La addi-
tion in (Pb0.4Sr0.6)1−xLa2x/3TiO3 thin film. The crystal cell of
the perovskite phase will probably be easily modified by elec-
tric bias. Unlike the inharmonic coefficient, which seems to be
unchangeable under bias when La below x = 0.4, the crystal cell
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La-doped (Pb0.4Sr0.6)1−xLa2x/3TiO3 thin film system, when La
doping is below x = 0.4, the dielectric constant decreases since
that La substitutes for Pb produces vacancy defects and decrease
in atom size shrinks the lattice constant. The inharmonic coeffi-
cient keeps constant at a fixed temperature under different bias
since the shape of the crystal cell is not modulated by elec-
tric field, which is quite agreeable with theoretical character.
As La addition is above x = 0.4, the dielectric constant increases
with increasing La doping since La3+ induces the significant
disappearance of Pb2+ and Sr2+ and decreases attractive force
between atoms to loosen the crystal lattice and then increase
lattice constant. The inharmonic coefficient reveals a special
variable under different bias at a fixed temperature due to the
easily modified shape of the crystal cell under electric bias. The
tunability of about 70% and FOM of about 7 are obtained in the
(Pb0.4Sr0.6)1−xLa2x/3TiO3 thin film.
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