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Optical properties and phase transition of Ce-modified (Na0.5Bi0.5)(Ti0.99Fe0.01)O3 nanocrystalline

films have been investigated by spectroscopic ellipsometry from �70 to 500 �C. Temperature

dependent dielectric functions in the photon energy range of 0.6–6.4 eV can be derived by the

Tauc-Lorentz model. It was found that the features in dielectric function (e) showed an abrupt

variation near 200 and 340 �C, respectively. The phenomena can be explained by the appearance

and/or reversal of polarization. It indicates that ferroelectric (rhombohedral) to paraelectric

(tetragonal) phase transition is related to electronic band variation, which is observed by this

technique.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863417]

Sodium-bismuth titanate Na0.5Bi0.5TiO3 (NBT) was first

reported by Smolensky in 1960,1 whose physical characteris-

tics, particularly dielectric properties and structural phase

transitions have been studied.2,3 NBT is a complex

perovskite-structure ferroelectric compound with two differ-

ent ions at the A site of the ABO3 structure and relatively

high Curie temperature of Tc¼ 320 �C.4 Unfortunately, NBT
exhibits poor piezoelectric coefficients and electric-field-

induced strain.5 Recently, it was found that chemical doping

engineering can be used to modify piezoelectric and ferro-

electric properties.6 It was acknowledged that the ionic radii

of Ce ion is closer to the A site ion, which can improve ferro-

electric properties of Na0.5Bi0.5TiO3- xBaTiO3 (NBT-BT)

crystals by increasing the remnant polarization and coercive

field.7 On the other hand, the Fe substitution leads to an

enhanced piezoelectric coefficient.8 Besides, NBT has been

generally investigated as bulk crystals and ceramics to

date,9,10 but few studies were carried out for films in spite of

the fact that they offer excellent ferroelectric and optical prop-

erties.11,12 Moreover, it was discovered that the leakage cur-

rent can be decreased, and the ferroelectric properties have

been improved for (Ce, Fe)-codoped Na0.5Bi0.5TiO3 films.13

It has been reported that the spectroscopic and electrical data

support the above observations.14 In addition, NBT-based fer-

roelectric oxides have some advantages for optoelectronic and

photovoltaic applications due to environmentally friendly

composition and a narrower band gap, as compared to most

lead (Pb)-based ferroelectric materials.13,14 However, temper-

ature dependent physical properties, such as the dielectric

function and electronic band structure, are still the open

issues. Thus, it is necessary to further investigate optical and

phase transition properties of (Na0.5Bi0.5)1�xCex(Ti0.99Fe0.01)

O3 (NBCTFx) films under different conditions in order to de-

velop some promising devices.

Generally, NBT shows unusual dielectric and ferroelec-

tric properties due to its peculiar sequence of phase transitions

from the cubic structure at temperatures above 540 �C, to the

tetragonal phase in the range of 510–540 �C, afterwards to the

rhombohedral structure at temperatures below 300 �C.15 The

correlation between crystal structure and electrical ordering of

NBT has been well explained by in-situ temperature depend-

ent transmission electron microscope (TEM) study.16,17 It sug-

gests that the phase transition appears from room temperature

ferroelectric (rhombohedral) to paraelectric (tetragonal) phase

through an antiferroelectric modulated phase. This modulated

phase consists of orthorhombic sheets for a rhombohedral

matrix in the temperature range of 200–300 �C. The second

phase transition from the orthorhombic to tetragonal phase

occurs near 320 �C, which corresponds to the transition from

antiferroelectric to paraelectric phase.16,17 It was also reported

that NBT exhibits the rhombohedral symmetry and reveals

ferroelectric properties below 200 �C. As for the second tem-

perature range, NBT exhibits paraelectric properties above

340 �C. Note that the phase transition can be found in NBT

crystals and ceramics by TEM or X-ray diffraction

(XRD).18,19 However, few reports on the interesting issue

have been presented by spectroscopic optical methods. It

has been widely accepted that spectral response is representa-

tive of the interband and intraband transitions for material

studied.

