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Abstract

Bismuth ferrite oxide (BFO), due to its remarkable properties, has become one of the most attractive
multiferroic materials to be extensively studied. BFO doped with various materials, including Neodymium
(Nd), could improve its properties that apply to numerous electronic devices. However, the studies related
to the properties of Nd-doped BFO (Ba;..Nd.FeOj3) thin films on a quartz substrate, especially the optical
properties, are relatively scarce. This study aimed to investigate the microstructure and optical properties
of the Nd-doped BFO (BNFO) as the variation of the Nd concentrations. The BNFO thin films with Nd
concentrations of 0.05 (BNFO5); 0.1 (BNFO10); and 0.2 (BNFOZ20) have been deposited on the quartz
substrates via the sol-gel method and using spin coating. The films were annealed at 600 °C for 1.5 h.
The XRD result of the BNFO films revealed a single phase of BFO with a cubic structure. The lattice
constants and volume cells of the films declined with more Nd. Meanwhile, the crystallite size and lattice
strain changed due to the change in the Nd number. Additionally, the morphology images showed the
pores on the films’ surface and the different film thicknesses of each BNFO film. From the optical
characterization, the transmittance spectra of the BNFO films tended to rise as the more Nd amount doped,
in which the BNFO20 had the highest transmittance. The BNFOI10 had the highest refractive index,
followed by the BNFOS5 and BNFO20. Contrarily, the BNFOZ20 had the highest extinction coefficient and
(n? — 1)1 spectra, followed by the BNFOS5 and BNFOI10. Further, the bandgap values of the BNFOS,
BNFOI0, and BNFO20 were 2.75, 2.85, and 2.64 eV, respectively. Accordingly, due to the highest Nd
amount that most impacted its microstructure, the BNFO20 exhibited the lowest bandgap value compared
to the other films that are good for photovoltaic applications.
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Studi Sifat Mikrostruktur dan Sifat Optik Lapisan BiFeO3 doping Nd (Ba:xNdFeO3) diatas
Substrat Kuarsa

Abstrak

Bismut ferit oksida (BFO) adalah salah satu material multiferroik yang paling menarik yang telah
dipelajari secara ekstensif karena sifatnya yang luar biasa. BFO yang didoping beberapa bahan termasuk
salah satunya Neodymium (Nd) dapat meningkatkan sifat BFO sehingga dapat diterapkan di berbagai
perangkat elektronik. Namun, studi terkait sifat-sifat lapisan tipis BFO yang didoping Nd pada substrat
kuarsa terutama sifat optiknya masih jarang ditemukan. Penelitian ini bertujuan untuk mempelajari
mikrostruktur dan sifat optik lapisan BFO yang didoping Nd (BNFO or Ba;..Nd.FeQ3) sebagai akibat
dari variasi konsentrasi Nd. Dalam studi ini, lapisan tipis BNFO dengan konsentrasi Nd sebesar x=0.05
(BNFOS5); 0.1 (BNFOI10), and 0.2 (BNFO20) telah dibuat diatas substrat kuarsa menggunakan metode
sol gel dengan spin coater. Lapisan tersebut diannealing pada suhu 600 °C selama 1.5 jam. Hasil pola
XRD lapisan tipis BNFO menunjukkan fase tunggal BFO dengan struktur kubus. Konstanta kisi dan
volume sel lapisan BNFO semakin menurun seiring dengan semakin banyaknya Nd. Sedangkan ukuran
kristal dan regangan kisi berubah karena jumlah Nd berubah. Selain itu, gambar morfologi permukaan
menunjukkan adanya pori-pori pada permukaan lapisan dan ketebalan yang berbeda pada setiap lapisan
tipis BNFO. Dari karaterisasi optik, spektrum transmitansi dari lapisan BNFO cenderung meningkat
seiring banyaknya dopan Nd yang mana lapisan BNFO20 memiliki nilai transmitansi tertinggi. Lapisan
BNFO10 memiliki indeks bias tertinggi diikuti oleh lapisan BNFOS5 dan BNFOZ20. Sebaliknya, BNFO20
memiliki koefisien extiction dan spektrum (n>-1)" tertinggi diikuti oleh BNFO5, dan BNFOI0. Selanjutnya,
nilai bandgap dari BNFOS5, BNFOI10 dan BNFO20 masing-masing adalah 2.75, 2.85, dan 2.64 eV.
Dengan demikian, karena konsentrasi Nd tertinggi yang paling berdampak pada mikrostrukturnya,
BNFO20 memiiki nilai bandgap terendah dibandingkan dengan lapisan-lapisan lainnya, sehingga bagus
untuk aplikasi fotovoltaik.

