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Lead-free BiysK,5TiO; (BKT) ferroelectric films were synthesized on Pt/Ti/SiO,/Si substrates via
the chemical solution deposition. The influence of the excess potassium on the microstructures and
the ferroelectric properties of the films was investigated in detail. The results showed that the BKT
films have reached the well-crystallized state in the single-phase perovskite structure with 20 mol.%
excess amount of potassium. For this film, the ferroelectric properties of the films were significantly
enhanced. The remnant polarization (P,) and maximum polarization (P,,) reached the highest values
of 9.4 uC/cm? and 32.2 uC/cm?, respectively, under the electric field of 400 kV/cm.
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1. INTRODUCTION

Solid solutions of Bi,sK,sTiO; (BKT) with other per-
ovskites has the possibility to substitute for Pb(Zr, Ti)O,
(PZT)-based materials in some practical applications.
Being a perovskite with tetragonal symmetry at room tem-
perature, BKT is a typical ferroelectric material possessing
a relatively high Curie temperature, T, of 380 °C [1]. By
XRD (X-ray diffraction) analysis, Ivanova et al. observed
that the lattice parameters a and ¢ of BKT materials are
0.3913 nm and 0.3993 nm, respectively [2]. The previous
reports believed that BKT materials, mixed bismuth and
alkali A-cations are candidates as a lead-free ferroelectric
material with a large spontaneous polarization [3-5]. The
key properties of BKT-based materials, such as ferroelec-
tric properties, d,; piezoelectric coefficient, energy stor-
age density at the morphotropic phase boundary (MPB)
need to be improved. In order to enhance the nature of
this material, the origin and mechanism of its charac-
teristics need to clearly identify. The recent experimen-
tal work [6] showed that the Fe®* ions substitution at
Ti-site caused room temperature ferromagnetism and a
reduction of bandgap in BKT materials. In addition, when
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substituted by other ions, such as Mn** [7], Ni*t [8], or
Co”* [9], BKT materials also revealed the room tempera-
ture ferromagnetism. Besides, the room temperature mag-
netic behaviors were also observed in the solid solution of
BKT with BiFeO; (BFO) [10]. Zuo et al. observed strong
enhancement of the magnetization and Curie temperature
in solid solution between BKT and Co-modified BFO [11].
The room temperature ferromagnetic behaviors observed
in BKT materials were attributed to: i/the mixed-valence
states of ions [6, 7]; ii/the spin-exchange splitting between
spin subbands induced by the presence of substitution ions
and high-spin crystal field energy spectrum [9].

However, Kt ion similar to Bi** and Na* metal ions
in Bi,sNa, sTiO;-based ceramics (BNT) is believed to be
likely volatile during fabrication. In addition, the starting
materials such as K,CO;, Na,CO;, and Bi,O; employed
in preparing BKT, and BNT ceramics likely absorb mois-
ture in the air, also cause a mass loss. To compensate for
the loss of metal ions in the fabricating process, excess
amounts of the initial chemicals are added. Recently, only
a few studies referring to effects of Bi and/or Na nonsto-
ichiometry have been reported [12-14]. Sung et al. [15]
studied the effects of Na excess and defect on the struc-
ture and electrical properties of BNT ceramics. Structural
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distortion has been discovered and is a key factor affect-
ing the piezoelectric coefficient (d;;) and the depolariza-
tion temperature (7). This is the origin of the inverse
relationship between dy; and 7, or Curie temperature, 7..
Structural distortion is also occurred in the solid solution
between BNT and BaTiO; and found to influence on ds;
and 7, [16]. This factor contributes to another way to
explain how the piezoelectric and ferroelectric properties
are improved around the MPB, apart from the traditional
one of the multi-phase coexistence [17].

In previous works, the influence of the processing con-
ditions, such as the film thickness, annealing tempera-
ture and crystallization time on the electric properties of
BKT-based films [18-21], were investigated. Via modi-
fying A or B-site in the perovskite structure, we have
enhanced significantly the electric properties of BKT-based
films [22-25]. In this study, the effect of K excess on
the microstructure and some properties of BKT films were
investigated; Based on these results, we determined the
optimal K-added concentration for the preparation, aim-
ing to enhance the microstructure and piezo/ferroelectric
properties of the BKT films.

2. EXPERIMENTAL DETAILS

BKT films were synthesized on Pt/Ti/SiO,/Si-(100) sub-
strates by chemical solution deposition (CSD). Potas-
sium nitrate (KNO,), bismuth nitrate [Bi(NO,), - 5H,0],
and tetrabutyl titanium [Ti-(OC,H,),] were used as start-
ing materials to prepare BKT precursor solution with
the concentration of 0.30 M. Acetic acid (CH;COO-H)
and 2-ethoxyethanol (CH;OCH,CH,OH) were chosen as
cosolvent. During preparation, tetrabutyl titanium was dis-
solved in acetylace-tone (CH;COCH,-COCH,) to prevent
hydrolysis of tetrabutyl titanium caused by moisture in
the air. Afterward, excess amounts of potassium nitrate
were added to compensate for possible loss during high-
temperature annealing. The mixture was constantly stirred

for about 24 h until a transparent and stable yellow pre-
cursor solution was obtained. Each layer of BKT film was
formed by spin coating precursor solution on Pt/Ti/Si0O,/Si
substrate at 4000 rpm for 30 s, drying at 150 °C for 5 min,
and pyrolyzing at 450 °C for 5 min. This process was
repeated until the BKT film obtained the desired thickness.
Thermal annealing was conducted at 700 °C for 60 min to
form ferroelectric phase in the BKT films.

