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Ferroelectric lanthanum (La)-substituted bismuth titanate (Bi4-xLaxTi3O12, BLT) nanocrystalline films
with the composition range of 0 £ x £ 1 have been directly deposited on n-type Si (100) substrates by
chemical solution deposition. The La substitution effects on the preferred orientation, surface
morphology, phonon modes, emission bands and electronic band structures of the BLT films have been
investigated by microscopy, Raman scattering, photoluminescence and spectroscopic ellipsometry at
room temperature. X-Ray diffraction analysis shows that the films are polycrystalline and exhibit the
pure perovskite phase structure. With increasing La composition, the (100)-orientation degree can be
enhanced and the root-mean-square roughnesses slightly increase from 6.5 to 8.3 nm. It was found that
the Raman-active mode A1g[Bi] at about 59 cm-1 is unchanged while the B1g and A1g[Ti] phonon modes
at about 648 and 853 cm-1 are shifted towards higher frequency by about 36.6 and 8.4 cm-1, respectively.
Photoluminescence spectra show that the intensity of the peak located at about 2.3 eV increases with
the La composition, except for the Bi3LaTi3O12 film, due to the smallest grain size and oxygen vacancy
defects. The optical constants of the BLT films have been uniquely extracted by fitting the measured
ellipsometric spectra with a four-phase layered model (air/surface rough layer/BLT/Si) in the photon
energy range of 0.73–4.77 eV. The Adachi dielectric function model has been successfully applied and
reasonably describes the optical response behavior of the ferroelectric BLT films. Moreover, the film
packing density decreases while the optical band gap linearly increases from 3.610 ± 0.066 to 3.758 ±
0.068 eV with increasing La composition. It is surmised that the phenomena are mainly ascribed to the
variations of the electronic structure, especially for the conduction band, which is perturbed by the La
doping.

1 Introduction

Ferroelectrics of the bismuth layer perovskite type have received
much attention because of their potential applications in the field
of microelectronic nonvolatile memories, ferroelectric random-
access memories and pyroelectric detectors.1–4 As we know, bis-
muth titanate Bi4Ti3O12 (BIT) belongs to the family of Aurivillius
compounds with a general formula of (Bi2O2)(Mem-1RmO3m+1),
consisting of a fluorite-type sheet (Bi2O2)2+ interleaved with
pseudo-perovskite-type blocks (Mem-1RmO3m+1)2-, where Me is
mono-, di- or trivalent ions; R is tetra-, penta- or hexavalent
ions that enter the pseudo-perovskite unit and m is the number
of octahedra RO6 stacked along the direction perpendicular to the
sheets (m = 1, 2, 3, 4, . . . ).5 For BIT, Me = Bi, R = Ti, m = 3,
and its crystalline structure consists of three (Bi2Ti3O10)2- blocks
sandwiched between two (Bi2O2)2+ sheets along the tetragonal
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c axis.6,7 More importantly, BIT films can be deposited at
650 ◦C, which is significantly lower than the synthesis temperature
of other layer-type ferroelectric materials such as SrBi2Ta2O9.
In addition, compared with undoped BIT, lanthanum (La)-
substituted bismuth titanate (Bi4-xLaxTi3O12, BLT) has the sig-
nificant advantages in electrical properties such as larger remnant
polarization (Pr), smaller coercive field (Ec), lower dielectric loss
and higher fatigue resistivity. The electrical properties of the BLT
bulk and film materials have been the most extensively studied,
while the detailed microstructure and optical properties, which are
directly related to electronic band structures, have not been fully
clarified.

Recently, optical properties of the pure and La-substituted
BIT bulk and films have received much attention in view of
their physicochemical properties such as high dielectric constant,
excellent electro-optical, photocatalytic activity, low processing
temperature and wide band gap. Such materials can be used in
potential applications such as dielectrics, electro-optics devices,
photocatalysts and ultraviolet detectors.8–10 However, it should be
noted that optoelectronic devices based on ferroelectric materials
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are still in the preliminary stage owing to incomplete knowledge
about the physical parameters related to the applications of
integrated optics devices. For example, Yao et al. argued that
there is photocatalytic activity of BIT powders towards methyl
orange as a model organic compound because of the bond angle
of Ti–O–Ti and consequent intraelectric field formed between the
(Bi2O2)2+ sheets and the (Bi2Ti3O10)2- blocks, which are assumed
to facilitate the separation of photogenerated electron–hole pairs.8

In addition, the band gap of the BIT film was evaluated from the
ultraviolet–visible absorption spectra to be about 3.08 eV.8 On
the other hand, Hu et al. reported that the experimental band
gap of a Bi3.25La0.75Ti3O12 film at room temperature was about
3.82 eV, which was derived from transmittance spectra.9 It has
been theoretically reported that the fundamental band gap of
the material is indirect, with the conduction band minimum at
the Brillouin zone center C and the valence band maximum at
a zone border, and the theoretical band gap is around 1.2 eV by
the local density approximation (LDA), using the parametriza-
tion by Perdew and Wang.6 Recently, Wei et al. adopted the
generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) scheme and the calculated values of
the direct band gap at the C point and the indirect band gap
are 1.24 and 0.50 eV (X → C), respectively.11 However, Roy
et al. argued that the direct and indirect band gaps are 2.30
(C → C) and 2.17 eV (E → C) by using the same method.12