It is generally known that dielectric functions (e) are

directly related to electronic band structure of materials,

which are crucial for the design and optimization of optoe-

lectronic devices.20 Especially, the imaginary part can reflect

the electronic transition information of the films.

Spectroscopic ellipsometry (SE), which is sensitive to ultra-

thin films and surfaces, is a nondestructive and powerful

technique to investigate optical properties of materials, par-

ticularly to measure the thickness and the dielectric functions

of a multilayer system simultaneously. SE is widely used to

investigate optical properties and microstructures of ferro-

electric films on various substrates, which can bring more in-

formation on the valence electron structure of the films and

help to better understand the features of chemical bonding

and structural transformations of the films.

a)Author to whom correspondence should be addressed. Electronic mail:

zghu@ee.ecnu.edu.cn. Tel.: þ86-21-54345150. Fax: þ86-21-54345119.
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In this Letter, optical properties of NBCTFx (x¼ 0.08

and 0.1) films on platinized silicon (Pt/TiO2/SiO2/Si) sub-

strates have been investigated using variable-temperature SE

in the photon energy range of 0.6–6.4 eV (195–2000 nm).

The phase transition is revealed in the NBCTFx films with

the aid of analyzing the dielectric functions. The anomaly of

electronic band transitions during the phase transition has

been discussed in detail.

The NBCTFx films on (111)Pt/TiO2/SiO2/Si were

fabricated by a sol-gel method. The raw materials for the

preparation of NBCTFx films were analytically pure bis-

muth nitrate [Bi(NO3)3 � 5H2O, 99%], sodium acetate

trihydrate (CH3COONa � 3H2O, 99%), titanium butoxide

{Ti[O(CH2)3CH3]4, 98%}, ferric nitrate ninehydrate [Fe

(NO3)3 � 9H2O, 98.5%], and cerium nitrate hexahydrate [Ce

(NO3)3 � 6H2O, 99.9%]. By the corresponding mixing and

dissolving, the NBCTFx solutions were 0.3M, which were

taken as precursors for the fabrication. The NBCTFx films

were deposited by spin coating onto the (111)Pt/TiO2/SiO2/

Si substrates at a speed of 4000 rpm for 20 s. Finally, all the

films with the thickness of about 180 nm were obtained by a

rapid thermal annealing procedure.14 The XRD results of

the NBCTF0.08 and NBCTF0.1 films indicated that all the

films are polycrystalline without impurity phases (such as

Fe2O3 etc.) at room temperature except for the rhombohe-

dral phase (JCPDS card, No. 36-0340) and the detailed

results can be found elsewhere.14 Moreover, the X-ray pho-

toelectron spectroscopy (XPS) measurements suggest that

the Ce concentrations are in good agreement with the nomi-

nal atomic compositions of x¼ 0.08 and 0.1, respectively.

The surface morphology of the films was examined by

atomic force microscopy (AFM) (Digital Instruments

Dimension Icon, Bruker). The scale height is 20 nm and the

measured area is 1� 1 lm2. Figures 1(a) and 1(b) show the

AFM two-dimensional images of the NBCTFx films. It sug-

gests that the surface morphology presents the similar pattern

while the root-mean-square roughness is estimated to 3.2

and 4.1 nm for x¼ 0.08 and 0.10, respectively. The

ellipsometric measurements were carried out by a near-infra-

red-ultraviolet (NIR-UV) SE in the wavelength range of

195–2000 nm (0.6–6.4 eV) with a spectral resolution of 2 nm

(V-VASE by J. A. Woollam Co., Inc.). The incident angle

was selected to 70� for the films corresponding to the experi-

mental optimization near the Brewster angle of Si. Note that

the Pt layer with the thickness of about 150 nm is optically

opaque in the photon energy range of 0.6–6.4 eV and its opti-

cal constants were taken from Ref. 21. As for the variable

temperature measurements, the samples are mounted into an

Instec cell and the temperature can be set from �70 to

500 �C with a precision of about61 �C. The spectra were an-
alyzed with the WVASE32 software package. Note that the

surface roughness obtained by the fitting SE data is slightly

larger than the root-mean-square roughness derived from the

AFM pictures. It should be emphasized that the NBCTFx
films were deposited on (111)Pt/TiO2/SiO2/Si substrates

with the size of about 2 cm. The measured sample volumes

in SE and AFM measurements are obviously diverse due to

different incident light spots, which can induce the above

discrepancy.

