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Highly (100)-oriented BiFeO3—(Nag 5Big5)TiO3 thin films without undesirable phases were synthesized by
chemical solution deposition. The preparation of BiFeO3-(NagsBig5)TiO3 sol and deposition procedure
were studied. BiFeO3;—(NagsBig5)TiO3 thin films were deposited onto SiO,/Si substrates via a sol-gel
method, with LaNiOs as buffer layer. X-ray diffraction analyses show that the BiFeO3-(Nag 5Big 5 )TiO3 films
are highly (100)-oriented due to lattice match growth. Smooth surface with evenly distributed grains
as small as about 50 nm were observed by scanning electron microscope. The dielectric and insulating
characteristics against applied field, and optical properties were studied. It is found that the introduction
of Ti** reduces the number of oxygen vacancy greatly and thus can suppress the leaking current. The film
has a conspicuous absorption in the blue and green light region, and band gap of about 2.74eV.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

BiFeO3 (BFO) is a multiferroic material that simultaneously
shows magnetic (antiferromagnetic), ferroelastic, and ferroelectric
properties at room temperature. Because of its large polarization
(~90 wCcm—2), a high Curie temperature, G-type antiferromag-
netic behavior, and its possible coupling with the magnetic moment
at room temperature, BFO is one of the most studied multiferroic
materials over the last few years [1-4]. Recently, the photoelectric
and photovoltaic properties of BFO have attracted much attention
mostly because it has a band gap in the visible range (~2.7 ev)
[5-15], much lower than those of known ferroelectric photovoltaic
materials such as LiNbO3 and Pb(Zr,Ti)O3 [16-18]. Extremely high
open-circuit voltage [14], tunable voltage output [14], enhanced
short circuit current density [12], and huge enhanced external
quantum efficiency (QE) [15] have been reported on BFO bulk or
thin films, which shows BFO is a promising candidate for applica-
tions in both the novel optoelectronic and the solar energy devices.

The photovoltaic efficiency of polycrystalline films is much
smaller than that of epitaxial films [7]. However, polycrystalline
BFO films are still very promising for practical applications due to
their low cost and simple fabrication process. It is obvious that the
leakage current has a significant effect on photovoltaic effect. In
the polycrystalline BFO films, secondary phases leading to defects
and nonstoichiometry easily result in high leakage current. Electri-
cal poling becomes difficult due to higher conductivity, which will
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destroy the rotation of domain and then become hard to obtain pho-
tovoltaic effect. Many studies have focused on BFO films with ion
substitutions or BFO solid solution films to enhance electric prop-
erties [8,19,20]. In the present work, we have prepared BFO solid
solution thin films with Nag 5Big5TiO3 (NBT).

NBT is a lead-free perovskite ferroelectric with rhombohedral
symmetry and space group R3c, which is similar to that of BFO
[21]. It is a strong ferroelectric with a remanent polarization and
coercive field of 38 wCcm~2 and 73 kV cm~1, respectively. Recent
researchers [22,23] indicated that a pure perovskite structure can
be obtained in BiFeO3-(NagsBig5)TiO3 (BFO-NBT) ceramic com-
pounds, which is possibly suitable for depositing the corresponding
films. Since orientation has a great impact on the domain structure
as well as the optical and ferroelectric properties, it is therefore
desirable to analyze the structural, optical, and ferroelectric prop-
erties of oriented thin films. In this paper, we report on the synthesis
of highly oriented BFO-NBT thin films on Si substrates using LaNiO3
(LNO) as buffer layer, and the electrical, dielectric, and optical prop-
erties of the thin films.

