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ABSTRACT: Bismuth ferrite (BiFeO,) nanocrystalline films . ‘ ' ¥
with the crystalline size of 27-40 nm have been grown on ¢- E =2.80+0.10P A
sapphire substrates under various oxygen pressures of 1 X 107* é —A“——‘O——A{f 30 =
to 1 Pa by pulsed laser deposition. The X-ray diffraction & 1l 300k ‘ o
spectra show that the films are polycrystalline and present the é E_=2.76+0.12P, "4

pure rthombohedral phase. It was found that the Raman-active F : )] -

phonon mode E(TO1) shifts towards a higher energy side
from 74 to 76 cm™" with increasing oxygen pressure, indicating
a larger tensile stress in the films deposited at higher oxygen
pressure. The X-ray photoelectron spectroscopy analysis suggests that the concentrations of both Fe** ions and oxygen vacancies
in the BiFeO; films increase with decreasing oxygen pressure. Moreover, the dielectric functions in the photon energy range of
0.47—6.5 eV have been extracted by fitting the transmittance spectra with the Tauc-Lorentz dispersion model. From the
transmittance spectra, the fundamental absorption edge is observed to present a redshift trend with increasing the temperature
from 8 to 300 K. Note that the optical band gap (E,) decreases with increasing the temperature due to the electron-phonon
interactions associated with the interatomic distance in the BiFeOj films. However, the E, decreases from 2.88 to 2.78 eV with
decreasing oxygen pressure at 8 K, which can be attributed to the increment of oxygen vacancies leading to the formation of
some impurity states between the valence and conduction band. It can be concluded that the oxygen pressure during the film
fabrication has the significant effects on microstructure, optical properties, and electronic band structure modification of the
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BiFeO; films.
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1. INTRODUCTION

Materials that have coupled electric, magnetic, and structural
order parameters that result in simultaneous ferroelectricity,
ferromagnetism, and ferroelasticity are known as multi-
ferroics.”> These multiferroics materials have attracted a lot
of attention in recent years because they can potentially offer a
whole range of new applications, including nonvolatile
ferroelectric memories, novel multiple state memories, and
devices based on magnetoeletric effects.” ® Especially, bismuth
ferrite (BiFeO;, BFO) is known to be the only perovskite
material that exhibits multiferroic at room temperature (RT).
At RT, it is a rhombohedrally distorted ferroelectric perovskite
with the space group R3c and a Curie temperature (Tc) of
about 1100 K.""7” It also shows a G-type canted
antiferromagnetic order below Néel temperature (Ty & 643
K), in which all neighboring magnetic spins are oriented
antiparallel to each other.® Recent reports of a large
spontaneous polarization (~100 x#C/cm?) in thin films," bulk
ceramics,'’ and single crystals'’ of BFO have lead to an
explosion of interest in its growth, electrical, and optical
properties. To make BFO useful in actual electrical and
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optoelectronic devices, we need to further clarify the physical
properties, especially for electronic band structure and optical
response behavior. Compared to the equivalent ceramic and
bulk single crystal, the film materials are expected to yield
better sensitivity, faster response, low cost, etc. Therefore, a
comprehensive study on BFO films is definitely requisite, which
contains fabrication, electrical, and optical properties.

Since the physical properties of BFO films are related to their
domain structure and phase states, which is sensitive to the
applied stress, composition, and fabrication condition for BFO
materials."> Many methods, including pulsed laser deposition
(PLD),**” molecular beam epitaxy (MBE),”" radio-frequency
(rf) sputtering,*'*'* and chemical solution deposition (CSD)"®
have been employed for the preparation of BFO films. Among
them, the PLD technique has the ability to exceed the solubility
of magnetic impurity and to permit high quality film grown at
low substrate temperature. In addition, the oxygen pressure
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during the deposition process will significantly affect the
crystalline quality and phase purity of the BFO films. Yun et al.
have reported the good current-density—applied-voltage
characteristics of BiFeO; thin films deposited at 0.01—0.1
Torr, and the effects of oxygen pressure on their crystal
structure and multiferroic properties.'”'® Wu et al. have found
that the BFO film with an oxygen content of about 20% during
sputtering had a higher remanent polarization because of its
lower leakage current density and an improved phase purity.'’
Furthermore, the different oxygen pressures can lead to the
variation of Bi/Fe ratio in BFO film, which closely links with
the corresponding ferroelectric properties.”® Recent studies of
photoconductivity,7 photovoltaic effect,”’ and low open circuit
voltage in a working solar device® illustrate the potential of
polar oxides as the active photovoltaic material. In spite of the
promising properties, there are no systematical reports focused
on the optical properties of BFO films deposited at various
OXygen pressures.

Fortunately, optical spectroscopy is a sensitive and micro-
scopic probe of the nature and size of a band gap, chemical
bonding, and hybridization.5 Moreover, the optical constant,
i.e., dielectric functions, can help us gain the related electronic
band structure of materials and explain the corresponding
experimental results, which will be critical for developing the
novel spinelectronic and optoelectronic devices. Although there
are some reports on the optical properties of BFO single
crystals and films,”'*>372¢ the optical properties of BFO films
grown under different oxygen pressures have not been studied
up to date. Yuan et al. have found that the oxygen pressure
during cooling after growth, strain-state, and substrate material
are important in manipulating the density, diffusion, and
distribution of oxygen vacancies.”” It indicates that the oxygen
pressure in the growth process can affect the concentration of
oxygen vacancies, which is one of the possible origin of high
conductivity in pure BFO films.***’ Because oxygen vacancies
are unavoidable in the preparation of BiFeO; samples, both
qualitative and quantitative studies about their effects are of
great importance. In particular, the oxygen vacancies have a
significant influence on the carrier mobility, optical con-
ductivity, and optical response in transition metal oxides.*’
Therefore, the optical properties of BFO films with different
oxygen pressures in a wider photon energy region, especially for
dielectric functions and optical band gap, should be thoroughly
studied in order to exploit its potential applications.