To extract the dielectric functions ½~eðEÞ ¼ e1ðEÞ þ ie2ðEÞ�
and other physical parameters of ferroelectric NBCTFx nano-
crystalline films, the ellipsometric spectra were explained

by a four-layer structure (air/surface rough layer (SRL)/

NBCTFx/Pt). It should be emphasized that the fitting reliabil-

ity mainly depends on the selection of the dielectric function

models. The dielectric response of semiconductor/dielectric

materials in the frequency region of visible light can result

from the interband electronic transitions. There are many dis-

persion functions expressing the interband transition contri-

butions and a dielectric function derived directly from the

band gap theory is desirable for the NBCTFx films.

Fortunately, the Tauc-Lorentz (TL) model is a useful model

to express the dielectric dispersion of the perovskite systems

in the NIR-UV frequency region.22,23 The standard quantum

mechanical or Lorentz calculation for e2 (the imaginary part

of the complex dielectric function) of a collection of nonin-

teracting atoms has been widely applied in many solid mate-

rials from transparent to strong absorption region.24 The

imaginary part can be written as e2ðEÞ ¼ A0EnCðE�EgÞ2
ðE2�E2

nÞ2þC2E2

1
E ;

ðE � EgÞ; e2ðEÞ ¼ 0; ðE < EgÞ and the real part is given by

the Kramers-Krönig transformation (KKT) e1ðEÞ ¼ 1

þ 2
pP

Ð1
Eg

ne2ðnÞ
n2�E2

dn. They are depending on the following four

parameters: the transition matrix element A0, the peak transi-

tion energy En, the broadening term C, and the Tauc gap

energy Eg. It should be pointed out that the true band gap is

slightly higher than the Tauc gap energy derived from the TL

model due to the existence of Urbach tails which are not

included in this dispersion model. Nevertheless, a good coin-

cidence was obtained between the experimental and fitted

data in the entirely measured photon energy region by using

the TL model in the present work [Figures 1(c) and 1(d)]. It

indicates that the dielectric function model can reasonably

describe the interband transition of the present NBCTFx
films. A SRL must be taken into account to exclude surface

fluctuation effects from the high-temperature annealing.25

The dielectric function of the SRL as a mixture of 50% film

FIG. 1. The AFM two-dimensional images of (a) NBCTF0.08, (b)

NBCTF0.1, respectively. Note that the scale height is 20 nm and the meas-

ured area is 1� 1 lm2. Near infrared-ultraviolet experimental (dotted lines)

and best-fitted ellipsometric spectra (c) W and (d) D of the NBCTF0.08 and

NBCTF0.1 films under �70 �C and 500 �C, respectively. Note that the W
and D spectra of the NBCTF0.1 film are vertically shifted by adding 90 and

200, respectively.

041106-2 Zhang et al. Appl. Phys. Lett. 104, 041106 (2014)
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and 50% voids was expressed with the aid of Brüggeman

effective medium approximation.26 The thicknesses (film df
and surface roughness ds) of the NBCTF0.08 and

NBCTF0.10 films at room temperature are about 171 nm

(df¼ 1626 2 nm and ds¼ 8.86 0.4 nm) and 185nm

(df¼ 1776 2 nm and ds¼ 7.96 3.2 nm), respectively. To

avoid the strong coefficient correlation between the fitting

parameters, the values of thicknesses taken from room tem-

perature have been fixed during the fitting calculations at dif-

ferent temperatures. In addition, the root-mean-square

fractional error r is defined by r2 ¼ 1
2J�K

PJ
i¼1

Wmod
i �Wexp

i

rexpW;i

� �2
"

