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Abstract
BiFeO3 (BFO) films were synthesized with the sol-gel method followed by the spin coating technique using

2-methoxyethanol as solvent and acetylacetone as chelating agent. The effects of aging time (t = 0, 1, 3, 6 days) of
the BFO sol on the microstructure, wettability and optical properties of BFO films were investigated by means of
X-ray diffraction (XRD), atomic force microscopy (AFM), contact angle (CA) measurement, Uv-vis and photolu-
minescence. The crystallinity of films was affected by t. Crystallite size of the films changed slightly in the range of
14.2 – 15.2 nm while the lattice parameters clearly varied with t. The average particle size of BFO films ranged between
45.9 and 52.7 nm while the mean square roughness (Rq) varied between 1.0 and 4.2 nm. The films showed maximum
optical transmittance (81 – 90 %) in the range 600 – 800 nm. The band gap of the films was also affected with t, and it
has a value of 2.85 to 2.76 eV. The films showed a hydrophobic property with CA ranging between 95.3 to 104.7 °. The
best crystallinity, lowest Rq and highest Eg= 2.85 eV were obtained for the film with t = 1 day. The results demonstrate
possible development of a superhydrophobic coating using BiFeO3 coating.
Keywords: BiFeO3 films, wettability, aging time, roughness, band gap

I. Introduction
BiFeO3 (BFO) ceramic has received significant attention
amongmultiferroic materials because it is the only single-
phase material that combines antiferromagnetic and fer-
roelectric properties at ambient temperature 1. This has
made it a material suitable for next-generation spintron-
ic applications 2. For example, BiFeO3 thin film can be
used to fabricate effective resistive randomaccessmemory
devices 3. In addition, BFO shows a relatively small band
gap (Eg) ranging from 2 – 3 eV, which makes it useful for
various applications 4. For example, extensive researchhas
beenundertaken tomanipulate its ferroelectric andoptical
properties for use in photocatalytic applications 5. Some
studies have focused on the engineering of Eg for the im-
provement of photovoltaic efficiency as well as of photo-
catalytic performance 5 – 7.
The search for hydrophobic ceramic has been a subject
for many researchers as it can be used in a broad range
of applications 8 – 11. Some ceramics such as rare earth ox-
ides are intrinsically hydrophobic owing to their electron-
ic structure which hinders the bonding of hydrogen wa-
ter molecules with their surface 12. Other oxides, such as
Fe3O4 and gamma-Fe2O3 13, have exhibited hydropho-
bicity in nanoscale form while high rough morphology
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feature can enhance surface hydrophobicity as found in
the hierarchicalmicrostructure ofBi/Bi2O3 14.Until now,
there have been few studies concerning the understanding
of interface of water with BFO. Hence, many researchers
have shown justifiable interest in evaluating the wettabili-
ty of BFO nano-crystalline film.
BFO ceramic has been extensively investigated in bulk,
thin film and nanostructure form 2. BFO thin film has a
rich physico/chemical phenomenon because its structure,
ferroelectric, magnetic and optical properties can be tuned
according to its substrate and growth condition 15.Hence,
several fabrication methods such as pulsed laser ablation,
RF sputtering, hydrothermal and sol-gel methods have
been employed to synthesize BFO thin film 2, 15. Among
these methods, the sol-gel method has many advantages,
such as low cost and relatively simple experimental setup,
and can be used to obtain high-quality films 3, 16, 17. From
previous research, the synthesis of BFO with the sol-gel
methodoften involves the additionofmore thanone agent
such as acetic acid, ethylene glycol, ethanol amine, etc. to
obtain the sol 18 – 20. Beside the chelating agent, the sol-
gel method entails parameters such as solution concentra-
tion 21, sintering temeperature 22, aging time 23. The ag-
ing time of the sol is one of the factors that affects the fi-
nal properties of the film. For example, the physical prop-
erties of ZnO thin film were dependent on the sol aging
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time, the best crystallity, roughness, photoluminescence
being observed for film synthesized using sol aged for 11
days 23. For BFO, there are scarcely any studies about the
effect of aging on the microstructure of films synthesized
from this. To obtain BFO film with good quality, it is im-
portant to optimize the sol aging time. Hence, in this re-
search, we aimed to investigate the microstructure, wetta-
bility and optical properties of BFO synthesized with the
sol-gel method followed by spin coating from sol aged for
0, 1, 3 and6daysusing acetylacetone as the chelating agent.