In this paper, the structural and optical properties of BFO
nanocrystalline films deposited on c-sapphire substrates using
the PLD have been investigated by X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), Raman scattering, and
temperature-dependent transmittance spectra. The dielectric
functions of the films in the near-infrared-ultraviolet (NIR-UV)
photon energy region are extracted by reproducing the
experimental spectra with the reasonable optical dispersion
model. This makes it possible to completely investigate the
effects of oxygen pressure on the crystalline phases, dielectric
functions, and electronic band structures.

2. EXPERIMENTAL SECTION

Fabrication of BiFeO; Films. The BiFeO; films were deposited
on c-sapphire substrates by the PLD technique. The BiFeO; targets
with a diameter of 3 cm were prepared through a conventional solid
state reaction method using reagent-grade Bi,O; (99.9%) and Fe,O,
(99.9%) powders. Weighed powders were mixed for 24 h by ball
milling with zirconia media in ethanol and then dried at 100 °C for 12

4845

h. The dried powders were calcined at about 680 °C in air for 6 h to
form the desired phase, and followed by sintering at about 830 °C for
2 h. Before the deposition of the BFO films, c-sapphire substrates need
to be cleaned in pure ethanol with an ultrasonic bath to remove
physisorbed organic molecules from the surfaces, followed by rinsing
several times with de-ionized water. Then the substrates were dried in
a pure nitrogen stream before the film deposition. For the BFO
growth, the oxygen pressure (Po = 1 X 107% 0.01, 0.1, 0.5, and 1 Pa)
was systematically varied while the deposition temperature (T = 450
°C) was fixed. A pulsed Nd:YAG (yttrium aluminum garnet) laser
(532 nm wavelength, S ns duration) operated with an energy of 60
m]J/pulse and repetition rate of 10 Hz was used as the ablation source.
The films were deposited immediately after the target was preablated
in order to remove any surface contaminants. The distance between
the target and the substrate was kept at 3 cm. The deposition time was
set to about 30 min. Finally, the films were annealed at 600 °C in air
atmosphere by a rapid thermal annealing process. A detailed
preparation of the films can be found in ref 4.

XRD, SEM, XPS, Raman, and Transmittance Measurements.
The structure of the films was determined by XRD with Cu Ka
radiation operated at 40 kV and 200 mA (D/MAX-2550 V, Rigaku
Co.). In this measurement, a vertical goniometer (Model RINT2000)
was used and continuous scanning mode (6-26) was selected with a
resolution of 0.02° and the 20 range of 15-75°. The morphological
characterization of the films were studied by scanning electron
microscopy (SEM). XPS analysis was performed to investigate the
surface chemistry of the films using a RBD upgraded PHI-5000C
ESCA system (PerkinElmer) with a pass energy of S €V for high
resolution spectra acquisition with Mg Ka radiation (hv = 1253.6 eV).
The binding energies were calibrated by using the containment carbon
(C 1s = 284.6 V). The Raman spectra were recorded by a Jobin-Yvon
LabRAM HR 800 UV spectrometer, with a He—Ne laser as the
excitation light, which is operated at the wavelength of 632.8 nm. The
temperature-dependent transmittance spectra were recorded by a
double beam ultraviolet-infrared spectrophotometer (PerkinElmer
Lambda 950) from 190 to 2650 nm (0.47—6.5 eV) with a resolution
of 2 nm. The samples were mounted on a cold stage of an optical
cryostat (Janis SHI-4-1) and capable of cooling from 300 to 8 K, which
can be set by LakeShore 331 temperature controller.

3. RESULTS AND DISCUSSION

Structural and Morphology Characterizations. The
XRD patterns of the films deposited under various oxygen
pressures have been shown in Figure 1. As can be seen, some
diffraction peaks (012), (104), (110), (202), and (024) are
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Figure 1. XRD patterns of the BiFeO; films grown on c-sapphire
substrates under the oxygen pressure of 1 X 107% 0.01, 0.1, 0.5, and 1
Pa, respectively. The symbols (S and *) indicate the observed trace
from the sapphire substrate and the impurity phase from Bi,Oj; for the
two BFO films deposited at 0.1 and 0.01 Pa, respectively. Note that the
dotted lines show some main diffraction peaks.
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observed for the BFO films. The intensities of the (012) and
(024) peaks increase with increasing oxygen pressure,
suggesting the good crystallinity. Besides the strong features,
there are some other weaker diffraction peaks (116), (214), and
(036). However, an additional weak peak at 268 of about 27.8° is
detected in the two BFO films deposited at 0.1 and 0.01 Pa,
which is also found in the earlier reports.>' 7> These peaks can
be associated with the presence of Bi-rich impurity phase Bi,O;
due to the similar deposition conditions used in the present
study. The results show that the polycrystalline BFO films
consist of the perovskite phase with space group R3¢ (JCPDS
card No. 86-1518) and the second phase appears only in the
BFO films deposited under the oxygen pressures of 0.1 and
0.01 Pa. Moreover, the BFO films grown on c-sapphire do not
exhibit the preferential orientation comparing to the BFO films
deposited on SrTiO; or DyScO;,>*® which is attributed to the
lattice mismatch between the substrates and the BFO films.
The average crystalline size r can be calculated from the (012)
diffraction peak according to the well-known Scherrer
equation.** Note that the line broadening of the instruments
has also been taken into account in the r evaluations. It is
estimated to about 27, 28, 30, 36, and 40 nm for the BFO films
with increasing oxygen pressure, respectively. Note that the
crystalline size at higher oxygen pressures (beyond 0.5 Pa) is
larger than that at lower oxygen pressures (under 0.1 Pa). The
discrepancies are attributed to the different preparation
conditions, which may influence the oxygen stoichiometry
and subsequently the crystallization.

