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Abstract. Cu-doped BiFeO; (x =0, 0.2, 0.3 and 0.5) thin films were fabricated on Pt/Si n-type
substrates by a spin coating method. The phase and structure of thin films were charact- erized
by x-ray diffraction (XRD). The homogeneous surface and the film thickness (200-300 nm) of
the thin films were investigated by scanning with an electron microscope (SEM). X-ray
absorption spectroscopy (XAS) confirmed the presence of the Fe’" and the mixing of Cu?" and
Cu®* oxidation states in the thin film samples. The electrical properties were studied with an
Agilent4294 A impedance analyzer. The influence of Cu-doping with x = 0 to x = 0.3 on the thin
films can affect the structure of the thin film with decreasing crystallite sizes (2.9 nm to 2.6 nm),
which lead to decreasing grain boundary conductivity (cg) (1.1x107* S/cm to 0.2x107* S/cm)
and increasing grain boundary resistance (Rg) (9.1 kQ to 35.7 k.), respectively. Interestingly,
the Cu-doping at x = 0.5 with large crystallite sizes (3.4 nm) can exhibit both low Ry, (6.5 kQ.)
and high og (1.5%107* S/cm).

1. Introduction

In recent years perovskite bismuth ferrite (BiFeOs) has become of interest as a multiferroic material,
which exhibits magnetic, electrical and elastic properties and usually exists in an R3¢ space group [1].
BiFeO; has been used in wide applications such as solar cell separators, capacitors, transformers and
piezoelectric devices, etc. [2-5]. The magnetic properties of bismuth ferrite nanoparticles were found to
be below room temperature [6-7] with saturation magnetization (M;) of about 0.05 emu/g [8]. Generally,
the dielectric constant of BiFeO3; nanoparticles are found to be about 370 - 170 at a frequency of 0.1-
10.0 kHz at room temperature [9-10]. The BiFeO; thin films exhibited the M; value and saturation
polarization (P;) value of about 103 emu/cm® and 22.0 puC/cm?, respectively [6, 11-12]. Recently,
researchers have tried to improve or study its structure and properties using various methods such as
doping with ions at Bi or Fe sites [4-5] by synthesis using different methods to obtain various forms,
such as nanoparticles, nanorods, nanofibers and thin films [8]. The fabrication of thin films by using a
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thin film technique has attracted increasing interest in the modification of their magnetic and electrical
properties. Spin coating is an easy technique for thin film preparation which uses sol-gel precursor
solution and a spin coating machine. Moreover, doping with Cu, Ni and Co ions in the BiFeOs—based
nanoparticles causes changes to the structure that can improve their magnetic properties [13-14].
Therefore, this research used a spin coating technique to fabricate the Cu-doped BiFeOs thin films and
chose Cu ion as a substituent to study the effects of Cu addition and to improve their electrical properties.
Moreover, the structure characterizations of the prepared thin film samples were investigated by various
techniques such as X-ray diffraction (XRD), scanning electron microscope (SEM) and X-ray absorption
spectroscopy (XAS). Furthermore, this research investigated the electrical properties to clarify the
mechanism underlying the effect of the Cu-doping on the structure and electrical properties of BiFeO3
thin films.

2. Experimental procedure

2.1. Synthesis of BiFe;-xCuxO3 as x=0.0, 0.2, 0.3 and 5.0 thin films

BiFe; «CuxOs3 (x = 0.0, 0.2, 0.3 and 0.5) thin films were prepared by a simple spin coating method. The
precursor solution was prepared by mixing bismuth (III) acetate [Bi(CH3CO,)s, 99.99%, Sigma-
Aldrich], iron(II) acetate [Fe(C,H30.)2, 99.99%, Sigma-Aldrich] and copper (II) acetate [Cu(CO>CH3)a,
99.99%, Sigma-Aldrich], acetone in acetic acid, acetylacetone, deionized water and ethylene glycol [7-
8, 10, 15]. Initially, 20 ml each of deionized water and ethylene glycol, 10 ml each of acetone and
acetylacetone, and 5 ml of acetic acid were dissolved under a magnetic stirrer at 353 K for 30 min. Then,
bismuth (III) acetate, iron (II) acetate and copper (II) acetate were added and stirred at 353 K for 3 h and
392 K for 3 h. Next, the mixture solution was dropped on Pt/Si N-type and spun at 4000 rpm. After that,
the BiFe; «CuxOj thin films were dried at 423 K for 5 min. Finally, the thin films were annealed at 873
K for 6 h.
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Figure 1. XRD patterns of BiFe;—«Cu,O3 thin Figure 2. Crystallite sizes versus Cu content
of BiFe; x CuxOs thin films (x = 0.0, 0.2, 0.3

films (x = 0.0, 0.2, 0.3 and 0.5). and 0.5)

2.2. Characterization

The XRD patterns of BiFe;-«CuOs thin films were investigated by using X-ray diffraction (XRD;
Bruker DS Advance) analysis with Cu Ka at A = 0.15406 nm. The crystallite size of the prepared thin
films was calculated using the Debye-Scherer equation [8]
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where D is crystallite size (nm), P is the full width at half maximum (FWHM) intensity and 0 is the
diffraction angle. The surface and thickness of the thin films were observed by scanning electron
microscopy (SEM; JEOL JSM-7800F). X-ray absorption spectroscopy (XAS) was used to investigate
the oxidation state of the thin films. X-ray absorption near-edge structure (XANES) of Cu and Fe K-
edge spectra were acquired at the SUT-NANOTEC-SLRI XAS beamline (BL 5.2) at the Synchrotron
Light Research Institute (SLRI), Thailand. The XANES data were analyzed using ATHENA software
which included an IFEFFIT package [16].