Therefore, there are some controversies in the optical properties
and further investigations are required to explore possible ap-
plications in metal-oxide-semiconductor devices and ultraviolet
detectors arising from the high dielectric constant and wide band
gap.13

There are many spectral techniques to extract dielectric func-
tions of films such as transmittance, reflectance and spectroscopic
ellipsometry (SE). Among them, SE based on the reflectance
configuration is easily adopted for the determination of optical
constants.14 It is a powerful and nondestructive tool, which is
sensitive to ultrathin films and surfaces, and allows us to obtain the
thickness and optical characteristics of a multi-layer system with-
out the Kramer–Kröning transformation due to determination of
two independent physical parameters simultaneously.15 It is noted
that SE can directly provide dielectric constants, optical band gap,
absorption coefficient, etc. Therefore, this makes it possible to
investigate the optical properties of BLT films in a wider photon
energy range. In order to explain the distinguishing physical
phenomena and further exploit La-substituted BIT materials as a
viable candidate for fabricating optoelectronic, capacitor devices
and ultraviolet detectors, the La-related optical properties and/or
electronic structures should be thoroughly studied and provide a
critical reference for device designs and performance optimizations
from BLT materials.

In this article, the degree of orientation, surface morphology,
phonon modes and optical properties of ferroelectric BLT films
with different La compositions have been investigated. The
optical constants from the near-infrared to ultraviolet (NIR–UV)
photon energy range have been extracted by the SE technique.
A dielectric function model related to the interband transition
is presented to well reproduce the experimental ellipsometric
spectra. Effects of the La composition on the microstructure
and electronic band structures of BLT films are discussed in
detail.

2 Experimental

2.1 Preparation of the precursor solution

The ferroelectric BLT films were deposited directly on n-type
Si (100) substrates by chemical solution deposition employing
a spin-coating process. In order to monitor the effects of La
composition on the microstructure and optical properties, the
Bi4-xLaxTi3O12 films were prepared in the La-substitution range
of 0 £ x £ 1 at 0.25 intervals (i.e., Bi4Ti3O12, Bi3.75La0.25Ti3O12,
Bi3.50La0.50Ti3O12, Bi3.25La0.75Ti3O12 and Bi3LaTi3O12, or in short,
BLT0.00, BLT0.25, BLT0.50, BLT0.75 and BLT1.00, respectively).
Analytically pure bismuth nitrate (Bi(NO3)3·5H2O, 99.0%), lan-
thanum nitrate (La(NO3)3·6H2O, 98.0%) and titanium butoxide
(Ti[O(CH2)3CH3]4, 98.0%) were used as the starting materi-
als. As shown in Scheme 1, the required Bi(NO3)3·5H2O and
La(NO3)3·6H2O were mixed in the required molar ratio of Bi and
La and then dissolved in a mixture of ethylene glycol monomethyl
ether (C3H8O2, 99.0%) and heated glacial acetic acid (CH3COOH,
99.5%) with a volume ratio of 2 : 1; subsequently, an appropriate
amount of acetylacetone (C5H8O2, 99.0%) was added to stabilize
the solution. Note that excess 8 mol% Bi precursor was added for
compensating the Bi evaporation during the annealing process.
The appropriate amount of Ti[O(CH2)3CH3]4 was also added into
the solution, the concentration of which was controlled to 0.06
M for BLT deposition. Finally, all the precursor solutions with
different La compositions were stirred for 2.5 h at about 50 ◦C to
improve the homogeneity. The precursor solutions were stabilized
for about 40 days before spin coating onto Si substrates to enhance
the hydrolysis and polymerization.

Scheme 1 Preparation process for pure and La-substituted BIT
precursors.

2.2 Fabrication of the BLT films

Before the deposition of the BLT films, the n-type Si (100)
substrates were cleaned in pure ethanol with an ultrasonic bath
to remove physisorbed organic molecules from the surfaces and
then the substrates were rinsed repeatedly with deionized water.
Finally the substrates were dried in a pure nitrogen stream. The
BLT films with different La compositions were deposited by spin
coating of the 0.06 M solution onto the Si substrates at a speed of
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4000 rpm for 20 s. The as-prepared layers were dried at 180 ◦C for
200 s, then pyrolyzed at 380 ◦C for 240 s to remove residual organic
compounds, followed by annealing at 700 ◦C for 240 s in ambient
air by a rapid thermal annealing procedure. The average thickness
of a single-annealed layer of the BLT films was measured by SE
and was found to be about 20 nm. The deposition and annealing-
treatment procedures were repeated eight times to obtain the
desired thickness.