Kata Kunci: Lapisan tipis Ba;..Nd.FeQs; substrat kuarsa, metode sol gel; sifat mikro; sifat optik
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I. INTRODUCTION
Multiferroic  materials have been

photocatalysts, or element memory [2,7,8].
Bismuth Ferrite (BiFeOs3 or BFO) has become

fascinating in the studies of multifunctional
materials. It is a material possessing ferroic
properties of ferroelasticity, ferroelectricity,
and antiferromagnetism [1-3]. It reveals
potential applications in electronic devices
photovoltaics  [4,5],
spintronics [6], photoelectrochemicals [3],

such as sensors,

Yofentina Iriani, et al

one of the most promising multiferroic
materials, intensively studied due to its
remarkable properties. It has rhombohedral
distorted ABOs (A-site is Bi*" and B-site is
Fe?") perovskite crystal structures with R3c
space group [9]. It is the only multiferroic
material that possesses ferroelectric with
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Currie temperature (Tc = 825 °C) and
antiferromagnetism with Neel temperature
(Tx = 370 °C) [3,7,8,10]. BFO is a Pb-free
multiferroic material with large saturation
polarization and a small energy bandgap (2.1-
2.7 eV) [2-4]. Moreover, it has been
demonstrated that BFO thin films have high
remanent polarization and low magnetization
intensity [4,8,11]. However, in the presence of
Fe’* and oxygen vacancies, BFO is
susceptible to  high leakage current
[1,10,12,13]. Additionally, BFO thin films
own a low dielectric constant and low electric
resistivity [8,14]. These drawbacks limit the
multifunctional applications of BFO.

Modifying BFO by doping is the most
effective approach to resolve these matters
and enhance its ferroelectric and magnetic
properties  [9,12,14,15]. To  increase
ferromagnetic and ferroelectric properties, the
rare-earth (RE) dopants (La, Nd, Gd, Er, Dy,
Eu, Sm) have been applied in BFO, which are
isovalently substituted by the A-site (Bi*")
[5,7,16,17]. The replacement of the Bi-site
can reduce the oxygen vacancies by adjusting
the volatility of Bi atoms and thus increase
photovoltaic properties [13].

Chang et al. reported that Nd doping in
Bi sites of BFO ceramics could decrease the
FeOg octahedral distortion by increasing the
anisotropy of Bi/Nd-O bonds, which declined
leakage current [7,9]. Ukai et al. exposed that
Nd substitution in the Bi sites reduced the Bi
deficiency and improved photovoltaic
properties [4]. Moreover, there have been
many studies that reported the Nd-doped BFO
films deposited on (111) Pt/Ti/SiO2/Si [10],
and transparent FTO [8,11], ITO [13], SRO
[3], LAO [17] substrates. Also, among the
available methods, thin film manufactured by
a chemical solution deposition (CSD) or sol-
gel method [18-21] has potential advantages:
easy operation, low cost, high purity, and low
heating temperature. However, few works
have concerned Nd-doped BFO thin films
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with various doping levels deposited on
transparent quartz substrates. Therefore, this
study presents the report of the fabrication of
BFO-doped various Nd on the quartz substrate
by the sol-gel method. The objective is to
investigate the effects of Nd concentrations on
the properties of the BFO and Nd-doped BFO
thin films with potential advantages for
photovoltaic purposes.

1. METHOD

In this study, the thin films of Nd-doped
BFO with the formula of BiixNdxFeOs (x =
0.05, x = 0.1, and x = 0.2) were fabricated on
quartz substrates via the sol-gel method. The
precursors were Bismuth (III) Nitrate
[Bi(NO3)3].5H,O (Sigma Aldrich, > 99%),
Ferrite Nitrate [Fe(NOs3)3].9H,O (Sigma
Aldrich, > 99%), and Neodymium Nitrate
[Nd(NO3)3].6H20 (Sigma Aldrich, > 99%) as
the Bi, Fe, and Nd sources; while Acetic Acid
(CH3COORH) (Sigma Aldrich, >99.7%) and 2-
methoxyetanol (C3HgO;) (Sigma Aldrich, >
99.8%) were as the solvents; and
acetylacetone was as a stabilizing agent. The
solutions of Bi1xNdxFeOs; were deposited on
the substrates using a spin coater with a spin
rate of 3000 rpm for 3 min. The films were
then annealed in a furnace with a temperature
of 600 °C and a holding time of 1.5 h.