The surface microstructures of the BFO films deposited
under different oxygen pressures are shown in Figure 2. All the
films present the uniform granular structures on the c-sapphire

(@
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Figure 2. SEM images of the BiFeOj films deposited at (a) 1 X 107%
(b) 0.01, (c) 0.1, (d) 0.5, and (e) 1 Pa. Note that the scale bars for all
the images are S00 nm.

substrates. Moreover, the particle size of the BFO films
increases with increasing oxygen pressure from 1 X 107* to 1
Pa, which agrees well with the results from the XRD analysis.
Under the higher oxygen pressures, the surface of the BFO
films begins to form the aggregation for the particles, as shown
in Figure 2d,e. From the cross-sectional structure, the films
have a fluctuating surface and there is a distinct interface
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between the film and substrate. The thickness of the films
gradually increases with increasing oxygen pressure. The
remarkable variation of the surface microstructures can
obviously affect the optical response such as the transmittance
spectra, dielectric function, and optical band gap discussed in
the following analysis.

Raman Scattering. Figure 3 shows Raman spectra of the
BFO films measured at RT in the range of S0—400 cm™’.
Group theory predicts that the BFO films, a rhombohedral
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Figure 3. Raman spectra of the BiFeOj; films under the excitation line
of 632.8 nm at room temperature. The dashed lines show the positions
of Raman-active phonon modes, (f) experimental Raman spectrum

(dotted lines) and Lorentzian fitting results (solid lines) of the BFO
film deposited at 1 Pa.

perovskite with R3¢ space group, should have 18 optical
phonon modes: 4A; + SA, + 9E. Among these modes, the A,
and E phonons are Raman- and infrared-active modes, whereas
the A, modes are optically inactive. The three strong peaks
located at around 75, 140, and 170 ecm™' are assigned to
E(TO1), A;(TO1), and A,(TO2), respectively. Some weaker
peaks at 217, 281, and 346 cm™! are also observed. The results
agree well with the previous theoretical and experimental
data.®*>*¢ Compared to Raman measurements used by the
different laser lines,®*' the intensities of the peaks in the
present results are quite different, especially for the enhanced
E(TO1) phonon mode. On the other hand, two additional
weak peaks located at about 63 and 89 cm™" for the BFO films
deposited under the oxygen pressure of 0.1 Pa are observed in
the present work. The two peaks from the impurity Bi,O;
phases are associated with the vibration of Bi*" ions, which is
also detected by the XRD and XPS measurements.

To further understand the influence of oxygen pressure on
the Raman phonon modes for the BFO films, the multi-peak
fitting analysis is necessary (see Figure 3f). By fitting the
measured Raman spectra and deconvolution of the fitted curves
into individual Lorentzian components, the peak position of
each component, ie., the natural frequency of each Raman
active mode was obtained. The peak position (w), full width at
half-maximum ("), and the intensity (I) of the three distinct
peaks are presented in Table 1. The changes of the w, I', and I
for the A and E phonon modes significantly depend on the
oxygen pressures. Note that the peak position of the E(TO1)
phonon mode increases from about 74 to 76 cm™' with
increasing oxygen pressure. This phonon mode corresponds to
the vibrational of Fe and O ions in the ab plane from FeOgq
octahedra, which effectively modulates the Fe—O—Fe bond
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Table 1. Peak Position (@), Full Width at Half-maximum (I'), and Intensity (I) of the Three Phonon Modes Obtained by

Fitting Raman Spectra in Figure 3

E(TO1) A,(TOl) A,(TO2)
samples P, (Pa) ®; (em™) I, (em™) I, (au) , (cm™) I, (em™) L, (au) @; (cm™) Iy (em™) L (au)
A 1% 107* 74 14.4 1645 139 29.8 1272 169 13.6 910
B 0.01 75 124 1452 141 28.8 1304 170 12.1 747
C 0.1 76 11.7 2484 140 26.7 2442 170 11.9 1214
D 0.5 76 8.5 5017 141 244 3229 171 10.7 1856
E 1 76 8.9 4079 140 26.8 2396 170 11.5 1437

angle and Fe—Fe exchange interaction.’® The increase or
decrease of the Raman frequency shift is associated with the
tensile/compressive stress that exists in the films. The larger the
tensile stress that exists in the film, the higher frequency the
Raman shift appears.'* The results indicate that the BFO films
deposited under higher pressure have the larger tensile stress.
On the other hand, the A;(TO1) and A,(TO2) phonon modes
located at the low frequency range are closely related with the
Bi—O band.*® As can be seen from Table 1, the peak positions
of the two A phonon modes have a buleshift with increasing
oxygen pressures, while the two modes become broadening and
the intensities decrease with decreasing oxygen pressure except
for the film deposited at 1 Pa. The changes can be attributed to
the distortion and defects in the lattice, which is caused by the
oXygen vacancies.