2.3 XRD, AFM and SEM characterizations

The crystalline structure of the BLT films was investigated by
X-ray diffraction (XRD) using a Ni-filtered Cu-Ka radiation
source (D/MAX-2550V, Rigaku Co.). In the XRD measurement a
vertical goniometer (Model RINT2000) and continuous scanning
mode (q–2q) were selected with an scanning rate of 10◦ min-1

and interval of 0.02◦. The surface morphology of the films was
examined by atomic force microscopy (AFM) (Digital Instruments
Dimension 3100, Veeco). The scale height is 50 nm and the
measured area was 5 ¥ 5 mm2. The grain morphology and thickness
were examined by scanning electron microscopy (SEM) (Philips
XL30FEG).

2.4 Raman, PL and SE measurements

Raman scattering were recorded by a micro-Raman spectrometer
(Jobin-Yvon LabRAM HR 800 UV) and 488 and 325 nm laser
lines were applied as the excited sources. Photoluminescence (PL)
spectra were measured by the same instrument and the excited
source was the 325 nm (3.82 eV) line of a He–Cd laser. The
ellipsometric measurements were carried out by a NIR–UV SE
in the wavelength range of 260–1700 nm (0.73–4.77 eV) with
a spectral resolution of 2 nm (SC630UVN; Shanghai Sanco
Instrument, Co., Ltd.). The incident angle was selected to 70◦

for the films corresponding to the experimental optimization near
the Brewster angle of the Si (100) substrates. Note that the films
were characterized at room temperature and no mathematical
smoothing was performed on the experimental data.

3 Results and discussion

3.1 Microstructure analysis

The XRD patterns of the BLT films with different La compositions
annealed at 700 ◦C are shown in Fig. 1. It can be seen that
all the films are polycrystalline with a stronger (117) diffraction
peak, whose position (2q) is located at about 30.1◦. Besides
the strong feature, there are several other weaker diffraction

Fig. 1 XRD patterns of the BLT0.00, BLT0.25, BLT0.50, BLT0.75 and
BLT1.00 films grown on n-type Si (100) substrates.

peaks (006), (200/020), (008), (028/208), etc. and no impurity
phase is observed, which confirms that the films are of a single
perovskite phase. This suggests that the La atoms have been
successfully incorporated into the BIT host lattice. It should be
pointed out that the a and b axes could not be distinguished
because the crystals are polydomain and a ª b.16 Based on the
(200/020) and (117) diffraction peaks, the lattice constant a(b)
of the La-doped films increases from 5.396 ± 0.008 to 5.402 ±
0.007 Å with the La composition, while the lattice constant c
decreases from 32.988 ± 0.025 to 32.854 ± 0.021 Å except for
the BLT1.00 film, whose value is 32.875 ± 0.028 Å (see Table
1). The deviations of the lattice constant suggest that there are
different lattice distortions in the BLT films. Furthermore, the
average grain size r can be calculated to about 25 nm from the (117)
diffraction peak according to the well-known Scherrer equation.
It was found that the grain size (about 18 nm) of the BLT1.00
film is the smallest, corresponding to the largest value of the
full width at half maximum (FWHM). In addition, the XRD
patterns show that the intensities of peaks (00l) decrease while
those of (h00) or (0k0) increase with increasing La composition.
This illustrates that the BLT films have a certain orientation in
ab-plane based on the varied intensities. For characterizing the
degree of a(b)- and c-axis orientation with the La composition,
the magnitudes of the (100) and (001) orientation (a (100) and a (100))
are defined as the ratios of intensity of a peak to the sum of
intensities of all peaks in the XRD patterns, and the formula can be
written as:17

Table 1 The position and FWHM of the (117) and (200/020) diffraction peaks for the BLT films determined from the XRD patterns in Fig. 1. The 95%
reliability level of the parameters is indicated (±)

Peak position/◦ FWHM/◦ Lattice constants Grain size

Sample (117) (200/020) (117) a(b)/Å c/Å r/nm

BLT0.00 30.112 ± 0.006 33.179 ± 0.005 0.275 ± 0.011 5.396 ± 0.008 32.988 ± 0.025 24.8 ± 0.7
BLT0.25 30.112 ± 0.005 33.155 ± 0.004 0.241 ± 0.011 5.398 ± 0.006 32.944 ± 0.019 26.9 ± 0.8
BLT0.50 30.129 ± 0.005 33.177 ± 0.003 0.226 ± 0.010 5.398 ± 0.005 32.939 ± 0.018 25.1 ± 0.7
BLT0.75 30.148 ± 0.006 33.155 ± 0.003 0.235 ± 0.012 5.399 ± 0.005 32.854 ± 0.021 23.0 ± 0.7
BLT1.00 30.134 ± 0.008 33.143 ± 0.004 0.266 ± 0.017 5.402 ± 0.007 32.875 ± 0.028 18.0 ± 0.6
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∑
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all peaks all peakks∑ (1)

where I (200)/(020), I (006) and
∑

all peaksI (hkl) are the intensities of the
peaks (200)/(020), (006) and the sum of intensities of all peaks
in the XRD patterns, respectively. Fig. 2a and b show the changes
and relative variations of the a- and c-orientation degree with
increasing La composition, respectively, and suggest that the
La-substitution enhances the degree of a-orientation, in which
direction the spontaneous polarization is much larger than that in
the c-direction at room temperature.18 In addition, the grain size
can play an important role in the preferred orientation since the
smallest grain size of the BLT1.00 film decreases the degree of the
a-orientation.