II. Experimental Details
The sol-gel method followed by the spin coating tech-
niquewas used to prepare BiFeO3 thin films on glass sub-
strate. Bismuth nitrate pentahydrate, Bi(NO3)3⋅5H2O,
and iron nitrate nonahydrate, Fe(NO3)⋅9H2O, were used
as raw materials while 2-methoxyethanol (2MOE) and
acetylacetone (AcAc) were used as a solvent and chelating
agent, respectively. First, Bi(NO3)3⋅5H2O and Fe(NO3)3
⋅9H2O, with 1:1 molar ratio, were separately dissolved in
2MOE and magnetically stirred for 1 h. A few drops of
AcAc were added during the stirring of iron nitrate solu-
tion, with AcAc to Fe3+ molar ratio of 3:1. The Bi(NO3)3
⋅5H2O and Fe(NO3)3⋅9H2O solutions were mixed to-
gether andmagnetically stirred for 2 h. The pHof the final
solution is about 0.33. The obtained sol was filtered using
a 0.45-lm syringe and aged for 0, 1, 3, 6 days. A few drops
of the aged sol were then deposited on a cleaned glass sub-
strate (2 x 2.4 cm) and spin-coated at 1500 rpm for 30 s.
The films were then dried at 120 °C for 10 min and then
at 380 °C for 5 min. The deposition process was repeated
to form a second BFO layer. Finally, the dried films were
sintered at 550 °C for 1h.The filmsobtainedwith this pro-
cedure for sol aged at time (t = 0, 1, 3, 6 days) were labelled
as 0 d, 1 d, 3 d and 6 d films.
The film structure was characterized with the X-ray
diffraction technique (XRD, Panalytical X’pert Pro DY
1861) with CuKa radiation source (k= 1.5418 Å) and the
microstructure of films was studied using atomic force
microscopy (AFM, Bruker, model dimension edge). The
water wettability of the films was evaluated using contact
angle (CA) measurement (CA, Thetalite 100). The optical
propertieswere studiedusing anUV-vis spectrophotome-
ter (UV-vis, Perkin Elmer (Lamda35)) and a photolumi-
nescence spectrofluorometer (PL, Perkin Elmer LS-55).

III. Results and Discussion

(1) Crystal structure anlaysis

Fig. 1 shows the XRD patterns of BiFeO3 films. All
the films were in a single phase that matched well
with the rhombohedral structure of BiFeO3 (ICSD No
01 – 071 – 2494), except for the 6 d film where traces of
phase related to Bi2O3 and Fe0.942O were identified.
Amorphous-like phase is observed in the 0 dBiFeO3 film.
The filmdeposited fromsol aged at t>0day showedbetter
crystallinity while the best crystallization was observed
in the 1 d film. This demonstrates that the aging time is a
crucial factor affecting the crystallization process of film.
During the aging process, there is a possible reaction be-
tween metal nitrate and acetylacetone, and that results in
the formation of metals complex 24. The aging time may
play a role in the accomplishmentof this reaction and form
a stable solution. This means that stable solution formed
after one-day aging time while it degraded after six days
of aging and decomposed to Bi2O3 and FeO phases.
The crystallite size of the films was calculated using the
Scherrer equation given by

d=
0.9λ

β cosθ (1)

where k, b and h are X-ray wavelength, half width at half
maximum and Bragg angle of diffraction peaks, respec-
tively. The crystallite size of films ranged between 14.3
and 15.2 nm. The lattice parameters a and c of the films
were calculated bymeans ofRietveld analysis usingHigh-
Score Plus software and listed in Table 1. Fig. 1c shows
the Rietveld analysis of the 1 d film together with simu-
lated unit cell drawn using Vesta software. The goodness
of fit is listed in Table 1. There was a clear variation of lat-
tice parameters for the films. This resulted in lattice strain,
which could be due to the presence of amorphous-like
phase or the growthofBiFeO3onglass substrate followed
by shrinkage after the annealing process. The lattice strain
was evaluated based on comparison with lattice parame-
ters, a′ and c′ of the standard (ICSD No 01 – 071 – 2494)
using the following equations 21,

∆εa =
a - a′

a′
(2)

∆εc =
c - c′

c′
(3)

Table 1:Lattice parameters, a and, c, lattice strains,Dea andDec, crystallite size, roughness (Rq), contact angle (CA), particles
size, band gap, Eg and goodness of fit (GOF) of BiFeO3 films.

Aging
time (t)
(days)

a (Å) c(Å) Dea
× 10-3

Dec
× 10-3

Crystallite
size (nm)
from XRD

Rq
(nm)

CA (°) Particle
size (nm)
from AFM

Eg (eV) GOF

0 5.569(3) 13.86(1) -3.3±0.5 -0.5±0.7 14.6±0.70 2.1 97.2±0.3 46.9±19.4 2.78±0.05 1.0
1 5.5742(5) 13.803(2) -2.4±0.1 -4.6±0.1 14.3±0.25 1.0 104.5±0.4 45.9±21.2 2.85±0.07 3.1
3 5.564(1) 13.827(3) -4.2±0.2 -2.9±0.2 15.2±0.04 4.2 104.7±0.5 52.7±27.3 2.76±0.05 1.1
6 5.568(1) 13.805(7) -3.5±0.2 -4.5±0.5 14.6±0.21 3.7 95.3±0.5 mix of

14 – 20 nm
and ∼ 77 nm

2.79±0.03 1.0
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Fig. 1: a) XRD of BiFeO3 thin films deposited from sol aged at 0, 1, 3 and 6 days, b) Rietveld analysis of 1 d film and c) simulated unit cell of
1 d film.