XPS Analysis of BFO Films. To identify the chemical
bonding of the BFO films, we performed the XPS measure-
ments. For example, Figure 4 shows the overall core level XPS
survey spectra of the BFO film deposited at 0.1 Pa. The XPS

Intensity (arb. units)

188
Binding energy (V)

154 161

Figure 4. (a) Overall core level X-ray photoelectron spectra for the
BiFeO; film deposited at 0.1 Pa. (b, c, e) XPS spectra of Bi 4f, Fe 2p,
and O Is lines with the Lorentzian-Gaussian dividing peaks analysis.
The symbol (*) indicates satellite peak for the Fe** ions.

spectra of the electron binding energies correspond to Bi, Fe,
and O, confirming the phase purity of the films. Figure 4b—d
show the Lorentzian-Gaussian dividing peak analysis for Bi 4,
Fe 2p, and O 1s peaks. It is found that Bi 4f;,, and Bi 4f,, peak
positions are at the binding energy of 158.5 and 163.9 eV,
respectively. The binding energy of O 1s is located at 530.2 eV.
The 3/2 and 1/2 spin-orbit doublet components of the Fe 2p
photoelectron were found to be located at 711.5 and 724.3 eV,
respectively. Furthermore, the deconvolution of the 2p;,, peaks
indicates an additional peak existing around 710.5 eV, as shown
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in Figure 4c. It indicates that the Fe 2p;/, peak corresponds to
Fe®* and Fe®* ions for the BFO film with the oxygen pressure of
0.1 Pa.***"7* In addition, the peak located at 718.9 eV (labeled
by symbol *) is the satellite peak for Fe*" ions. According to the
fitted XPS peak areas and the atomic sensitivity factors for the
Bi and Fe elements, the Bi/Fe ratios in the films are
quantitatively obtained. For the BFO films deposited at lower
oxygen pressures, the ratio is calculated to be about 1.2:1.
However, the value increases up to about 1.9:1 at higher oxygen
pressures. The increasing trend of the Bi/Fe ratio with the
oxygen pressure is consistent with the previous report
determined from the energy dispersive X-ray spectroscopy
(EDS).*® This also confirms that the presence of the Bi,Os
impure phase observed in XRD and Raman results is
reasonable.

The oxygen pressure can affect the formation of oxygen
vacancies, which is equivalent to a valence change of Fe from
3+ to 2+: (OF)* + 2(Fedn)* = (1)/(2)0, + V- + 2(Fg?)
'739% Panels a and b in Figure S show the XPS spectrum
expanded around the Fe peaks in a range of binding energy

T T T T

©
22+1.1P +1.3P,

Intensity (arb. units)

711 720 729 10°
Binding energy (€V) Oxygen pressure (Pa)
Figure S. (a, b) Peak-fitting simulations of Fe 2p lines for the BiFeO,
films grown under the oxygen pressure of 1 X 107* and 1 Pa,
respectively, (c, d) The ratio of Fe>*/Fe" and content of oxygen in the

BiFeO; films as a function of oxygen pressure from 1 X 107 to 1 Pa.
The solid lines represent the nonlinear fitting results to guide the eyes.

from 703 to 730 €V for the BFO films deposited at 1 X 107*
and 1 Pa, respectively. By fitting the peaks for the valence state
of Fe ions, the ratios of Fe>*/Fe?" in the BFO films are shown
in Figure Sc. It can be concluded that the ratio of Fe®"/Fe®*
decreases from 4.6 to 1.9 with decreasing oxygen pressure, and
it can be well expressed by the formula: 2.2 + 1.1Pg + 1.3Py?
where P stands for the oxygen pressure. From the results, the
concentration of the Fe*" ions decreases with increasing oxygen
pressure in the fabrication progress, which could be an evidence
for the decrease of oxygen vacancies. On the other hand, the

dx.doi.org/10.1021/am201340d | ACS Appl. Mater. Interfaces 2011, 3, 4844—4852
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oxygen stoichiometry in the BFO films as a function of the
oxygen pressure are shown in Figure Sd. As the oxygen pressure
increases from 1 X 107* to 1 Pa, the oxygen stoichiometry
gradually increases, which also indicates that the oxygen
vacancies decrease with the oxygen pressure. The oxygen
pressure dependence of the oxygen stoichiometry can be well
expressed by 61.4 + 54P, — 1.6Py>. Note that the oxygen
contents in all the BFO films are beyond the ideal value of 60%,
which is due to the very high surface sensitivity in the XPS
measurements. The presence of the moderate oxygen vacancies
is consistent with the theoretical calculation and experimental
results.””?%* The result suggests that the decreasing of the
oxygen pressure can contribute to the increment of oxygen
vacancies in the BFO films, and further affect the crystalline
structure and electronic structure of the BFO films.