Fig. 2 (a) La-composition dependence of the degree for the a(b)- and
c-preferred orientation, a (100) and a (001); (b) the ratio of the a (100)- and
a (001)-orientation of the BLT films.

3.2 Morphology patterns

Fig. 3 shows three-dimensional AFM images of the BLT films. The
images suggest that the surface morphology presents a similar
pattern, while the root-mean-square roughness is estimated to
6.5, 7.3, 7.3, 7.5 and 8.3 nm for x = 0, 0.25, 0.50, 0.75 and 1,
which means that the film surface becomes slightly rougher with
increasing La composition. As an example, the plane-view and
cross-sectional microstructure of the BLT0.00 and BLT0.50 films
are shown in Fig. 4a–d, respectively. The result derived from the
AFM images are consistent with those from the SEM images.
From the cross-sectional structure, the films have a fluctuating
surface and there is a distinct interface between the film and Si
substrate; the thickness of the BLT films is about 160 ± 10 nm.
Owing to the identical growth conditions, the BLT films present
similar morphology with the La replacement, indicating that the
films are highly homogenous. Therefore, the variations of grain
size and surface morphology can affect the lattice vibrations and
optical properties of the films discussed in the following.

Fig. 3 The AFM three-dimensional images of (a) BLT0.00, (b) BLT0.25,
(c) BLT0.50, (d) BLT0.75 and (e) BLT1.00, respectively. Note that the scale
height is 50 nm and the measured area is 5 ¥ 5 mm2, respectively.

Fig. 4 Plane-view and cross-sectional SEM images of the BLT films on
n-type Si (100) substrates: (top) BLT0.00 film, (bottom) BLT0.50 film.

3.3 Lattice dynamics

For ferroelectric BIT single crystals, there are two suggested
models at room temperature, a monoclinic system with space
group B1a1 and an orthorhombic system with space group
B2cb.19,20 Recently, it has been found that the changes of symmetry
are B1a1 → B2cb → F2mm → I4/mmm as the temperature
increases and that B2cb and F2mm are two intermediate phases.21,22

This means that the monoclinic system B1a1 is more suitable than
the orthorhombic one B2cb as a crystal structural system of BIT
or BLT materials at room temperature even though both of them
are commensurate modulations of the nonpolar orthorhombic
parent Fmmm. The parent structure Fmmm is predicted to have
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24 first-order Raman-active modes (6Ag + 2B1g + 8B2g + 8B3g), two
inactive modes (2Au) and 28 infrared-active modes (8B1u + 10B2u +
10B3u) at the C point of the Brillouin zone (i.e., q = 0).2,23 Fig. 5a
and b show the Raman-active phonon modes of the BLT films with
the laser lines of 488 and 325 nm, respectively. Only twelve Raman
modes of the films and one mode of the Si substrate are observed
in the wavenumber range from 50 to 1000 cm-1, which can be
attributed to the overlap of the same symmetry vibrations or the
weak features of some vibration bands. Up to now, the assignments
of the Raman modes are still not clear for BLT materials, because
of their complex crystal structure. It has been reported that the
Raman modes at about 155, 273 and 853 cm-1 can be assigned as
A1g phonon modes and those at about 228 and 648 cm-1 are the
B2g/B3g and B1g phonons, respectively.2,24 In addition, the modes
above 200 cm-1 are related to the TiO6 octahedra, which is due to
the large intragroup binding energy in the TiO6 and small mass
of Ti4+ ions. The triple bands at around 83, 120 and 155 cm-1

originate from the displacement of the Bi3+ ions in the perovskite
blocks.25 As seen in Fig. 5a, the intensities of the mode located
at 120 cm-1 decreases while that of the mode at about 155 cm-1

increases with increasing La composition, which means that the
La3+ ions substitute the Bi3+ ions in the perovskite units.

Fig. 5 Raman spectra of the BLT films under excitation lines of (a)
488 and (b) 325 nm, respectively. The arrows show the variation trend
of the Raman-active phonon frequencies at about 59, 648 and 853 cm-1,
respectively.

Based on the microstructure of the layer-type compound, three
types of La substitutions for Bi atoms in BLT are reasonable: La
atoms can substitute for Bi atoms in the (Bi2O2)2+ sheets only, in
the (Bi2Ti3O10)2- blocks only, or in both. In order to determine the
location of La atoms in the present BLT films, the La composition
dependence of the frequencies for Raman-active modes A1g[Bi],
B2g and A1g[Ti] at about 59, 648 and 853 cm-1 are shown in Fig.
6a–c, respectively. The composition dependence of the Raman-
active modes can be well expressed by (59.1 - 0.3x), (613.3 +
36.6x) and (843.2 + 8.4x) cm-1, respectively. It suggests that the
Raman phonon frequency of A1g[Bi] does not change while those
of the other two are shifted towards higher frequency by about
36.6 and 8.4 cm-1 (for x = 1), respectively. The A1g[Bi] mode as a

Fig. 6 The La composition dependence of (a) A1g[Bi], (b) B1g and (c)
A1g[Ti] phonon modes for the BLT films. The solid lines are the linearly
fitted results as a guide for the eye.