2. Experimental

LaNiOs thin films as bottom electrode were deposited on Si substrates with ref-
erence to a reported method [24]. (1 —x)BFO-xNBT thin films with x=0.05, 0.10,
and 0.15 were prepared on Si substrates by a sol-gel process [25,26]. The BFO-NBT
precursor solutions were prepared using titanium isopropoxide [TifOCH(CH3),]4],
bismuth nitrate [Bi(NOs )3-5H, 0], iron nitrate [Fe(NOs);-9H, 0], and sodium nitrate
[NaNOs3] as starting materials. First, titanium isopropoxide, sodium nitrate, and
bismuth nitrate (5% bismuth excess to compensate the Bi loss) were mixed and
dissolved in acetylacetone together with 2-methoxyethanol by stirring for 20 min
at room temperature. Iron nitrate was then dissolved in the solution above under
constant stirring. Precipitation could not be avoided until ethanolamine and acetic
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Fig. 1. The XRD patterns of (1 —x)BFO-xNBT thin films deposited on SiO,/Si sub-
strates: (a)x=0.05,(b)x=0.10,(c)x=0.15,and (d) the XRD pattern of films deposited
directly on Pt substrates without LNO buffer layers (x=0.05).

acid was added to promote alcoholysis. The solution was heated to 70 °C under con-
stant stirring to obtain a stable and transparent solution. The concentrations of the
solutions were adjusted to 0.15M by adding 2-methoxyethanol. A two-step CSD
process [27] was applied to deposit thin films. First, the solution was spin coated
at 3500 rpm for 30s. The as-deposited wet films were dried at 150°C for 1 min and
subsequently calcined at 350°C for 5 min using a hot plate. Second, the films were
annealed at 550°C for 5min in RTP-500 rapid thermal process furnace under the
atmosphere of O,. The spin coating and annealing procedures were repeated 10
times to obtain a desirable thickness.

XRD patterns were recorded using D/max2550VL/PC with Cu Ka radiation. The
morphology of the films was observed with scanning electric microscopy (SEM)
(JEOL-Japan). The optical properties were investigated via spectroscopic ellipsom-
etry (W-VASE32TM Ellipsometer). In order to study the electrical properties of the
films, Au top electrodes of 0.25 cm? and 0.09 cm? were deposited through a mask on
the films by ion sputtering. The dielectric properties of the films were measured by
impendence analyzer (HIOKI HiTESTER 3532-50) over 100 Hz to 100 kHz. Leakage
currents were obtained using a KEITHLEY 6517B electrometer.

3. Results and discussion

The XRD patterns of the BFO-NBT thin films as shown in Fig. 1
indicate a pure perovskite structure of BFO-NBT thin films. From
Fig. 1, XRD patterns (a)-(c) show that the BFO-NBT film on LNO
substrate are well crystallized, showing strong diffraction peaks at
around 22.4°and 46.0°, which correspond to the (100) and (200)
reflections, respectively. This demonstrates a highly preferred ori-
entation of BFO-NBT films along {1 0 0} direction. According to XRD
patterns (a) and (d), an extremely high orientation degree of thin
films is well achieved only when LNO buffer layers are applied.
This may due to a lower energy growing along the (100) orien-
tation, which is the result of heterogeneous nucleation owing to
good lattice match between LNO buffer layers and BFO-NBT films.
The estimated orientation degree of the film deposited is extremely
high. The number of each (1 —x)BFO-xNBT film is 97.6%, 97.7%,
and 98.9% when x is 0.05, 0.10, and 0.15, respectively, according
to equation a100)=In1 00)/(1(1 o0y tl110)*l11 1)) [28]. The lattice
parameter of BFO-NBT films obtained from XRD patterns using
Bragg’s law is 0.3659 nm, in agreement with previous reports of
BFO films [3].

