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We demonstrate a tunable bandgap from 2.32 eV to 2.09 eV in phase-pure BiFeO3 by controlling the

particle size from 65 nm to 5 nm. Defect states due to oxygen and microstrain show a strong

dependence on BiFeO3 particle size and have a significant effect on the shape of absorbance curves.

Oxygen-defect induced microstrain and undercoordinated oxygen on the surface of BiFeO3

nanoparticles are demonstrated via HRTEM and XPS studies. Microstrain in the lattice leads to the

reduction in rhombohedral distortion of BiFeO3 for particle sizes below 30 nm. The decrease in band

gap with decreasing particle size is attributed to the competing effects of microstrain, oxygen defects,

and Coulombic interactions.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813539]

BiFeO3 (BFO) is an extensively studied room-

temperature multiferroic material with TN� 643K and

TC� 1143K.1–3 Various approaches to tune the magnetic

and electrical properties of BiFeO3 are being conducted to

realize coupling between the ferroelectric and ferromagnetic

order parameters at room temperature.4–6 By controlling the

crystallite size and defects, a significant tuning of the mag-

netic, electrical, and optical properties can be realized

in BiFeO3.
1,7,8 In recent years this material has been shown

to be a promising candidate for photovoltaics9,10 and

photocatalysts.11–13 Ferroelectric photovoltaic (FEPV) mate-

rials, which are both photosensitive and ferroelectric, present

renewed interest in photoferroelectrics.14,15 FEPV having

large, above-bandgap photovoltage can offer high power

conversion efficiencies. Polarization related charge separa-

tion mechanism leading to a significant increase in photo-

voltage due to the presence of electric field within the

nanoscale domain walls has been demonstrated in BiFeO3

thin films.16,17 Therefore, engineering domain boundaries,

local electric polarization, and bandgap of oxides are envis-

aged to bring in significant advancement in the field of

FEPV. Understanding the electronic and defect structure of

BiFeO3 is essential in order to validate the suitability of the

material in energy applications like these. Wang et al.18

showed that the morphology and surface area are important

factors that control the photocatalytic activity in BiFeO3.

The photoinduced oxidation ability of BiFeO3 nanowires

indicates that they can be used as photoelectrodes.19

Multiferroic materials with small bandgaps are suitable can-

didates for optoelectronics and related device applications;20

therefore, BiFeO3, with a tunable bandgap will be appropri-

ate for these applications. With the reduction in particle size,

the bandgap of BiFeO3 can be made to fall in the visible

region, making it a potential photovoltaic material. The

direct bandgap value of BiFeO3 is 3.00 eV for single crys-

tals21 and 2.67 eV in thin films.9 The bandgap has been

shown to be influenced by the size and morphology of the

crystallites in specific cases.13 Several groups reported the

bandgap of nanosized BiFeO3 ranging from 2.18 eV to

2.3 eV (Refs. 5, 19, and 22); however, there are currently no

reports which present a controlled tuning of bandgap with

size.

In this report, the effect of crystallite size on optical

properties of sol-gel synthesized single-crystalline BiFeO3

nanoparticles is discussed, and a tunable bandgap varying

from 2.32 eV to 2.09 eV is demonstrated. The effect of

oxygen defects and microstrain on the optical properties is

discussed as a function of crystallite size.

BiFeO3 nanoparticles were prepared by a low-

temperature citrate sol-gel process.23 The resulting precursor

gel was further dried into a powder by heating between 80

and 100 �C. The as-obtained dried precursor was calcined

under controlled heating conditions at temperatures ranging

from 350 �C to 550 �C. The crystallite size increases with

increasing calcination temperature, and sizes ranging from

5 nm to 65 nm could be obtained by altering temperature and

calcination time. Details of the calcination temperatures and

durations as well as the corresponding labeling of the sam-

ples are given in Table I. Crystallite size was calculated from

x-ray diffraction (XRD) using the Scherrer’s formula for

all the samples except for the sample calcined at 350 �C

which was found to be x-ray amorphous (Fig. 1(a) and

supplementary material (Fig. S1)24). For this sample, high-

resolution transmission electron microscopy (HRTEM)