Theoretical Calculation of Transmittance. The inverse
synthesis method is based on a phenomenological model fitted
to the experimental results. The reliability of the inverse
synthesis method mainly depend on the validity of the optical
model and the fitting statistics. In order to extract the dielectric
functions and other physical parameters of the BFO films
deposited on c-sapphire substrates, the transmittance spectra
were analyzed by a multilayer model with the three-phase
layered structure (air/film/substrate). In the wavelength range
of 190—2650 nm, the structure modeling of the transmittance
was constructed under the assumption that the films and the
substrates were treated as isotropic materials. Fortunately, the
effect of the surface rough layer, whose value is much less than
the film thickness, can be neglected in the evolution of the
optical properties. Because the relatively big light spot (about 4
mm in diameter) and vertical/normal incident configuration
(about 10°) are used in the present experiments, the
transmittance spectra cannot be sensitive to the porous surface
layer. At the normal incidence configuration, the transmittance
coefficient can be described as: t = tyt;,e7 /(1 + to e,
where the partial transmittance coefficient t;, (air—film) and ¢,
(film-substrate) are written as t,;,, 2(8)2/ ()Y +
((2,1)"%)). The phase factor for the film with thickness d has
the form & = 27d((g,)"/?)/A where 1 is the incident wavelength,
and the dielectric function of vacuum, the film, and the
substrate are ((8,)"?) (= 1), ((8)"?), and ((&,))"?),
respectively. Thus, the spectral transmittance can be readily
obtained from T = Real[((&,)"/?)]tt*. It should be emphasized
that the absorption from the substrate must be taken into
account to calculate the transmittance of the film-substrate
system. Therefore, the total transmittance is given by T =
Ty Texp(— a,)/[1 — RyRexp(— 2a,)], where T,y and Ry, are
the transmittance and reflectance at substrate—air interfaces,
respectively. Also, a, = 4akd,/1, d; is the substrate thickness
(0.5 mm in this work) and k, the extinction coefficient of the
substrate, whereas T is the overall transmittance from the front
side of the film and Ry is the overall reflectance from the back
side of the film.*"*

It is a challenge to simulate transmittance spectra of
semiconductor film in a wider photon energy region because
there is a stronger parameter correlation if a complicated
dielectric function model is applied. There are some well-
known dispersion functions, which are derived from the band
parameters and can be used to express the optical response
behavior. Among them, the Tauc—Lorentz (TL) model has
been successfully applied to express the optical dispersion of
the BFO films from the transparent to strong absorption
region.”>** This model is obtained from the Tauc joint density
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of states and the standard quantum mechanical or Lorentz
calculation for &, (the imaginary part of the complex dielectric
function) of a collection of non-interacting atoms. If the
multiplied transitions are considered, €, is given by

2
AE,C(E — E)
&y(E) = | (B> - E})* + C’E’E
0

1
— (E>E
L (5> 5y
(E < Ey) (1)
and the real part of the dielectric function &, is given by
Kramers—Kronig transformation (KKT)

© Ee,(E)
P ) ot =d

e1(E) = e + = ¢
T

@)

Equations 1 and 2 depend on the following five parameters: the
transition matrix element A, the peak transition energy E,, the
broadening term C, the band gap energy E; and the high-
frequency dielectric constant e..*> A least-squares-fitting
procedure employing the modified Levenberg-Marquardt
algorithm is used in the fitting. In the method, the fitted
parameters are independent on each other and their standard
errors are from the experimental uncertainty and instrumental
reproducibility. The best-fit model is chosen by simultaneously
optimizing the comparison between the experimental and
calculated spectra, unbiased estimator for the difference
between them, physical likelihood of the solution, and
correlation coefficient matrix describing the degree of
interdependence between the parameters. The fitting is a
process of minimizing the deviation parameter with the
optimized values of the five fitting parameters.

NIR-UV Transmittance Spectra and Dielectric Func-
tions. Figure 6a shows the experimental optical transmittance
of the BFO films deposited at various oxygen pressures in the

m b —3k los
p - - 50K
1Pa --- 100K
8 S —-— 150K 8
g 8300k - =
g i [ e 300K10.3 g
B :
= Al 0.01 Pa| BiFcO, &=
. 0.1Pa
NG RO L™y,
05 1 2 4 21 24 27
Photon energy (eV)

Figure 6. (a) Experimental transmittance spectra (dotted lines) and
the best-fit results (solid lines) of the BiFeOj; films from the near-
infrared to ultraviolet photon energy region at 8 K. (b) Temperature-
dependent transmittance spectra of the BiFeOj; film deposited at 0.1
Pa.

photon energy range of 0.47—6.5 eV at 8 K. The spectra can be
roughly divided into three specific regions: a transparent
oscillating one, a low transmittance one, and a strong
absorption one (labeled with I, II, and III, respectively) at
higher photon energies.** The Fabry—Pérot interference
patterns have been observed below the photon energy of 2.0
eV, indicating that the films are transparent in the photon
energy region 1. On thebais of the simulation, the parameter
values of the TL dielectric function model are summarized in

dx.doi.org/10.1021/am201340d | ACS Appl. Mater. Interfaces 2011, 3, 4844—4852
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Table 1, and the reproduced transmittance are also plotted by
the solid lines in Figure 6a. Note that the calculated spectra can
reproduce the measurement data well, indicating that a good
agreement between the calculated and experimental spectra is
obtained in the entire photon energy region, especially near the
fundamental absorption edge. The results show that the TL
dispersion function is suitable to express the optical response of
the BFO films from 0.47 to 6.5 eV.