Phase identification and crystalline orientation deter-
mination for the BKT films were carried out by X-ray
diffraction analysis. The surface morphology and grain
size of the films were investigated by field-emission scan-
ning electron microscopy (FESEM). Square Pt top elec-
trodes with various dimensions of 100 um were formed
via a lift-off technique to measure the ferroelectric prop-
erties. Polarization—electric field (P-E) hysteresis loops
were determined using a TF Analyzer 2000 ferroelectric
tester (aixACCT Systems GmbH, Germany) under various
applied voltages ranging from —25 V to 25 V. All mea-
surements were performed at room temperature.

3. RESULTS AND DISCUSSION

Surface morphology of BKT films was determined through
FE-SEM and AFM images. Figure 1 illustrates 2 and
3-dimensional AFM images of BKT films with a scanning
area of 40 x 40 um?. AFM images show that the surface
of BKT films is relatively smooth and continuous. The
surface roughness of the films is evaluated through the
root-mean-square value (RQ) being in the range of 7 nm
to 14 nm (Table I). Especially, when K excess concentra-
tion increases from 10% mol to 40% mol, the RQ value
decreases.

Figure 2 illustrates the surface FE-SEM images of BKT
films with K excess concentration of (a) 10, (b) 20, (c) 30
and (d) 40% mol. With explicit grain boundaries, the films
show the well-defined grain morphology and the grains are
uniformly distributed over the entire surface. It is observed

Figure 1. 2D-3D AFM images of BKT films with different K excess concentrations: (a) 0% mol, (b) 10% mol, (c) 20% mol, (d) 30% mol,

(e) 40% mol.
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Table I. The values of RQ, P,, P,., and E. as a function of K-excess
concentration.

K-excess content (%mol) 00 10 20 30 40
RQ (nm) 14 10 8 7 9

E. (kV/cm) 80 77 102 86 65
P, (uCl/cm?) 18.5 21 27.1 23.0 15.8
P, (uCl/cm?) 4.2 5.1 9.6 5.3 2.7

that K excess content effects little the surface morphology
of films. There are no cracks observed, but the number of
small holes appears in the film surfaces. The formation of
holes is attributed to the rapid removal of organic roots
during high-temperature annealing. The evaporation of K*
ions during the high-temperature annealing may also con-
tribute to the formation of holes.

The films after a fabrication were analyzed by XRD.
Figure 3(a) illustrates the XRD patterns of BKT films with
K-excess concentration x as 10, 20, 30 and 40% mol,
respectively, with the 26 range of 25°-75°. All the patterns
exhibit sharp diffraction peaks with crystal orientations
(110), (200), (211) and (220) at 26 diffraction angles 31.7°,
47.8°, 59.4°, and 71.0°, respectively. These peaks charac-
terize the perovskite structure with the tetragonal symme-
try [12, 17]. Particularly, the peak (111) at the diffraction

Figure 2. FE-SEM images of BKT films with different K excess con-
centrations: (a) 10% mol, (b) 20% mol, (c) 30% mol, (d) 40% mol.
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angle of 40° has an outstanding intensity comparing to
other peaks defined by the Pt substrate. In the investi-
gated K-excess range, no peaks of any strange phase are
observed.

The XRD patterns of the films with a diffraction angle
of 260 from 30.5° to 32.0° and from 47° to 48° are illus-
trated in Figure 3(b) respectively. The results show that the
peak (200) has the superior intensity considered as the pre-
ferred orientation of the BKT films. The intensity value of
the peak (200) varies corresponding to the rise of K-excess
concentration. Figure 3(b) shows the dependence of the
intensity peaks (110) and (200) on K-excess concentra-
tion. Peak intensity (110) tends to increase with K-excess
concentration and reach the highest value at K-excess con-
centration of 20% mol. The peak (200) follows a different
trend comparing to the peak (110). With the K-excess con-
centration of 10% mol, peak intensity (200) has the lowest
value. Its value increases in proportion to the increase of
K-excess concentration and reaches the maximum value at
the K-excess concentration of 30% mol. However, when
K-excess concentration increases to 40% mol, peak inten-
sity (200) is reduced. The intensity of peaks (110) and
(200) possess the low values at small K-excess concen-
tration (0 and 10% mol) indicates that these films have a
poor crystallinity. This is stemmed from the possible loss
of K ions during high-temperature annealing. And the
amount of K excess is not enough to compensate for the
evaporated metal ion content, forming A-site defects. With
K-excess concentration of 30% mol, peak intensity (200)
reaches the highest value, as a result of the K* ion con-
tent evaporated during crystallization has been completely
compensated.