The cross-sectional and surface SEM images of the BFO-NBT
films are presented in Fig. 2(a) and (b). In the cross-sectional
image (a), a structure of columnar crystal was observed within the
BFO-NBT films. The interfaces between BFO-NBT, LNO, and Si wafer
are obvious and the thickness of BFO-NBT films is about 100 nm.
From image (b), the grain size is estimated to be about 50 nm, and
some relatively larger holes can be observed from the surface of the

Fig. 2. SEM images of (a) cross-sectional structures and (b) surface structures of
BFO-NBT thin films using LNO as buffer layers.

film grown on LNO layer, we also observed the surface of BFO-NBT
films deposited on the Pt/Si/SiO, substrate (not shown). It exhibits
a denser and more uniform surface. This indicates that it may be
because the surface of the LNO layer is not uniform and with a rel-
ative larger number of holes, which then leads to an increase of
the hole’s density within BFO-NBT layers. As a result, it is of great
necessity to improve the quality of LNO layers in order to reduce
the defect density of BFO-NBT thin films. The average crystallite
size of the films was also calculated according to Scherrer’s equa-
tion D=0.9A/B cos 6 [29], which is estimated to be about 25 nm,
where X is the X-ray wavelength, 8 is the full width at half maxi-
mum (FWHM) in radians, and 6 is the Bragg’s angle. In general, the
calculated value according to Scherrer’s law is the crystallite size,
which is usually smaller than the real grain size seen from SEM
image [30].

The optical constants of the BFO-NBT films are derived from
spectroscopic ellipsometry (SE) measurements at 400-1300 nm
wavelength range with an angle of incidence of 70°. Experimen-
tal SE spectra were fitted based on the Cauchy-Urbach dispersion
relation [31]. The optical constants: refractive index n and extinc-
tion coefficient k of the BFO-NBT films are displayed in Fig. 3.
The refractive index and the extinction coefficient of the film is
about 2.70 and 0.3 at 600 nm, 2.55 and less than 0.1 in the range of
800-1200 nm, respectively. Obviously, both n and k get smaller and
eventually become stable as wavelength increases. It is concluded
from absorption coefficient that the film has a strong absorption in
the green and blue light range. The direct-band-gap energy Eg was
estimated from Fig. 3 according to Tauc’s law: (a hv)? =C(hv — Eg)
[32]. The insets of absorption spectrums of Fig. 3(a)-(c) indicate a
result that Eg of BFO-NBT thin film is around 2.74 eV, which can
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Fig. 3. Fitted refraction index, extinction coefficient, and absorption coefficient of (1 — x)BFO-xNBT using data gained from spectroscopic ellipsometry: (a) x=0.15, (b) x=0.1,
(c) x=0.05 (insert diagram of absorption spectrum: (ahv)? versus hv plots of the (1 — x)BFO-xNBT film).
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Fig. 4. (a) Dielectric constant ¢, and (b) dielectric loss tan § dependent on frequency for (1 — x)BFO-xNBT thin films at room temperature.

mainly be attributed to electron transition from the valence band
to the conduction band. These results are well coordinate with pre-
vious work about BFO [33,34]. Also, the band-gap of BFO-NBT is
slightly increased when more NBT was added.

Since the refractive index and band gap represent two funda-
mental physical aspects that characterize optical and electronic
properties concerning the photovoltaic applications. The correla-
tions between band gap and refractive index were also studied
using an empirical relationship, n*(E; —0.365) =154, proposed by
Reddy and Ahammed for semiconductors [35]. It is found that this
equation is also in good agreement with our experiment result. This
indicates the correlations of optical properties and electronic prop-
erties for BFO-NBT are similar to those of semiconductors, which
provide us more perspectives in optoelectronic or photovoltaic
applications for BFO-NBT thin films.

Fig. 4 shows the variation of the dielectric constant and dielec-
tric loss as a function of frequency in the range of 1-100kHz
for the BFO-NBT thin films. The dielectric constant of the film
decreases with the frequency increasing, which is approximately
54.2 at 1 MHz and 180.6 at 100 Hz. While ¢, of BFO is under 200 at
10kHz [36], &; of NBT is over 400 under the same frequency [37].
Thus the dielectric constant increases with the change of x. A rel-
atively low value of loss tangent was obtained for BFO-NBT films
compared with the pure BFO thin film. The dielectric loss shows
decrease at first and then increase with increasing the frequency.
This phenomenon has been observed in many ferroelectric films. It
is possibly due to an extrinsic resonance behavior resulting from the
microstructure deficiency, which may be reduced by optimization
of the film growth process.