The absorption edge is near the end of the interference
oscillations and located in the photon energy region II. The
spectra of the BFO films in this region show a blueshift, which
cannot be clearly judged only in the experimental data. This is
because the interference pattern in the films is overlapped with
the absorption edge. In addition, the interference in the
substrate can also influence the shape of bands and the
background of spectra for the different films. Therefore, the
fitting calculation with the physical dispersion model is
necessary to exactly derive the band gap and optical functions.
Of course, the fitting quality strongly depends on the selected
dispersion model and structural model. It should be
emphasized that the effects from the substrate can be avoided
because the optical response of the substrate, such as optical
constants, has been considered in the simulations. As an
example, the enlarged band gap region of experimental
transmittance spectra with different temperature for the BFO
films deposited at 0.1 Pa are shown in Figure 6b. With
increasing temperature, the absorption edge has an obvious
shift toward the lower photon energy. The negative temper-
ature coefficient has been observed for both BFO films and
some other semiconductor materials.**> Note that the BFO
films exhibit two broadening shoulder characteristics in this
region and the intensities becomes much stronger with
decreasing the temperature. The shoulder structures in the
transmittance spectra corresponds to the p—d and d—d charge-
transfer (CT) transitions rather than the inter-band transitions
in BFO films.” In addition, the small shoulder centered at ~2.5
eV has been observed in the earlier investigations.z’13’14’46
Hauser et al. attributed the feature to defect states, which is
caused by the oxygen vacancies,"* while Pisarev et al. pointed
that it is an intrinsic nature related to a low-lying tlg(n') -ty
CT transition typical for all the ferrites with octahedral FeOyg
centers.*® For the other four films deposited under various
oxygen pressures, the presence of the features can also be
observed, indicating that the oxygen vacancies induced by the
different oxygen pressures have a weak relationship to the
feature. Therefore, it can be safely concluded that the dipole-
forbidden t,(7) — t,; CT transition results in the 2.5 eV
shoulder, and the transition becomes much stronger with
decreasing the temperature. Obviously, the optical properties
obtained by the transmittance spectra can be used to verify the
predictions from the electronic structure calculations.

The dielectric functions of the BFO films derived from fitting
the transmittance spectra are shown in Figure 7. Compared to
the theoretical calculations and experimental results,”*>*%* the
variation trend is similar, whereas the derived dielectric
functions are slightly different at some photon energies. The
&, is almost zero at the photon energy under 2.5 eV, whereas
the &, is about 5.0 in this region. With increasing the photon
energy, some peaks appear in the dielectric function spectra.
The value of &, is close to 2.0 at higher photon energy for the
five samples, which is less than those reported.”****” It can be
attributed to the different morphology and quality of the films

or the experiment measurements. Owing to the sharp variations
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Figure 7. Evolution of (a) real part &, and (b) imaginary part &, of the
dielectric functions for the BiFeO; films deposited at various oxygen
pressures. The inset shows the variation of refractive index n in the
vicinity of the photon energy of 2.0 eV. The arrows indicate the
increase trend for the oxygen pressure from 1 X 10 ~* to 1 Pa. The
TL2 electronic transitions features can be identified in the imaginary
part of the dielectric function.

of the €, and &, in the photon energy range of 3—6.5 eV, one
can exclude the case that the ¢, and €, are almost zero at the
same time because it is physically not reasonable. Nevertheless,
more sensitive spectral measurement, such as spectroscopic
ellipsometry, could be desirable to determine these optical
properties in the wide energy range. Clearly, the dielectric
functions in present work shift to higher energy as the oxygen
pressure increases, especially for the high photon energy region
beyond 3.0 eV. On the other hand, the refractive index n of the
BFO films at the photon energy of 2.0 eV gradually decreases
with the oxygen pressure, as shown in the inset of Figure 7a. It
is well known that the refractive index is related to the packing
density () and polarizability (P,,) of a given material by the
following Lorentz—Lorentz relation: (n* — 1)/(n* + 2)
(CpPn0)/m. Here, C, is Avogadro’s constant and m is the
molecular weight.48 Therefore, the variation in the refractive
index could be ascribed to changes of packing density and/or
polarizability. Because the BFO films were deposited with
different oxygen pressures, the larger refractive index indicates a
higher film packing density owing to the similar polarizability. It
indicates that the BFO film deposited at 1 X 107* Pa is much
denser and has a relatively high packing density. In the
imaginary part of the dielectric function, &, (Figure 7b), the
transition points corresponding to the fitting parameter values
(see Table 2) can be distinctly identified. The transition points
are effected by the oxygen pressure, especially in the higher
photon energy region. Therefore, from the above consider-
ations, we can conclude that the dielectric functions of the BFO
films are influenced by the oxygen pressure.

Effect of Temperature on Optical Band Gap. Previous
theoretical calculations and experiments have a common
conclusion: the BFO is a direct band gap material.”*’ The
optical band gap (E,) of the BFO films is one of the important
parameters, which is calculated by considering a direct
transition from the valence band (VB) to the conduction
band (CB) when the photon energy falls on the materials. In
the BFO system, the VB is formed predominantly by the O 2p
states hybridized with the Fe 3d and Bi 6p states, whereas the
lowest CB is mainly composed of the Fe 3d orbital. It should be
emphasized that because of the splitting of the Fe 3d
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Table 2. Parameter Values of the TL Dispersion Model for the BFO Films with Different Oxygen Pressures Obtained by Fitting