þ Dmod
i �Dexp

i

rexpD;i

� �2
#
, where J is the number of data points and K

is the number of unknown model parameters, has been used

to judge the quality of the fit between measured and model

data.27

As an example, the ellipsometric angles W and D of the

NBCTF0.08 and NBCTF0.1 films at �70 and 500 �C are

shown by the dotted lines in Figures 1(c) and 1(d), respec-

tively. The Fabry-Pérot interference patterns due to the finite

thickness are observed below the photon energy of about

3.6 eV, indicating that the films are transparent in the photon

energy region. The dielectric function of the NBCTFx films

can be extracted by fitting the model function to the meas-

ured data. The fitted parameter and r values are summarized

in Table I, and the fitted ellipsometric spectra W and D are

shown by the solid lines in Figures 1(c) and 1(d), respec-

tively. The evaluated dielectric functions of the NBCTF0.08

and NBCTF0.1 films are shown in Figure 2. To clarify the

temperature evolution of the dielectric functions, the two pa-

rameters were plotted and the correspondingly vertical shifts

are also shown in the insets. Interestingly, the obvious tem-

perature effects can be observed. The evolution of e with the

photon energy is a typical optical response behavior of semi-

conductor materials. The parameter e2 increases with the

photon energy and approaches the maximum around 5.4 eV,

which indicates that a strong optical absorption appears.

However, the parameter e1 increases with the photon energy

and approaches the maximum value around 3.6 eV, which

indicates a transition and ascent of absorption edge, as shown

in Figures 2(a) and 2(c). Then, the real part of dielectric

function decreases towards a higher energy side because of

the known Van Hove singularities. It should be emphasized

that the maximum values of real and imaginary parts are

consistent due to the KKT rule.

The temperature evolution of e1ðTÞ measured in the

transparent range with the photon energy of 2.5 eV is shown

in Figure 3. A deviation from the low temperature linear

behavior e1ðTÞ appears at about 200 �C (the shade part “I”).

The deviation extends to a temperature region of about

200–340 �C at which the de1=dT values are changed. Then,

e1ðTÞ starts to increase abruptly at about 340 �C (the shade

part “II”). On the other hand, the optical absorption edge of

nanocrystalline NBCTFx films was obtained under different

temperatures to get a temperature evolution of the Tauc gap

energy Eg. From Figure 4, the parameter Eg of both

NBCTF0.08 and NBCTF0.1 films decreases slightly with

increasing the temperature below 200 �C. Correspondingly,
the parameter d Eg/dT begins to change at 200 �C (“I”).

Finally, the Tauc gap Eg of both NBCTF0.08 and NBCTF0.1

films starts to decrease abruptly at about 340 �C (“II”), espe-

cially for the NBCTF0.1 film.

The first phase transition from ferroelectric (rhombohe-

dral) to antiferroelectric (orthorhombic) in the polycrystal-

line NBCTF0.08 and NBCTF0.1 films appears at about

200 �C. Meanwhile, the second phase transition from antifer-

roelectric (orthorhombic) to paraelectric (tetragonal) is

located at about 340 �C with the temperature width of about

FIG. 2. Evolution of (a)/(c) the real part e1 and (b)/(d) the imaginary part e2
of the NBCTF0.08 and NBCTF0.1 films with the temperatures. Note that the

insets show e1 and e2 in the photon energy range of 2–5 eV, which are verti-

cally shifted by adding 4 and 2 for each temperature, respectively.

TABLE I. Dielectric function parameters using the Tauc-Lorentz oscillator formalism for the NBCTF x films determined from the simulation of ellipsometric

spectra in Figure 1. Note that r is the root-mean-square fractional error. The 90% reliability of the fitting parameters is given with (6).

Samples
NBCTF0.08 NBCTF0.1

T ( �C) A0 (eV) Eg (eV) En (eV) C (eV) r A0 (eV) Eg (eV) En (eV) C (eV) r

�70 6706 22 3.006 0.01 3.046 0.06 5.396 0.35 10.5 4066 23 3.016 0.01 3.866 0.09 5.116 0.29 8.5

320 6696 35 2.996 0.02 3.026 0.08 5.206 0.28 9.8 3726 14 3.006 0.01 3.986 0.54 4.486 0.22 7.8