images revealed local crystallization of BiFeO3 resulting in

�5 nm crystalline nano-regions embedded in an amorphous

phase. The calculated crystallite sizes of BiFeO3 samples

calcined at different temperatures are in good agreement

with those observed in HRTEM images.
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BiFeO3 has a rhombohedrally distorted perovskite struc-

ture (space group R3c) with lattice parameters a¼ 5.63 Å

and a¼ 59.35�, but it is generally represented in the hexago-

nal setting with a¼ 5.58 Å and c¼ 13.87 Å.8 Lattice parame-

ters a and c were calculated by Rietveld refinement of XRD

data using X’pert High Score software (Table I). The lattice

parameter a does not show much change as a function of

crystallite size; however, c decreases from 13.8919 Å for

BFO-65 to 13.8498 Å for BFO-22. The c/a ratio as a function

of crystallite size is plotted in Fig. 1(b). The decreasing trend

in c with decreasing crystallite size has been reported by

Selbach et al.,8 who attributed it to the reduction in rhombo-

hedral distortion of perovskite structure. This structural

change is also evidenced from the reduced separation of

(104) and (110) peak positions [D2h(104)–(110)] (Fig. 1(a)),

which would coalesce into a single (200) peak in the cubic

phase. The microstrain as a function of crystallite size was

also calculated from the XRD peak broadening (Fig. 1(c)).

The symmetric broadening of the XRD peaks indicates that

microscale internal strain varies from crystal to crystal.25

The microstrain was found to be high for smaller crystallite

sizes (<30 nm) and reduces with increase in size. The

inverse relationship between microstrain and c/a ratio is

noteworthy. The microstrain and lattice parameter variations

represent lattice distortions which can arise from the grain

boundaries present in nanocrystallites.26 These particle size

dependent structural details influence significantly the opti-

cal properties of BiFeO3.

The particle size and microstructure of BiFeO3 samples

were examined via HRTEM using JEOL JEM-2100 HR

operating at 200 kV. HRTEM micrographs with correspond-

ing selected-area electron diffraction patterns (SADPs) are

shown in Fig. 2. The microstructure of these samples with

size distribution is given in Fig. S2 of supplementary mate-

rial.24 BFO-5 sample (Fig. 2(a)) does not show any micro-

structural features; however, this sample, which was found

to be amorphous via XRD, appeared partially crystalline via

electron diffraction. The SADP shows diffuse rings superim-

posed with spots (inset of Fig. 2(a)). The HRTEM image

revealed the presence of small crystallites (marked with

white circles in Fig. 2(a)) embedded in the amorphous phase.

A magnified HRTEM image (inset of Fig. 2(a)) of a crystal-

line region reveals 2D lattice imaging with slightly distorted

four-fold symmetry characteristic of BiFeO3. As the calcina-

tion temperature increases the particles become well crystal-

line. For particles below 30 nm, the BiFeO3 with reduced

rhombohedral distortion is favored with different degrees of

distortion within the same particle. This results in local ten-

sile and compressive strains as discerned from the filtered

lattice image obtained from FFT shown in Fig. 2(e) and sup-

plementary material (Fig. S3).24 This finding corroborates

well with the large strain and small c/a ratio in BFO-22. For

BFO-22, we observe well-faceted crystallites (Fig. 2(b)). As

BiFeO3 crystallizes from the amorphous phase, faceted

growth takes place. These facets disappear as the particle

size grows larger. For samples calcined at 500 �C (BFO-38)

the average particle size was found to be around 40 nm, con-

sistent with the crystallite size estimated via XRD. The

SADP of these crystallites shows rings with superimposed

FIG. 1. (a) XRD patterns for different BFO samples (BFO-5 to BFO-65)

showing the (104) and (110) reflections; (b) c/a ratio versus crystallite size

of BiFeO3 nanoparticles; (c) angular difference in (104) and (110) peak posi-

tions [D2h(104)-(110)] and strain (%) of different BiFeO3 nanoparticles are

plotted as a function of crystallite size.