From the lattice strains listed in Table 1, it can be
deduced that the films have a compressive strain and,
overall, there is no systematic change of the lattice strain
with aging time. The maximum Dec = - 4.6 × 10-3 and
minimum Dea = - 2.4 × 10-3 were observed in the 1 d film,
however, this trend was inversely changed in the case of
the 3 d film.

(2) Microstructure analysis

Fig. 2 presents 2-dimensional (2D) and 3-dimensional
(3D) AFM micrographs of BiFeO3 films. The AFM im-
ages corroborate well with the XRD result. Some regions
of the0 dmicrographshowsawell-definedpolycrystalline
structure that may refer to crystalline BiFeO3. Polycrys-
talline morphology becomes more obvious in films with
d > 0. Fine particles togetherwith big particles thatmay be
referred to Bi2O3 or Fe0.92O are observed in the 6 d films.
The root mean square roughness, Rq, of films was calcu-
lated usingNanoscope analysis software. The smallestRq,
indicating a smooth surface, was found in the 1 d BiFeO3
film.TheRq decreased from2.1 nm for the 0 d film to 1nm
for the1 d filmand then increased to4.2nmfor the3 d film.
Theparticle size of the filmswas analysed in the 2D images
using the above-mentioned software. The average particle
sizeof the films is listed inTable 1.The averageparticle size

of the films ranged between 46.9 and 52.7 nm for the 0 d
and3 d films, respectively.The6 d filmhas amixofbigpar-
ticles, ∼ 77 nm, which may be related to secondary phases
observed in the XRD result and the small particles with
sizes between 14 ∼ 20 nmwhichmay be related to BiFeO3
phase.

(3) Hydrophobic property

The contact angle (CA) was measured to assess the sur-
face wettability of BiFeO3 films, which is an essential
property for many applications 12. Fig. 3 shows the water
CAofBiFeO3 films. TheCAof the films ranged from95.3
to 104.7 °, which means that the BiFeO3 nano-crystalline
film surface is hydrophobic. The CA increased from 97.2
to 104 ° while the Rq decreased from 2.1 to 1 nm for the
0 d and 1 d films, respectively, which suggests that the hy-
drophobic property was enhanced with the improvement
inBFOcrystallinity.On theotherhand, theCAwasmain-
tained at 104.7 ° for the 3 d film although it has lower crys-
tallinity than the 1 d film, which could be due to the in-
crease in surface roughness. The lowest CA was found in
the 6 d film,whichhas some secondaryphase and inhomo-
geneous surface morphology. Hence, the CA of the films
may be affected by the crystallinity and roughness as well
as the presence of secondary phases in the films.
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Fig. 2: AFM micrographs of BiFeO3 thin films, (a-b) 0 d aging, (c-d) 1 d aging, (e-f) 3 d aging, and (g-h) 6 d aging.

(4) Optical transmittance and band gap evaluation
The optical transmittance of the films was evaluat-
ed using an UV-vis spectrophotometer in the wave-
length of 300 – 800 nm as shown in Fig. 4. It is shown
that film without aging has clearly shifted to high wave-
length above 470 nm and shows the highest transmit-
tance ∼ 95% at ∼ 700 nm wavelength. The transmittance
of films prepared from aged sol reached its maximum

value at around 600 nm wavelength and then slight-
ly decreased. Maximum absorption of films occurred
at wavelength less than 600 nm. The average transmit-
tance in the range of 600 – 800 nm is 90, 85, 87 and
81% for films with 0 d, 1 d, 3 d and 6 d, respective-
ly. To evaluate the band gap Eg of BiFeO3 thin films,
the Kubelka-Munk function, F(R), was calculated from
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Fig. 3: Contact angles of water on BiFeO3 surface thin films, (a) 0 d aging, (b) 1 d aging, (c) 3 d aging, and (d) 6 d aging.