the Transmittance Spectra in Figure 6

TL1 (V) TL2 (eV) TL3 (eV) TL4 (eV)
thickness
samples P, (Pa) (nm) Eoo A, E, C  Ey A, E, C Ep, A E; G Ey A, E, C, Ey
A 1Xx . 432 2.5 153 1.8 1.8 22 75 2.7 2.0 24 4.9 4.3 0.3 0.8 20 S.3 9.0 4.9
10~
B 0.01 449 2.5 151 1.8 1.6 22 103 2.8 0.4 2.6 6.2 4.4 0.4 0.2 19 S.4 7.6 3.7
C 0.1 572 2.6 166 1.9 12 2.3 86 2.8 0.5 2.5 7.9 5.0 0.7 0.1 9.0 5.8 12 2.8
D 0.5 640 2.8 151 1.7 1.4 23 60 2.8 0.2 33 S.5 4.8 S.0 3.2 8.7 5.7 1.5 0.1
E 1 662 2.8 148 1.7 1.8 2.2 59 2.9 0.2 2.6 8.0 4.2 4.0 2.7 9.0 S.5 1.2 0.1

conduction bands into t,, and e, subbands, the lowest CB arises
from the threefold degenerate Fe 3d t,, orbital, which has lower
energy than the twofold degenerate Fe 3d e orbital.*® The
absorption coefficient related E, of the BFO films can be
determined according to the Tauc’s law: (aE)* = B(E — Eg),
where B is a constant, @ and E are the absorption coefficient
and incident photon energy, respectively. For the allowed direct
transition, the straight line between (@E)* and E will provide
the value of the band gap, which is extrapolated by the linear
portion of the plot to (aE)* = 0. The E, is estimated to 2.74
and 2.86 eV corresponding to the BFO films deposited at 1 X
107* and 1 Pa, respectively. The results agree well with the
previous theoretical prediction and are close to the
experimental estimations.>*”

The temperature dependence of the E; for the BFO films
deposited at different oxygen pressures are plotted in Figure 8a.
The energy decreases monotonically as the temperature

n3.2

T T

BiIF eOI3

A
E =2.80+0.10P
gl (o)

300K .
E =2.76+0.12P,

o 10* Pa

2.7F 0 0.01Pa 5 (1);:3_ i 2.8
A 0.1 Pa @) |m )
0 100 200 300 10° 10"
Temperature (K) Oxygen pressure (Pa)

Figure 8. (a) Temperature dependence of the optical band gap
energies (dotted curves) and Varshni model fitting results (solid
curves) for the BiFeO; films grown under the oxygen pressures from 1
X 107* to 1 Pa. (b) Oxygen pressure dependence of the optical band
gap energies for the BiFeOj; films at 8 and 300 K. The solid lines
represent the linear fitting results to guide the eyes.

increases, which can be described by the Varshni’s equation:
sz
T+p 3)

where y and f§ are constant and E(0) is the band gap at 0 K051
For the BFO film deposited at 0.1 Pa, the fitting result indicates
that the E(0) value is about 2.83 eV, which is higher than that
prepared on SrTiO; substrate (2.69 eV toward 0 K).* The E,
decreases from 2.83 to 2.79 eV, corresponding to the increasing
temperature from 8 to 300 K. Note that the redshift value of
the E, is larger than that reported on BFO films by Basu et al.

Eo(T) = E(0) —
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(28 meV).” The differences can be attributed to the crystalline
quality caused by the preparation progress and various
substrates. It is well known that the electron-phonon
interactions effectively determine the shrinkage in the value
of E, with the temperature, rather than the thermal expansion
of the lattice.*”*>>> The longitudinal phonons change the
interatomic distance along the direction of their propagation
with increasing the temperature, resulting in the narrowing of
the band gap, while the direct effects due to thermal band-to-
band excitations are negligible in the experimental temperature
range. The decrease of the E, can be attributed to the
interatomic distances with increasing changes in the lattice,
which arises from the electron-lattice interactions.>* Therefore,
the lattice constant of the BFO films is changed because of the
dilatation of the lattice and the shortening of interatomic
distances, leading to the shifting of the energy levels.

Influence of Oxygen Pressure on Electronic Tran-
sitions. For comparison, the parameter values of the TL
dielectric function model for the BFO films with different
oxygen pressure are summarized in Table 2. The thickness of
the BFO film increases from 432 to 662 nm with increasing
oxygen pressure by fitting the transmittance spectra recorded at
8 K, which is consistent with the results from SEM. It indicates
that the growth velocity is different under changing oxygen
pressure during the deposition. In addition, the &, of the BFO
films has a positive correlation to the oxygen pressure.
Generally, the parameter &, accounts for the so-called high-
frequency limit. Therefore, the dielectric function model should
be extrapolated to shorter wavelengths than those studied here.
However, it is nearly impossible that the TL dispersion model
can completely explain the complicated behavior of many high-
energy transitions in semiconductor/dielectric materials, where
an approximate relation proportional to the quartic wavelength
is necessary. As the previous discussions, the higher oxygen
pressure results in a larger crystalline size of the BFO films. The
rhombohedral distortion is reduced by decreasing crystalline
size accompanied with decreasing polarization inferred from
atomic displacements. There, the &, increment can be
attributed to the size dependent effects, which also affect the
crystal symmetry and Neel temperature for the BFO films.*>°
To clarify the phenomena, the spectral experiments extending
the higher photon energy are requisite.