Fig. 5 shows the J-E curves for the BFO-NBT films, measured
at room temperature. All films exhibit a similar leakage current
behavior, while much lower leakage current density is observed as
the amount of NBT increased. As shown in the diagram, the leaking
current is significantly suppressed from 1.26Acm~2 to 0.01 Acm™2
as more NBT was added when the applied bias voltage is 1.6 V. The

leakage current density is related to the density of oxygen vacan-
cies, which is generated by the deoxygenized FeZ*. When NBT was
introduced into the system, Ti** ions occupied the tetrahedral posi-
tions (TiO4) or substitutional octahedral positions (TiOg) [38,39]
and therefore took the place of Fe3* in BFO. The substitution of
Fe3* by Ti**could largely reduce the amount of deoxygenized Fe2*
and thereby prevent the generation of oxygen vacancies, where
the oxygen vacancies should dominate the leakage behavior of BFO
thin films. Thus a lower leakage current density is observed. The
log-log plots of the leakage current density versus applied voltage
of 85BFO-15NBT are shown in the inset of Fig. 5, and the curves
can be divided into three regions. An Ohmic conduction behavior,
which is dominated by thermally stimulated free electron conduc-
tion is demonstrated at low voltage (Region I). The leakage current
during this period can be described by J=ngquAV/d, where ng is the

104
14

0.1 4

5 oot -
< E
=2 4
1E3 4
1E-4

T T T T T ¥ T g T
0 1 2 uv) 3 4

o

Fig. 5. The leakage currents of (1 —x)BFO-xNBT (inset: logU versus log] of the
leakage current of 85BFO-15NBT).
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density of the thermally stimulated electrons, u is the free carrier
mobility, and A is the area of electrode. With higher voltage (Region
II), the effect of space charge limited current (SCLC) takes the dom-
inant part of the mechanism of the leakage current when charge
carriers are captured by defects and oxygen vacancies. The SCLC
current in a free trap is expressed by Jscic = 96,604 AV2[8d3, where
&o is the vacuum permittivity or the permittivity of free space, &
is the relative dielectric constant, u is the ratio of thetotal density
of free electrons to the trapped electrons, V is theapplied voltage,
and d is the thickness of thin film [40]. The slope change between
Regions I and II proves the transition from Ohmic to SCLC behavior.
When the voltage continues to increase (Region III), Poole-Frenkel
emission (PE) model takes place and further promotes the leakage
current density. The PE is due to field-enhanced thermal excitation
of electrons trapped because of SCLC behavior mentioned above
from the insulator into the conduction band. The current density
of which is given by J=Jo exp ((BpeE'/? — @pr)/kT), where Jg is the

low-field current density, Bpr = (€3 /71)1/2, @pris the height of trap
potential well [41].

4. Conclusions

The preparation of BFO-NBT sol is studied. A stable precursor
solution without precipitation is prepared. (1 —x)BFO-xNBT thin
films were deposited onto Si substrates with LNO as buffer layers
via the sol-gel method. X-ray diffraction analyses show that the
(1 —x)BFO-xNBT films are highly (1 0 0)-oriented when LNO buffer
layer is applied. Smooth surface with evenly distributed grains with
a thickness of about 100 nm and grain sizes of about 50 nm were
observed by scanning electron microscope. The dielectric, insulat-
ing characteristics, and optical properties of the films have been
investigated. (1 — x)BFO-xNBT thin films show a dielectric constant
of 160-280 and a loss tangent of less than 10%. The films also
display a good insulating characteristic against the applied field.
The leaking current is significantly suppressed from 1.26 Acm—2
to 0.01 Acm~2 as the increase of NBT content when the applied
bias voltage is 1.6 V. The film has a conspicuous absorption in the
visible light region, and a band gap of about 2.74 eV. Our results
indicate that the highly (1 00)-oriented (1 — x)BFO-xNBT should be
a promising candidate as the ferroelectric photovoltaic thin film
material.
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