diffuse reflectance spectra using 25, F(R) = (1-R)
2

2R .Here, the
direct bandgapwasdeterminedby extrapolating a straight
line from the (F(R) hm)2 vs. hm plot to the corresponding
Eg value at hm = 0, as shown in Fig. 5. The Eg of the films
is listed in Table 1. The Eg varied from 2.76 eV for the 3 d
BiFeO3 film to 2.85 eV for the 1 d film. These values are
in good agreementwith those reported in the literature for
the band gap of BiFeO3 thin film 26, 27. There is no trend
betweenEg andBiFeO3 films and the aging time of the sol
used. Several factors that affect the Eg values of BiFeO3
films have been reported. Chen et al. account for the de-
crease in Eg from 2.75 to 2.71 eV for thin film annealed at
500 and 600 °C, respectively, based on grain enlargement
and reduction of amorphous phases for the film annealed
at the higher temperature 27. Another report indicates that
theEgwas affectedby the filmcompressive strain 28.Liu et
al. showed that compressively strained BiFeO3 has a large
bandgapof3.12 eVwhile it has smallerEg, of 2.75 eVwhen
it has tensile strain 29. This means that a change in the lat-
tice parameters or lattice strain will affect the Eg value 4.
To identify the relation between lattice strain and Eg of
BiFeO3 thin film in this work, the Eg, Dea and Dec were
plotted against the aging time, t, as shown in Fig. 4b. It can
be easilynoticed that there is a proportional trendbetween
the Eg and Dec, while a reverse trend between the Eg and

Fig. 4: Optical transmittance of BiFeO3 films.

Dea emerged. The dependence of Eg with Decis in good
agreement with previous report, where the largest Eg was
observed for highly compressively strained BiFeO3 thin
film and it became smaller as compressive strain was re-
lieved 21, 29.
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Fig. 5: a) (F(R) hm)2 vs hm of BiFeO3 thin films. b) Correlations between Dea, Dec and Eg with aging time for BiFeO3 thin films.

(5) Photoluminescence properties
Fig. 6 shows PL spectra of BiFeO3 films using excita-
tion wavelength, k = 400 nm. Three emission peaks can
be obtained via fitting with Gaussian function as indicat-
ed in the inset of Fig. 6. These peaks are centered at 459.6,
533.5 and586.7nmfor the 0 d film.The first peakobserved
at 459.6 nm, can be assigned to near-band-edge emission
(NBE) resultingwith electron transition from conduction
band to the valence bandofBiFeO3.This peak is located at
446.1, 465.2 and 457.3 nm for the 1 d, 3 d and 6 d films. The
variation of NBE peak positions corroborated well with
the changed ofEgmeasured from the reflectancemeasure-
ment. Moreover, intensity of this peak varied with chang-
ing aging time, indicating a different rate of electron-hole
recombination for the films. The highest intensitywas ob-
served for the 1 d filmwhile the lowest intensitywas found
for the0 d film.Thesecondpeakobservedat533.5nmis re-
lated to defect-like oxygen vacancy that is abundant in the
BiFeO3 system 30, 31. This peakwas found to be sharp and
intense for the 3 d film, indicating ahigh amountofoxygen
vacancies. The third peak located at 586.7 nm is associated
withd-d transition inenergy levelsofFe ions inBiFeO3 32.

Fig. 6: PL spectra of BiFeO3 thin films excited at wavelength of
400 nm. Inset fitted curve of Pl spectra of 6 d aging film.

IV. Conclusions
BiFeO3 filmswere successfully synthesizedwith the sol-
gel method using acetylacetone as a chelating agent. The
aging time is a crucial factor that affects the crystallinity,
phase formation, hydrophobicityandopticalpropertiesof
the films. The films were grown in single phase of BiFeO3
except the0 d filmthat involvedamorphous-likephaseand
the 6 d filmwhich contained traces of Bi2O3 and Fe0.92O.
The crystallite size of the films varies between 14.3 and
15.6 nm while the lattice parameters of BFO films has a
strong dependence on t. The highest strain of lattice pa-
rameter c,Dec=4.6×10-3wasobserved in the1 d filmwhile
the lowestDec = 0.7 was found in the 0 d film. TheRq and
average particle size increased from 45.9 and 1.0 nm, re-
spectively for the 1 d film to 52.7 and 4.2 nm respective-
ly for the 3 d film. Contact angle measurement found that
the film is hydrophobic with CA values between 95.3 and
104.7 °. The results suggest that the enhancement of hy-
drophobicity in the 1 d and 3 d films relates to the film
crystallinity and roughness. The films show maximum
transmittance (81 – 90%) at 600 – 800nmwavelength.The
Eg value varied in the range of 2.76 – 2.85 eV. Based on
comparison of the Eg value and lattice strain (Dec), it was
found that there is a proportional trend between the Eg
and the Dec. The PL spectra of films contain three peaks
corresponding to NBE, oxygen defect and d-d transition
in energy levels of Fe ions in BFO. The intensity of NBE
peaks was varied for the films, the lowest and highest in-
tensity being found for the 0 d and 1 d films, respectively.
Theresults suggest that1day is theoptimumaging time for
obtaining single-phase BFO film with good crystallinity,
hydrophobicity and roughness.
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