The number of optical transition is related to the physical
properties of the BFO films. Based on the previous theoretical
calculations and experimental observations, four transitions at
the photon energy from ultraviolet to near-infrared and the
assignments have been widely accepted.”*** In order to
further understand the origination of the transitions, the
schematic diagram of electronic band structures and the four
electronic transitions are summarized in Scheme 1. The TL1
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optical transition peak is located at about 1.8 eV, which is
consistent with assignment as on-site Fe®" crystal-field

Scheme 1. Schematic Representation of the Electronic Band
Structure for the BiFeO; Films”
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“Note that E, conduction band; Ey, valence band; Eg, Fermi energy
level; Oy, defect states associated to oxygen vacancies, and the four
electronic transitions assigned by the solid arrows.

transition (‘SAlg — 4TZg excitation).>®**” The triply degenerate
*T,, electronic level splits into two crystal-field levels having A
and E character due to a reduction in symmetry. As the
presence of the oxygen vacancies associated with oxygen
pressure, the lattice of the BFO films may be changed slightly,
which can lead to the decrease of TLI transition energy from
1.9 to 1.7 eV at higher oxygen pressures. The TL2 transition
energy, which affect the shape of the absorption edge of the
BFO films, increases with increasing oxygen pressure. The peak
can be attributed to the d—d transitions between the Fe 3d
valence and conduction bands.**’ The shift is due to the
different electronic band structures in the BFO films caused by
increasing oxygen pressure. The TL3 and TL4 transitions in
higher photon energy region have been identified as a minority
channel dipole-allowed O 2p to Fe 3d charge transfer excitation
and a strongly hybridized majority channel O 2p + Fe 3d — Bi
6p state excitation, respectively.”'>*’ With increasing oxygen
pressure, the CT energies of the two transitions increase first
and then decrease. It can be concluded that the transition
energies have a blueshift at lower oxygen pressures, while a
redshift at higher oxygen pressures except for the TL2
transition. The effects from the oxygen pressure play an
important role in the electronic band structure modification,
and further affect the optical response of the BFO films, as
shown in Figure 7.

On the other hand, with decreasing oxygen pressure, the
band gap energies of the BFO films gradually decreases, from
2.88 to 2.78 eV at 8 K and from 2.85 to 2.73 eV at RT, as
shown in Figure 8b. The band gaps increase linearly with the
oxygen pressure and these linearities are found as E,;(Pg) =
2.80 + 0.10Pg at 8 K and E,,(Po) = 2.76 + 0.12P, at RT. In
addition, the redshift value of the E, with the temperature
decreases as the oxygen pressure increases, from 50 meV at 1 X
10™* Pa to 30 meV at 1 Pa. Furthermore, the band gap
narrowing coefficients (dE,/dT) are calculated to be —4.4 X
10"*and —2.0 X 10~* eV/K at RT for the BFO films deposited
at 107* Pa and 1 Pa, respectively. The results indicate that the
electronic structures of the BFO films with different oxygen
pressures change strongly. As previous discussions (Figure S),
the concentrations of oxygen vacancies and Fe?* ions increase
with decreasing oxygen pressure. Some impurity states caused
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by the presence of oxygen vacancies can be formed in the gap.
Thus there is a significant decrease in the band gap energies of
the BFO films deposited under lower oxygen pressures.
Furthermore, the disproportion of Fe ions for the BFO films
caused by the various oxygen vacancies can lead to an
asymmetry between spin-up and spin-down Fe states. The
Fe®" ion shows a d° configuration, with a filled t,, orbital only in
one spin channel, while the Fe** ion shows a d° configuration,
with a filled t,, orbital in one spin channel and a partially filled
tyg orbital in the other channel. O Therefore, the Fe states in the
BFO films change strongly because of the different states
caused by the disproportion of the Fe** and Fe?* ions. This is to
be expected, according to the densities of states, the valence
states (d electrons) shift toward the Fermi level and the
conduction states shift away from the Fermi level with
decreasing oxygen pressure. However, the presence of the
impurity states can lead to the decrease of the E, for the BFO
films grown at lower oxygen pressures. Therefore, the
increment of the band gap energy in the BFO films with the
oxygen pressure can be attributed to the combined effects from
the reduce of oxygen vacancies and Fe*' ions.

4. CONCLUSION

The BiFeO; nanocrystalline films, which consist of perovskite
single phase with space group R3¢, have been grown on c-
sapphire substrates by PLD. It was found that the crystalline
size of the BFO films increases from 27 to 40 nm with
increasing the oxygen pressure from 1 X 107* to 1 Pa. The
Raman spectra analysis show that the frequency and intensity of
the E and A phonon modes increase with the oxygen pressure.
However, the three modes become broadening with decreasing
oxygen pressure except for the film deposited at 1 Pa. From the
XPS analysis, the coexistence of Fe** and Fe®* ions could be
inferred in all the samples. The ratio of Fe*"/Fe" decreases
from 4.6 to 1.9 with decreasing oxygen pressure. In addition,
the concentration of oxygen vacancies increases with decreasing
oxygen pressure, and was expected to affect the crystalline
structure, electronic structure and optical band gap. From the
transmittance spectra, the small absorption shoulder located at
about 2.5 eV can be assigned to a dipole-forbidden p—d CT
transition t;; — t,,. The dielectric functions of the BFO films,
which can be obtained from fitting the transmittance spectra,
have been significantly influenced by the oxygen pressure. For
the films deposited under lower oxygen pressures, some
impurity states from the oxygen vacancies are formed in the
gap and result in the decrease of the optical band gap. The
introduction of Fe?" ions can induce a local structure distortion
and strongly change the Fe states, which is useful for the
electronic band structure modification. The present results
demonstrate that the oxygen pressure has a significant effect on
the structural and optical properties of pulsed laser deposited
epitaxial BFO films, which is crucial for future applications of
BFO-based optoelectronic and photovoltaic devices.
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