The films were denoted by BNFOS5,
BNFO10, and BNFO20 for the BFO doped
Nd with x=0.05, x=10, and x=20, respectively.
The structural properties of BNFO films were
analyzed using an X-ray diffraction (XRD)
Shimadzu7000 instrument. The morphology
and thickness of the films were determined
through a scanning electron microscope (SEM)
Hitachi SU3500 instrument. Meanwhile, the
optical properties were examined via a UV-
Vis  spectrophotometer  Perkin ~ Elmer
Lambda25.
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I11.RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the
BNFO thin films with the enlargement of (101)
planes on the right side. The patterns validate
a single phase of the orthorhombic BiFeO3
crystal structure corresponding to ICDD
number #742016 with a =b =c and a =
B =7y = 89.400°, and R3m space group. Also,
the patterns exhibit no impurity peaks, and no
second phase was observed. Almost all peaks
shift towards the higher 20 values as the
higher Nd dopant concentration indicates a
change in the lattice constants of the BFNO
films in Table 1.

—— BNFO(5%)
- BNFO(10%)
—— BNFO(20%)| |1

(101)
(101)

(110)

Intensity (a. u)

=

10 20 30 40 50 60 70
2 theta (degree)

S

80 22 23 24

Figure 1. XRD Patterns of the BNFO thin films

The lattice constants are gradually
decrease with an increase in the Nd dopant
amount. This indicates the replacement of
Nd?* ions in the Bi** ions site within the BFO
crystal site. The substituted Nd** ionic radii
(1.109 A) are smaller than that of the host Bi*"
(1.170 A) ions, so it causes the reduction of
the lattice constants and, thus, in the volume
cell. The crystallite size of the BNFO films
was obtained by manual calculation using the
modified Scherer equation [22]. The
crystallite size is smaller with the rise of Nd
dopant amount, associated with the lattice
constants due to the smaller dopant Nd than
the host Bi. Here, the crystallite size of
BNFO20 significantly decreases because it
receives the most Nd dopant. The lattice is

Yofentina Iriani, et al

attained by manual calculation through the
William-Hall analysis. The strain is found to
be in similar values but gradually decreases
with more Nd. The declining strain confirms
the stability of the structure as the higher
dopant concentration in the lattice [23].

BNFO10

Figure 2. Morphology and cross-section images of
BNFO thin films

Figure 2 presents the morphology and
cross-sectional images of BNFO thin films.
As shown, the grains of all BNFO samples
appear fused. However, it seems that the
particle size of the samples becomes smaller
or finer as the more Nd dopant. This
phenomenon correlates with the XRD results,
especially on the crystallite size and cell
volume, where the values also decrease due to
the increasing Nd amount. Furthermore, all
films show the formation of pores, especially
on BNFOS5 and BNFO10, while BNFO20
appears to have microcracks on the surface.
Next, the thicknesses of the BNFO films have
been estimated from the cross-section images
listed in Table 2. It is known that the BNFO10
is very thick as compared to the others, which
may influence the optical properties.
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Table 1. Structural properties of BNFO thin films

Samples Crystallite size Lattice =~ Volume cell Latti.ce
(nm) Constants (A) A3 Strain
BNFO5 215.072 3.930 60.679 0.0064
BNFO10 211.594 3.921 60.282 0.0063
BNFO20 160.882 3.916 60.053 0.0058
Table 2. The thickness of the BNFO thin films
Samples  Thickness (nm)
BNFOS5 277
BNFO10 469
BNFO20 144
100 concentrations except for the BNFO10, which
——BNFO (5%) a L.
i S0 has the lowest peak. Surp.rlsmgly, even t.hough
_ the BNFO20 has the highest transmittance
§ 60 values, the absorbance peak also presents the
E highest. Nevertheless, all films start to absorb
S 401 the amount of light before the visible region
£ 5. (at a wavelength below 550 nm). It is reported
by Xue et al. [11] that the absorption bands,
04 which are at around 500 nm, may be attributed

200 300 400 500 600 700 800
Wavelength (nm)

35
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Figure 3. (a) The absorbance and (b) The
transmittance spectra of the BNFO thin films

Figures 3a and 3b demonstrate the
absorbance and transmittance spectra of the
BNFO thin films in the 200-800 nm
wavelength range. It can be seen that more Nd
doping upsurges the transmittance spectra of
the films. However, the absorbance values are
overlapped even with the variation of the Nd
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to an electronic transition.

Furthermore, the absorption edges
move slightly toward a lower wavelength with
the rise in the Nd concentrations. This points
to the change in the electronic structure of the
BNFO film [11,24]. It also indicates the
modification of the bandgap values of the
films [25].