Figure 4(a) illustrates the polarization (P—E) hysteresis
loops of BKT films with K-excess concentration of 10,
20, 30 and 40% mol. All the BKT films show the polar-
ization (P-E) hysteresis loops with the typical shape of
ferroelectric materials. Figure 4(b) illustrates the depen-
dence of P,, P,, and E. values on K-excess concentra-
tion. The pure BKT film with K-excess concentration of
0% mol exhibits relatively low P,, and P, values, respec-
tively 18.5 wC/cm? and 4.2 uC/cm?, while its E,. coer-
cive field is quite high, about 80 kV/cm. P, and P,
are significantly enhanced when K-excess concentration is
increased. Both of these parameters reach their maximum
values (P, =27.1 uC/cm? and P, = 9.6 uC/cm?) at the
K-excess content of 20% mol. When K-excess concentra-
tion increases to 40% mol, P, and P, decreased to the
values of 15.8 uwC/cm? and 2.7 uwC/cm?, respectively. The
coercive field E, has a changing trend similar to P, and P,.
E, also rises with an increase of K-excess concentration
and reaches the maximum value of about 102 kV/cm
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Figure 3. X-ray diffraction patterns of BKT films in the 26 ranges of 25°-75°, and (b) X-ray diffraction patterns in the 26 ranges of 30.5°-32.0° and

47°—48°.

at 20% mol K-excess concentration. With low K-excess
concentration, the amount of K excess is not enough to
compensate for the evaporation of metal ions during high-
temperature annealing, forming defects at A-site and oxy-
gen vacancies. Chemically, Bi and K deficiency can be
described as follows:

Bij, —> 2Vy + 3V (1)
Kloss — 2V1é + VO (2)

For K deficiency, a matrix of defect complexes (Vl; -
Vi — V) is formed by Vg, and V. For K deficiency,
a matrix of defect complexes (Vy — V5 — V) is proposed
to explain the experimental results of ferro/piezoelectric
properties [15]. It is believed that oxygen vacancies (V{)')
cause a pinning effect on the domain walls, which reduces
the mobility of the domain walls [26, 27]. This causes a

30 ’ =
L (a) ]
20 |- K
10 = -
§ o
Q
e —8—x = 00 mol% 7
g —8—x=10mol% 1
20 —y—X =20 mol%
! —¥—x=30mol% |
= 0,
a0k ) —Qn—x .40m‘oIA>_
400 -200 0 200 400
E (kVicm)
Figure 4.

of 400 kV/cm.
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high coercive field E., while decreases maximum polariza-
tion P, and remnant polarization P.. However, the grain
boundary pinning effect caused by the defect complexes
(Vi — Vi — Vi) appears, reducing the grain size. When the
K-excess concentration is increased to 20% mol, the evap-
orated K* ions are completely supplemented, leading to
the defect complex Vi — V{;" — V¢ vanishing. The domain
wall pinning effect is suppressed, followed by a decrease
of E_. to the minimum value. The domains become more
flexible, as a result, P, and P, increase to their max-
imum values. For Bi nonstoichiometry, a matrix of the
defect complexes is formed by Vi and Vj is 2(Vy —
V§') — V. These defect complexes need a combination
of five defects, which rarely occurs. So, oxygen vacancies
V5 will be released and become more flexible to pin the
domain walls [28]. In other words, there are defects Vg
for pinning the domain walls but no defect complexes for
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(a) P-E ferroelectric hysteresis loops, (b) the dependence of P,,, P., and E, of BKT films on K-excess concentration with the electric field
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pinning the grain boundaries, leading to the decrease of P,
and P, values in the BKT films at K-excess concentration
of 40% mol, as illustrated in Figure 4(b). The loss of Bi**
ions during treatment is similar to the loss of Pb?* in PZT
material [29]. As shown as XRD results (Fig. 3(b)), the
films with the K-excess content of 30% mol possess the
best crystallization, but their ferroelectric properties lower
than those of films added 20% mol potassium. For the
K-excess contents up to 30% mol, the K-added amount
surpasses the evaporated content, forming a small amount
of metal oxide K,O. This metal oxide causes an increase
in leakage current, decreasing the ferroelectric behavior of
the films.

4. CONCLUSION

With the spin-coating routine, BKT films were success-
fully synthesized on Pt/Ti/Si0O,/Si substrates. The effect of
K excess on the structure and electrical properties of films
were examined in detail. The results showed that K-excess
concentration significantly influences the microstructure
and ferroelectric properties of BKT films. The optimal
K-excess concentration is 20% mol, where the BKT films
are well-crystallized with a single perovskite phase compo-
nent. The ferroelectric properties of these films are signif-
icantly enhanced compared to other films. Both P, and P,
reach the highest values of 9.6 wC/cm? and 27.1 uwC/cm? at
the electric field of 400 kV/cm. The improvement of ferro-
electric properties of BKT films at K-excess concentration
of 20% mol is due to the amount of K excess compensated
completely for the loss of K™ ions during treatment. The
number of oxygen vacancies pinning domain wall decrease
followed by an improvement in the polarization of the
films.
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