“rigid layer” mode originated from the Bi–O bonds of the (Bi2O2)2+

sheets against the perovskite units. If the Bi3+ ions in the sheets
are replaced by the La3+ ions, the mode may show a red shift
because the mass of La3+ is smaller than that of Bi3+. Therefore,
La atoms mainly substitute for Bi atoms in the perovskite units of
the BLT films. The mode A1g[Ti] is assigned to the stretching mode
of TiO6. The fact that the varied upshifts of the modes at about 648
and 853 cm-1 are related to the vibrations of the TiO6 octahedra
confirms the above viewpoint because of the La replacement
in the perovskite units. Note that the Bi3+ and/or La3+ orbital
hybridization with the O2p orbital ions can strengthen the short-
range repulsion, which leads to less octahedral distortion.26,27

3.4 PL emissions

PL is a nondestructive and high-sensitivity tool, which is widely
adopted to study the photochemistry and photophysics of dielec-
tric and semiconductor materials in the photocatalysis field. In
addition, PL can supply information such as lattice defects, grain
boundary and surface/subsurface oxygen vacancies, as well as the
separation and recombination of photoinduced charge carriers.28,29

Theoretically the interaction between Bi and O atoms can be
in favor of the generation and separation of the photoexcited
electron–hole pairs in the BIT material.11 Fig. 7 shows the room-
temperature PL emission spectra of the ferroelectric BLT films
with different La compositions. There are two visible broad peaks
between 1.5 and 3.0 eV (410–830 nm) with the maximum intensity
at about 2.3 eV. Note that the intensity and position of the broad
structure located at about 2.9 eV remains unchanged with the
La composition and may originate from the instrument system
and/or background, whose signal has been collected separately. It
is found that the peak position at about 2.3 eV in the PL spectra has
a small blue shift as a function of the La composition, as shown
in the inset of Fig. 7, and its intensity is quite sensitive to the
La-doping composition. The emission intensities at about 2.3 eV
for the BLT films increase with increasing La composition except
for that of the BLT1.00 sample, due to the smallest grain size,
which could capture more photoinduced electrons and reduce their
recombination with photoinduced holes at the grain boundaries.30

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7967–7975 | 7971
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Fig. 7 Composition dependence of room-temperature PL emission
spectra from the BLT films. The arrow shows the upshift of the peak
position located at about 2.3 eV. The inset indicates the varied peak position
with the La composition.

Since the grain size of the BLT films is of similar values (25 nm)
except for that of the BLT100 sample (18 nm), the effect of the
grain size on the PL intensity is less significant as compared to
the doping behavior. On the other hand, it has been reported that
the grain size may induce a blueshift of the luminescence peak
position.31 It can be used to explain the phenomena illustrated in
the inset of Fig. 7, where the PL photon energy approached the
maximum value for the BLT1.00 sample, with the smallest grain
size.

Generally, the PL efficiency hR can be calculated by the formula
given in eqn (2):32

h
t tR

radiative

total R NR

d /d

d /d /
≡ =

+
( )

( )

N t

N t

1

1
(2)

where N is the number of photons emitted in a given time t, tR

and tNR is the radiative and non-radiative lifetime of the transition
from excited state to ground state. It indicates that if tR � tNR then
hR is very small (hR → 0) and the light emission is very inefficient.
On the other hand, if tR � tNR then hR approaches unity (hR

→ 1) and the maximum possible amount of light is emitted.
Thus it is required for efficient luminescence that the radiative
lifetime should be much shorter than the non-radiative lifetime. It
was reported that defect states such as oxygen vacancies in some
ferroelectric and semiconductor oxides also capture electrons,
generating a broad green peak.33 Therefore, the intensities increase
with the La composition because the introduction of La could
shorten the radiative lifetime by generating more luminescent
centers and surface/subsurface oxygen vacancies related to the
structure disorder in the BLT films.

3.5 SE theoretical consideration

Based on the reflectance configuration, SE provides an effective
tool to extract simultaneously thickness and optical constants of
a multilayer system.14,34,35 It is a nondestructive and high-sensitive
optical method that records the relative changes in the amplitude
and phase of particular directions polarized light upon oblique

reflection from the film surface. The experimental parameters
measured by ellipsometry are the angles W(E) and D(E), which are
related to the microstructure and optical properties of materials.15

It should be emphasized that the W(E) and D(E) are the function of
incident angle, photon energy, film thickness and optical constants
[Ñ(E) = n(E) + ik (E)], i.e., the refractive index n(E) and extinction
coefficient k (E) from the system studied. The thickness d f, optical
constants and other basic physical parameters of the film material,
such as optical band gap Eg, high-frequency dielectric constant e•

could be extracted from the best fit between the experimental and
theoretical spectra.