TABLE I. Sample code, calcination temperature (T), calcination time (t),

average crystallite size (d), bandgap (Eg), and lattice parameters (a and c)

of BFO nanoparticles.

Sample code T (65 �C) t (h) d (nm) Eg (eV)

Lattice parameters (Å)

a c

BFO-5 350 3 �5 2.09 x-ray amorphous

BFO-22 375 6 22 2.13 5.582 13.850

BFO-25 425 6 25 2.19 5.582 13.864

BFO-29 450 6 29 2.22 5.579 13.862

BFO-30 475 6 30 2.24 5.581 13.869

BFO-38 500 3 38 2.30 5.585 13.879

BFO-65 550 3 65 2.32 5.587 13.892

FIG. 2. HRTEM images and SADPs (insets) of (a) BFO-5, (b) BFO-22,

(c) BFO-38, and (d) BFO-65 nanoparticles. Regions of local crystallization

are marked by white circles in (a) and a magnified view of one such region

with (110) lattice plane is marked. Facets of BiFeO3 nanocrystals with pseu-

docubic symmetry (c) and trigonal symmetry with hexagonal indexing (H)

are shown in (b). SADP in (c) is overlapped with simulated pattern. SADP

in (b) and (d) are indexed with cubic and hexagonal (h k l) planes, respec-

tively. (e) Filtered lattice image obtained from selectively masked FFT of a

crystallite in (b) is shown. The white and black arrows show the regions of

tensile and compressive strains, respectively.
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spots indicating randomly oriented nanocrystallites (Fig.

2(c)). The overlapped simulated pattern confirms the BiFeO3

phase. The HRTEM image in Fig. 2(c) shows three crystalli-

tes with different orientations and diffuse grain boundaries.

When the sample is calcined to 550 �C (BFO-65), the parti-

cle size grows further to an average value �65 nm.

Individual particles are single crystalline and a typical SADP

from one of the crystallites shows the [2�21] zone axis pattern

of BiFeO3 (inset of Fig. 2(d)). The HRTEM image shows

two adjacent crystallites with the grain boundary still visible.

To find the valence state of Fe and metal-oxygen bond-

ing characteristics in BiFeO3 samples, x-ray photoelectron

spectroscopy (XPS) was conducted. Fig. 3 shows the typical

Fe 2p and O 1s XPS core spectra for BFO-5, BFO-38, and

BFO-65 samples. Fe 2p spectra show the features mostly of

Fe3þ oxidation state as discerned from the binding energy of

Fe 2p3/2 (at 710.9 eV) for all the samples. In general, satellite

peaks appear at 8 eV above 2p3/2 for Fe3þ and 6 eV above

2p3/2 for Fe2þ. In our samples, a satellite peak is seen

�7.5 eV above Fe 2p3/2, which further confirms the 3þ oxi-

dation state of Fe. The O 1s spectra can be resolved into

three peaks positioned around 529.6 eV, 530.8 eV, and

532.7 eV. In all the three samples the main peak due to O2�

in the lattice is at �529.6 eV. In addition to this, a signifi-

cantly intense O 1s peak at �532.7 eV is observed in BFO-5

and BFO-38, which can be attributed to undercoordinated

oxygen. The 532.7 eV O1s peak is more prominent in BFO-

38, which suggests that there are a large number of surface

oxygen defects in nanosized BiFeO3 crystallites. In BFO-5

the relatively low intensity of this peak is due to the continu-

ous amorphous phase embedded with BiFeO3 nanoparticles.