330 6696 34 2.996 0.02 3.026 0.08 5.206 0.27 9.6 3726 11 3.006 0.01 3.986 0.04 4.486 0.23 7.8

340 6696 34 2.996 0.02 3.026 0.08 5.206 0.27 9.6 3726 9 3.006 0.01 3.976 0.03 4.486 0.23 7.7

350 6686 35 2.996 0.02 3.026 0.08 5.196 0.27 9.4 4396 14 2.946 0.01 3.516 0.04 4.876 0.22 7.7

360 6686 69 2.986 0.03 3.016 0.16 5.156 0.46 9.4 4396 15 2.946 0.01 3.506 0.05 4.876 0.22 7.8

500 6606 59 2.936 0.16 2.946 0.10 4.936 0.72 8.9 4876 15 2.936 0.01 3.266 0.04 4.596 0.18 7.2

041106-3 Zhang et al. Appl. Phys. Lett. 104, 041106 (2014)
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140 �C. Although the physical mechanisms leading to such a

behavior are still under investigation, the linear e1ðTÞ behav-
ior can be taken as an experimental indication of the high-

temperature paraelectric state in the NBCTFx films. Such a

deviation is commonly ascribed to the appearance of charge

polarization, which causes a change in the index of refraction

via the quadratic electro-optic effect while the structure

remains cubic on average.28–30 The temperature dependence

of e1ðTÞ reflects intrinsic states and their variations in the

NBCTFx films. The high-temperature phase state is clearly

evidenced by the linear increase of e1. The observed devia-

tion from the high-temperature linear e1ðTÞ behavior indi-

cates the appearance of local polarization, which is not yet

ordered on the long-range scale.31 The long-range ferroelec-

tric order is established at about 340 �C, as shown in

Figure 3. Note that e1 ¼ n2 � j2, here n is the refractive

index and j is the extinction coefficient. Therefore, the for-

mula e1 ¼ n2 is valid only in the transparent region. It can be

concluded that the observed variation trend of n(T) agrees
with the behavior of refractive index in NBCTFx nanocrys-

talline films. Obviously, the inspection of e1ðTÞ can be

applied to analyze intrinsic phase transition of oxide films.

From Figure 4, the Tauc gap Eg decreased with increas-

ing the temperature in general, with values are closer to those

from NBT single crystals.32 It is commonly acknowledged

that the decrease of the optical band gap with the tempera-

ture is due to the electron-phonon interaction and the lattice

thermal expansion.33 With increasing the temperature, the

interatomic distance along the direction of their propagation

can be changed by the longitudinal phonons,34 which will

further affects the lattice constant and results in the modifica-

tion of energy band structure. Finally, the phenomena can

move the conduction band (CB) downward and the valence

band (VB) upward. The VB of NBCTFx films mainly con-

sists 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 CB is dominated by Ti3d states, Bi6p, and

Na2s,2p with minor contributions from O2p states.35 Also,

there is considerable hybridization between Ti3d, Bi6p,

Na2s,2p, and O2p in the CB. In the case of Ce-substituted

NBTF films, the Ce atoms substitute the partial Bi and Na

atoms in the pseudo-perovskite unit. The structure of the

films starts to change from rhombohedral to orthorhombic

near 200 �C and orthorhombic to tetragonal around 340 �C,
which can influence the electronic structure and result in the

variation of Eg. The maximum in the real part of the dielec-

tric function of NBCTFx has been revealed at about 3.7 eV.

According to the results of first-principles calculations, the

interband optical transitions can be derived from prevailingly

O2p valence band to the relatively localized Ti3d and Bi6p
originated conduction bands.

In summary, the NBCTFx nanocrystalline films (x¼ 0.08

and 0.1) on platinized silicon (Pt/TiO2/SiO2/Si) substrates by

the sol-gel method have been investigated near phase transi-

tion region. There is an antiferroelectric modulated phase

during the phase transition process. A distinct spectral band

for the real part of dielectric function has been revealed in the

spectral range of 0.6–6.4 eV with maximum at about 3.7 eV.

The critical parameter Eg and dielectric function e1 showed

an abrupt transformation, indicating abnormal variation of

the electronic structure near the phase transition region.
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