Through the transmittance data and
film thickness, the refractive index (n),
extinction coefficient (k), dispersion energy
(1/(n? — 1)), and bandgap values (Eg) could
be achieved. The refractive index of the
various Nd-doped films was computed using
Swanepoel's method [26,27]. Figure 4a shows
the refractive index dispersion spectra of the
BNFO thin films at 400-700 nm.

Many reported that the refractive index
falls at a higher wavelength. The refractive
index values of the films are in the range of
2.8-1.7. The BNFO10 (x=0.1) has the highest
refractive index, while at the BNFO of x=0.05
and x=0.2, the refractive index reduces as the
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more Nd content. It is mentioned that the
refractive index may depend on the films'
lattice contraction, stoichiometry, and packing
density [28].

The extinction coefficient is inversely
proportional to the refractive index. The
extinction coefficient describes how much
incident light is reduced or lost compared to
the light energy on the surface due to the
absorption and scattering processes. Figure 4b
presents the extinction coefficient of the
BNFO thin films as a function of the
wavelength. The extinction coefficient is
obtained from k = ad/4m , which a is the
absorption coefficient [25]. Based on Figure
4b, the extinction coefficient increases with
the shorter wavelength and is sharply below
550 nm (in the high absorbance spectra). It is
observed that the BNFO20 has the highest
extinction coefficient, which indicates that
this film can strongly absorb light as
compared to the others.

Yofentina Iriani, et al
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Figure 4. (a) The refractive index, (b) The
extinction coefficient, and (c) The plot of 1/(n? —
1) vs EZ of the BNFO thin films
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Figure 5. Tauc’s plot for the BNFO thin films

Wemple et al. [29, 30] examined the
strong dispersion of the refractive index
exhibited below the absorption edge using the
single oscillator model. Based on the model,
the dependence of the refractive index on the
photon energy can be plotted to the Wemple-
DiDomenico relationship, as shown in Figure
4c. In Figure 3c, the refractive index is

expressed by (n*—1)7! = Z:_o - (ElE ) E?
d obd

where E, is the single oscillator energy, E; is
the disperse energy, and E? is the photons’
energy [30]. From Figure 3c, the (n? — 1)1
spectra are influenced by the Nd doping.

The BNFO is a direct bandgap material
[11], and the optical bandgap value (Eg) can
be found in Tauc’s plot, which is the curve of
(0hv)?> vs hv shown in Figure 5. The linear
extrapolation from the plot gives the films an
optical bandgap.

The change in the bandgap values may
be attributed to the lattice distortion,
electronic band structure, oxygen vacancies,
grain size, and defect conditions [24,31].
Further, the Eg increases with reducing
crystallite size and film thickness due to
quantum size effects in nanocrystalline films
[24,28]. Thus, the Eg should be wider as the
higher Nd concentration is given because the
results exhibit that more Nd dopant leads to
smaller crystallite size and cell volume.
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However, from the figure, the bandgap
values increase along with the more Nd
content for the BNFO of x=0.05 and x=0.1.
Meanwhile, the BNFO20 (x=0.2) has the
bandgap which are
inappropriate for the theory mentioned. For
this reason, it might be associated that more
dopants will lead to higher lattice distortion
that can adjust the micro-strain in the doped
BFO structure and thus enhance the
absorption in the visible region [24]. Besides,
the higher doping may lead to more defects
such as oxygen vacancies or holes between
valence and conduction band edge, thus
narrowing the band gap [24,31]. On the other
hand, the bandgap value may also depend on
the film thickness.

This research is still limited to the
optical properties of Nd-doped BFO. The
application of this material is for
photovoltaics, so the characterization of
electrical properties to determine diode
behavior is to be done further.

lowest values,

IV.CONCLUSION

The growth of the Nd-doped BFO thin
films on the quartz substrates has been
conducted via the sol-gel method prepared by
a spin coater. The XRD patterns confirm that
the BNFO films are a single phase with an
orthorhombic structure. The lattice constants,
volume cell, and lattice constants of the
BNFO films reduce as the Nd amount
increases. The surface morphology images
show that the films have pores with different
thickness values for each BNFO thin film. The
transmittance spectra of the BNFO films tend
to rise as the more Nd dopant, while the
absorbance spectra overlap with the BNFO20,
which has the highest transmittance value and
absorbance. The BNFO10 film has the highest
refractive index, followed by the BNFOS5 and
BNFO20 films. Contrarily, the BNFO20 has
the highest extinction coefficient and (n? —
1)7?1 spectra, followed by the BNFO5 and
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BNFO10. As a result, due to the most Nd
amount, the BNFO20 reveals the lowest
bandgap value compared to the other films,
which is suitable for photovoltaic applications
in the future.
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