For BFO-65 the 532.7 eV O 1s peak is not seen, which indi-

cates a significant reduction in surface oxygen defects. The

Bi 4f core spectra were also analyzed. It should be noted that

the presence of any A-site substituent cation or Bi deficiency

in BiFeO3 will be reflected in a slight shift in the binding

energy of 4f core spectra.27 In all samples Bi 4f7/2 and Bi

4f5/2 were observed at 158.9 eV and 164.2 eV, respectively,

which matches well with the stoichiometric composition of

BiFeO3 suggesting that we have no Bi deficiency in these

samples.

Optical properties reveal variation in the bandgap and

changes in the prominent Fe d-d transitions that appear in the

visible region. To study the bandgap and defect-related absorp-

tion characteristics, diffuse reflectance spectroscopy (DRS)

was carried out at room temperature using a micro pack DH-

2000 lamp (deuterium in UV-Vis and Halogen in Vis-NIR

(visible near infrared)) and an Ocean Optics USB-2000 spec-

trometer. In DRS, scattered radiation is collected excluding

specularly (normally) reflected light matching closely with the

Kubelka-Munk function given by FðRÞ ¼ ð1�RÞ2

2R
, where R is

the reflectance. The DRS data were collected with respect to a

standard BaSO4 reference. The absorbance vs. wavelength of

samples with different crystallite sizes is shown in Fig. 4(a),

and their reflectance was converted into the Kubelka-Munk

function F(R). A plot of [F(R)h�]2 vs. energy is shown in Fig.

4(b), where h is Plank’s constant and � is the frequency of illu-

mination. The absorbance plots show a strong transition in the

500–600 nm range which corresponds to electronic transitions

involving charge transfer from valence-band O 2p states to

conduction-band Fe 3d states. This transition causes a blue

shift with increasing particle size, with the absorption edge

shifting from the higher wavelength side for BFO-5 to a lower

wavelength side for BFO-65. The bandgap values, Eg, of

BiFeO3 nanoparticles, calculated using the Tauc relation:

(ah�)n/ (h��Eg) with n¼ 2 for direct bandgap, were plotted

with respect to the particle size in Fig. 4(c). The bandgap

shows a linear change from 2.13 eV for BFO-22 to 2.3 eV for

BFO-38. For BFO-65, the bandgap is 2.32 eV which is still

smaller than the bandgap values 2.5 to 2.8 eV reported for bulk

BiFeO3.
1,28 This decrease in bandgap with decreasing particle

size is contrary to the more commonly observed increase in Eg

with reduced particle size.29

The decrease in the bandgap value can be due to the ex-

istence of defect-induced energy levels between the conduc-

tion and valence bands, more specifically energy levels close

to the conduction band. These shallow levels can reduce the

effective bandgap for smaller particles, if their density is

high. The presence of non-uniform microstrain in the par-

ticles modifies the energy levels, thereby influencing the

absorption band edge.30 In general, the microstrain in nano-

crystallites is caused by several factors like non-uniform

FIG. 3. (a) Fe 2p and (b) O 1s core shell x-ray photoelectron spectra of

BFO-5, BFO-38, and BFO-65. Data are shown by open symbols with solid

lines showing the overall fit for the data. Deconvoluted spectral peaks are

shown as dotted lines. The Shirley background is also shown in the plots.

FIG. 4. (a) Absorbance versus wavelength measured from UV-vis diffuse

reflectance spectra. The absorption edges at �500 nm correspond to the

charge transfer (CT) band. The broad band at �650 nm corresponds to d-d

transitions of Fe3þ. (b) [F(R)h�]2 versus h� plot of BFO nanoparticles. The

intercept of the extrapolated absorption edge on the energy scale (x axis)

gives the band gap of the samples. (c) The band gap estimated from (b) is

plotted as a function of average crystallite size estimated from XRD.
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lattice distortions, dislocations, antiphase domain bounda-