In order to extract the dielectric functions [ẽ(E) = er(E) + iei(E)]
and other physical parameters of the ferroelectric BLT films on the
n-type Si (100) substrates, the SE spectra were studied by a multi-
layer model with a four-phase layered structure (i.e., air/surface
rough layer/BLT/Si). It should be emphasized that the reliability
of the fitting method mainly depends on the selection of the
dielectric function models. As we know, Lorentz and Cauchy
models are suitable for the transparent region below the band
gap of the semiconductor materials. Fortunately, the dielectric
functions ẽ(E) at photon energies below and above the optical
band gap can be calculated by the Adachi’s model, which is based
on the Kramer–Kröning transformation and is strongly connected
with the electronic band structure of materials. The method reveals
the distinct structures at the energy of the three-dimensional M0-
type critical point Eg, which is written as:

�e e( )
( )

( )
E

A E E E i E E i

E i
= +

− + + − − −

+∞
0

2

2 g g gΓ Γ

Γ
(3)

Here, e• is the high-frequency dielectric constant, A0 and C are
the strength and broadening values of the optical band gap Eg

transition, respectively.36 Correspondingly, the optical constants
Ñ(E) and optical conductivity s̃ can be calculated from the well-
known relationships � �N E E( ) ( )= e and s̃(w) ∫ s r(w) + is i(w) =
e0eiw + ie0(er - 1)w, respectively. Here e0 and w are the vacuum
dielectric constant and the light frequency, respectively. According
to the surface roughnesses of the BLT films detected by the AFM
and SEM images, the Brüggeman effective medium approximation
(BEMA) was employed to calculate the dielectric function of the
rough surface layer.37 The refractive index of the void component
is taken to be unity, the extinction coefficient of void component
is zero and the dielectric functions of n-type Si (100) in the fitting
process can be directly taken from ref. 38. The best-fit parameter
values in eqn (3) can be obtained by the Levenberg–Marquardt
algorithm in the linear least-squares curve fitting.39 The root-
mean-square fractional error function has been used to judge the
simulated quality between the experimental and calculated data.

3.6 Ellipsometric spectra

As an example, the experimental W(E) and D(E) spectra recorded
at the incident angle of 70◦ for the BLT0.50 and BLT0.75 films
on n-type Si (100) substrates are shown by the dotted lines in
Fig. 8a and b, respectively. The Fabry–Pérot interference patterns
observed in the transparent region below the photon energy of
about 3.6 eV, which is due to the multi-reflectance between the
film and Si substrate. The dielectric functions of the BLT films
can be extracted by fitting the Adachi model to the experimental
data. The fitted ellipsometric spectra of the two samples are shown
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Table 2 The parameter values of the Adachi dielectric function model for the BLT films determined from the simulation of ellipsometric spectra in Fig.
8. The 95% reliability of the fitting parameters is given with (±)

Sample e• A0/eV3/2 Eg/eV C/eV f s (%) d s/nm d f/nm

BLT0.00 1.608 ± 0.029 124.3 ± 2.3 3.610 ± 0.066 0.021 ± 0.004 16.1 ± 0.3 1.9 ± 0.4 152.0 ± 3.0
BLT0.25 1.620 ± 0.029 118.9 ± 2.1 3.647 ± 0.065 0.042 ± 0.008 22.3 ± 0.4 2.8 ± 0.5 152.5 ± 2.7
BLT0.50 1.733 ± 0.030 113.8 ± 1.9 3.679 ± 0.064 0.047 ± 0.008 28.5 ± 0.5 2.8 ± 0.5 155.4 ± 2.7
BLT0.75 1.729 ± 0.032 112.5 ± 2.1 3.703 ± 0.068 0.051 ± 0.009 31.3 ± 0.6 3.2 ± 0.6 156.6 ± 2.9
BLT1.00 1.808 ± 0.033 106.9 ± 1.9 3.758 ± 0.068 0.032 ± 0.006 48.4 ± 0.9 4.2 ± 0.8 158.4 ± 2.9

Fig. 8 The near infrared–ultraviolet experimental (dotted lines) and
best-fitted ellipsometric (solid lines) spectra (a) W(E) and (b) D(E) of
the BLT0.50 and BLT0.75 films. Evolution of (c) refractive index n and
(d) extinction coefficient of the BLT films in the phonon energy range
from 0.73 to 4.77 eV. For clarity, the arrows indicate the absorption edge
blueshift with the La composition. Note that the n and k are shifted by
0.35.

by the solid lines in Fig. 8a and b, respectively. The values of the
parameters in eqn (3), the BLT component f s and thicknesses of
surface rough layer d s and the thickness of films d f are summarized
in Table 2. Note that the 95% confidence limits for all fitting
parameters is given with (±). As can be seen, a good agreement is
obtained between the fitted and experimental spectra in the entire
measured photon energy range from 0.73 to 4.77 eV. Therefore,
it confirms that the dielectric function model used in the present
work is reasonable to describe the optical dispersion behavior
of the ferroelectric BLT films. From Table 2, the high-frequency
dielectric constant, optical band gap, surface roughness layer
thickness and film thickness are slightly varied by the La doping
in the present films. The variation trend of the surface roughness
with the La composition agrees with the results from the AFM
images. The total thickness of the BLT films is estimated to be
about 154, 156, 156, 160 and 162 nm with increasing x, which also
are similar to the data derived from the SEM images. It indicates
that the selected Adachi dielectric function model and the four-
phase structure can be reasonable and acceptable for the BLT
films.