ries, grain surface relaxation, etc. In BiFeO3, the most com-

mon defects such as oxygen vacancies are major

contributions to the microstrain. These oxygen vacancies

reportedly lower than the adjacent Fe 3d levels, resulting in

the sub-bandgap defect states.31 Another contribution to the

microstrain comes from the unsaturated bonds on the surface

of the nanoparticles, which create deep and shallow levels

within the bandgap.32

Significant differences in the bandgap values reported

(varying between 2.5 and 2.8 eV) in the literature were

shown to be influenced by several parameters including mor-

phology, microstructure, chemical structure, and defects.1

First-principle studies on the optical properties has shown

that the absorption edge gets smoother and shifts to lower

energy with increasing oxygen-vacancy concentration,33

which is consistent with our observation on the shape of the

absorbance curve which largely depends on defect concen-

tration and microstrain in the material.

Contrary to the increasing trend in bandgap with

increasing particle size till 65 nm, the bandgap reduces back

to �2.1 eV for larger particle sizes in the range 200–600 nm

(Fig. 4 and supplementary material (Fig. S4)24). A similar

trend of decreasing bandgap with increasing particle size

(�400 nm) has been reported by Wang et al.18 Such a fluctu-

ation in band gap can be explained by considering how

electron confinement, Coulomb interactions, and binding

energy effects dominate each other in different particle

size regimes.1,34,35 The variation of bandgap within the range

65-200 nm could not be realized, as the fine control on parti-

cle size is limited by rapid growth of BiFeO3 particle size

with the increase in calcination temperature.

Optical bandgap in BiFeO3 is also shown to decrease

with increase in pressure or temperature.1 This decrease in

the bandgap with increase in the temperature has been attrib-

uted to the straightening of Fe-O-Fe bond angle,36 which

in turn changes the orbital overlap between the O 2p and

Fe 3d levels.37 At critical temperature (1024K)38 or pressure

(50GPa),39 BiFeO3 undergoes an insulator to metal transi-

tion with the optical bandgap falling to zero,38 accompanied

by a structural transition from orthorhombic (b) to cubic (c)

phase. It is noteworthy that the observed decrease in bandgap

in the present study is also associated with a structural

change (reduction in rhombohedral distortion) for particle

sizes below 30 nm.

In addition to the strong absorption around 500–600 nm,

a broad absorption band is seen between 600 and 700 nm

(Fig. 4(a)). For bulk BiFeO3, two distinct bands are reported

around 600 nm and 750 nm corresponding to the d-d crystal

field excitations of Fe3þ ions.28 In the present case even for

65 nm sized BiFeO3 nanoparticles, only a single broad band

centered �650 nm is seen. At smaller particle sizes, this

broadening becomes much larger, and also the relative ab-

sorbance of this band with respect to charge transfer (CT)

band grows higher. Such a broad absorption band with vary-

ing relative absorbance with respect to the CT band was also

seen in BiFeO3 with different morphologies reported by Li

et al.13 Qualitatively these changes can be attributed to the

structural changes in BiFeO3. As the size of the particles

reduces, the linkage of FeO6 octahedra across the unit cells

is disturbed, altering the Fe-O-Fe distance.33 This can affect

the position and intensity of these bands.

In conclusion, a detailed study on the structural and opti-

cal properties of BiFeO3 nanoparticles prepared by the sol-

gel method was conducted. A control on the particle size

introduces a systematic change in microstrain caused by oxy-

gen defects in BiFeO3 nanoparticles. XPS studies confirm

that Fe is predominantly in the 3þ state and the presence of

undercoordinated oxygen in smaller sized particles. A con-

trolled change in bandgap values was demonstrated by

merely controlling the calcination process, which in turn

influences the particle size. Microstrain and oxygen defects

were shown to exhibit a strong dependence on the particle

size. This study suggests that microstrain, oxygen defects,

and Coulombic interactions have a competing effect in deter-

mining the bandgap value of BiFeO3 over a wide range of

particle sizes; however, in a particular size regime, a system-

atic tuning of bandgap can be achieved by controlling the

particle size. This approach provides the means of using

bandgap-tuned BiFeO3 nanoparticles for photovoltaic and

photocatalytic applications.
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