3.7 Optical constants and electronic band structure

The refractive index n and extinction coefficient k of the BLT films
are shown in Fig. 8c and d, respectively. The optical constants
variation with the photon energy is the typical optical response

behavior of dielectric and/or semiconductor materials.15,38 Gener-
ally, with increasing photon energy, the refractive index increases
and approaches the maximum at about 3.65 eV, and then decreases
due to the well-known Van Hove singularities.14 At the photon
energy of 2 eV, n increases from 2.42 to 2.58 and the corresponding
dielectric constant er is in the range of 5.86–6.66 with decreasing
La composition, which is slightly larger than the theoretical value
of about 5.6.40 It was argued that the higher n arises from a low-
frequency phonon mode and large Born effective charges.41 In the
transparent region (E < Eg), the extinction coefficient is closer to
zero and then remarkably increases as the photon energy further
increases beyond the fundamental band gap. It suggests that a
strong optical absorption appears, which shows the interband
electronic transition from the top of the valence band to the
bottom of the conduction band for the BLT films. Obviously,
the absorption edge is shifted towards a higher photon energy side
with increasing La composition, which is illustrated by the arrow.
In addition, Fig. 9 shows the optical conductivity of the BLT films
with the maximum value of 3000–4000 X-1 cm-1 above 4.5 eV,
which is slightly smaller than the calculated value (4500–5500
X-1 cm-1).40 Correspondingly, the optical conductivity presents a
similar dependence on the photon energy. The slight discrepancy
can be ascribed to the polycrystalline structure of the present BLT
films grown by the sol–gel technique. On the other hand, the grain
boundaries and domain wall can affect the photon-induced carrier
transport and further result in less/decreasing conductivity.42 As
compared to the theoretical calculations, both shape and absolute
magnitude of the experimental optical conductivity indicate that

Fig. 9 Real part of the optical conductivity for the BLT films with the La
composition in the photon energy range of 0.73–4.77 eV. The inset is the
enlarged part around the absorption edge.

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7967–7975 | 7973
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the BLT films are of high quality and can be applied to the
ultraviolet optoelectronic devices, such as detectors.

Moreover, the refractive index linearly decreases with the La
composition in the visible region. The phenomenon can be caused
by the decreasing strength of the Eg transition. In addition, it is well
known that the refractive index is strongly related to the packing
density r of a given material by the following Lorentz–Lorentz
relation:43

n E

n E

N( )

( )

2

2

1

1

4

3 3

−
+

=
p raA

m (4)

Here NA is the Avogadro’s constant, m is the molecular weight,
and am is the polarizability. The decrease of n at 2.0 eV could be
caused by the lower packing density from eqn (4). Therefore, the
La substitution could decrease the packing density of the BLT
films. Fig. 10a shows the normalized packing density (r) as a
function of the La composition at a phonon energy of 2.0 eV. The
changing trend can be well expressed by the linear relationship
as 1.00 - 0.05x. The La dependence of the e• for the BLT films
is shown in Fig. 10b. It suggests that the e• increases with the
La composition and it can be expressed by 1.60 + 0.20x. The
high-frequency dielectric constant accounts for the so-called high-
frequency limit. Results indicated that the contributions from
the high-energy interband transitions become more prominent
with the La composition. The Adachi model parameter Eg and
its fitted value are shown in Fig. 10c by the dotted and solid
lines, respectively, and suggests that the optical band gap increases
with the La composition and could be described by the linear
relationship 3.61 + 0.14x. The Eg of the BLT films increases
from 3.61 to 3.76 eV, which agrees with that (3.82 eV) reported.9

For the case of x = 3, the Bi atoms in the perovskite units are
completely substituted by the La atoms, the band gap of which can
be estimated to about 4.03 eV. Note that the value is very close to
that (4 eV) of LaTiO3.44 Therefore, the linear relationship (3.61 +
0.14x) could be reasonably effective for the La composition (x)
reaching 3, which is much larger than that (0 £ x £ 1) investigated
in the present work. The result further confirms that the La
atom indeed replaces the Bi site of the host matrix. It should

Fig. 10 Composition dependence of (a) the normalized packing density
at the phonon energy of 2 eV, (b) high-frequency dielectric constant and
(c) optical band gap of the BLT films. The solid lines represent the linearly
fitted results.

be emphasized that the values are much larger than that derived
by the theoretical calculation due to the well-known shortcomings
of exchange-correction function in describing excited states from
the density functional theory calculation.

Recently, it has been reported that the band gap of the pure and
La-substituted BIT material is indirect with a value of 2.9 eV and
an onset of direct optical transitions at 3.1 eV by using the GGA
of the Tran-Blaha and Becke-Johnson (TB–BJ) functional.40,45,46 It
should be noted that the calculated band gap is much smaller than
the experimental value (3.61 eV). Unfortunately, there have been
few reports on the electronic band structure of the BLT films even
though the electronic properties of BIT material are derived by the
GGA+U or the quasiparticle self-consistent GW approximations
(G is Green’s function and W is the screened Coulomb interaction),
which is suitable for strongly correlated systems associated with the
e–e interactions. Thus, the band gap calculated for the ferroelectric
system could be reasonably enlarged and accepted, as compared
to other calculation techniques.47 As we know, the valance band
mainly consists of the O2p, Bi6s,6p and Ti3d states in the perovskite
type unit and the O2p orbital is strongly hybridized with the Ti3d

(O2p–Ti3d) and Bi (O2p–Bi6s,6p) orbital below the Fermi level EF.
However, the conduction band is dominated by the Ti3d states
with minor contributions from the Bi6p and O2p states. Also, there
is considerable hybridization between Ti3d, Bi6p and O2p in the
conduction band.11,27,48 In the case of La-substituted BIT films, the
La atoms substitute the partial Bi atoms in the pseudo-perovskite
unit. The Eg of the films increases with the La composition because
the La3+ ions have no outer electron and only a lone pair of 6s
electrons, which reduce the hybridization with the O2p states, in
contrast to a Bi3+ ion. Therefore, the La substitution should lead
to less structural distortion. It should be emphasized that the shift
of the Eg to higher energy can not relate to the Burstein–Moss
effect because the La3+ and Bi3+ ions have the same valence of
+3 and the substitution La atoms can not contribute electrons or
holes. From the viewpoint of BLT-based capacitor devices and UV
detectors, a wider optical band gap favors the improvement of its
properties, such as decreased leakage current.

4 Conclusion

To summarize, high-quality La-substituted BIT (0 £ x £ 1) films
have been directly deposited on n-type Si (100) substrates by
chemical solution deposition employing a spin-coating process.
The XRD analysis shows that the films are polycrystalline and
exhibit the pure perovskite phase structure and the substitution of
La enhances the (100)-orientation degree from 14 to 28%. The
behaviors of the Raman-active modes A1g[Bi], B2g and A1g[Ti]
located at about 59, 648 and 853 cm-1 illustrate that La atoms
substitute the Bi atoms in the perovskite units. With increasing
La composition, the intensity of the peak at about 2.3 eV in the
PL emission spectra increases, except for the BLT1.00 film due to
the smallest grain size. According to the varied intensities of the
peak located at about 2.3 eV in the PL spectra, the introduction
of La could shorten the radiative lifetime and/or prolong the
non-radiative lifetime. Moreover, the dielectric functions of the
BLT films has been uniquely extracted by fitting the measured
ellipsometric data with the Adachi and four-phase layered
models. The refractive index linearly decreases while the high-
frequency dielectric constant linearly increases with increasing La
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composition due to the decreased packing density. In the BLT
films, the La substitution is considered to be one of the most
important factors to affect microstructure, lattice vibration and
optical properties. The present results could be crucial for future
applications of BLT-based optoelectronic devices and UV detec-
tors.
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37 D. A. G. Brüggeman, Ann. Phys. (Leipzig), 1935, 24, 636.
38 C. M. Herzinger, B. Johs, W. A. McGahan, J. A. Woollam and W.

Paulson, J. Appl. Phys., 1998, 83, 3323–3336.
39 W. H. Press, S. A. Teukolsky, W. T. Vetterling and B. P. Flannery,

Numerical Recipes in C: The Art of Scientific Computing, Cambridge
University Press, Cambridge, MA, 1992.

40 D. J. Singh, S. S. A. Seo and H. N. Lee, Phys. Rev. B: Condens. Matter
Mater. Phys., 2010, 82, 180103.

41 P. D. Mitev, K. Hermansson, B. Montanari and K. Refson, Phys. Rev.
B: Condens. Matter Mater. Phys., 2010, 81, 134303.

42 S. Y. Yang, J. Seidel, S. J. Byrnes, P. Shafer, C. H. Yang, M. D. Rossell,
P. Yu, Y. H. Chu, J. F. Scott, J. W. Ager, L. W. Martin and R. Ramesh,
Nat. Nanotechnol., 2010, 5, 143–147.

43 G. He, L. D. Zhang, G. H. Li, M. Liu and X. J. Wang, J. Phys. D: Appl.
Phys., 2008, 41, 045304.

44 S. Bouarab, A. Vega and M. A. Khan, Phys. Rev. B: Condens. Matter,
1996, 54, 11271–11275.

45 F. Tran and P. Blaha, Phys. Rev. Lett., 2009, 102, 226401.
46 A. D. Becke and E. R. Johnson, J. Chem. Phys., 2006, 124, 221101.
47 M. V. Schilfgaarde, T. Kotani and S. Faleev, Phys. Rev. Lett., 2006, 96,

226402.
48 M. Q. Cai, Z. Yin, M. S. Zhang and Y. Z. Li, Chem. Phys. Lett., 2005,

401, 405–409.

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 7967–7975 | 7975

D
ow

nl
oa

de
d 

by
 E

as
t C

hi
na

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
25

 S
ep

te
m

be
r 

20
12

Pu
bl

is
he

d 
on

 0
8 

Ju
ly

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1D
T

10
44

3H

View Online

http://dx.doi.org/10.1039/c1dt10443h