2.3. Measurement of Electrical properties

The electrical properties were measured with an Agilent4294A impedance analyzer over frequency 102-
107 Hz on the oscillation voltage of 0.5 volt. The complex impedance spectroscopy Z was calculated by
the following equation [17].

T 1 1
€ =¢-1g = - T = - (2
iwCyZ i0Cy(Z -iZ)

where o is angular frequency of applied AC electricity, € and ¢ are real and imaginary part of dielectric

permittivity constant €, Z and Z" are real and imaginary part of complex impedance z, respectively.
The impedance spectroscopy can be used to describe electrical transport inside grains and grain
boundaries of materials by using a brick-work model, where R,, C,, G, are resistance, capacitance and
conductivity of grains and Ry, Cgb, Ggp are resistance, capacitance and conductivity of grain boundaries,

respectively. The conductivity is related to resistance (Gggp), Which is (R—). The parameters were
g.gb

calculated using the following equation [17].

Z* _ Zv ) iZu _ ( Ry 4 Rgp ) _i ( Ré(})Cg I Réb(x)cgb ) (3)

2 2 2 2
1+Rg0Cqg 1+ RgpoCy 1 +Ry0Cy 1 +Rgp0Cqp

ST SEI

Figure 3. (a, b) SEM and (c) SEM cross-section images of BiFe;—CuxOs3 thin films at x = 0.3.
3. Results and discussion

3.1. Structure analysis

The XRD patterns of the purity phase of BiFeO; (ICSD 15299) for the undoped BiFeOs thin films and
impurity phases of BixFe4O9 (ICSD 15299 and ICSD 20067) for Cu-doped BiFeOs thin films [1, 8] are
shown in figure 1. The impurity phases occur when Cu is substituted in the BiFeOs structure, which can
be attributed to the incomplete replacement of Cu at the Fe site. The intensity of the impurity phase
increases with increasing Cu concentration. The crystallite sizes of BiFe;—«CuxOs thin films of 2.92,
2.73,2.57 and 3.44 nm as x = 0.0, 0.2, 0.3 and 0.5 are shown in figure 2. The crystallite sizes decrease
with increasing Cu contents x = 0.0, 0.2 and 0.3, respectively [8]. Clearly, the decrease in the crystallite
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size causes an increase of the Cu content. Except for x = 0.5 sample, the increase in the crystallite size
may be due to the incomplete replacement of Cu in BiFeOs, which causes an increase in the impurity
phase of BirFe4Oo. In this work, the decrease in the crystallize size conforms to the substitution of the
Fe** (7.8 nm) site with smaller ionic radius of Cu™ (5.4 nm) [8]. Figure 3 shows the SEM image
revealing the surface and thickness of the thin films. The average film thickness of the thin films is about
200-300 nm. The normalized XANES spectra of all samples at the Fe and Cu K-edge of all samples are
shown in figures 4 and 5. The Fe and Cu K-edge XANES spectra of the BiFe; «CuxO;3 thin films are
compared with standard materials with different Fe and Cu oxidation states. The absorption edge of all
samples at the Fe K-edge match with the standard materials of Fe** and the Cu K-edge is located between
the standard materials of Cu?" and Cu*". Clearly, the oxidation states of Fe and Cu in the Cu-doped
BiFeOs thin films are 3+ and mixing of 2+ and 3+, respectively [8].

1.6

—Fe0,
——FeO

CuO

—x=10.0

7N —_—x=02

N

0.8+

0.6 1

Normalized p(E)
Normalized p(E)

0.4

0.24

=

0.0 T 1
s T T 1
7100 7120 7140 7160 8980 9000 9020

0.0

Energy (eV) Energy (eV)

Figure 4. XAS spectra of Fe K-edge of BiFe; Figure 5. XAS spectra of Cu K-edge of BiFe;—«

Cu,O;3 thin films (x = 0.0, 0.2, 0.3 and 0.5). CuxO3 thin films (x = 0.0, 0.2, 0.3 and 0.5).
2.0x10% 4
1.4x10° X =04
1.8x10" —_——0a
1.6x10° 1.2x10° —_—X=02
X =00
1.4x10° 1.0x10°
1.2x10°
N = 8.0x10°
W 1.0x10° W
8.0x10" 6.0x10° -
6.0x10° - 4.0x10°
4.0x10°
2.0x10°
2.0x10°
0.0 r : i 7 0.0 T =TT T
107 10° 10 10° 10° 10° 10° 10* 10°
Frequency (Hz) Frequency (Hz)
Figure 6. Frequency dependence of real die Figure 7. Frequency dependence of imaginary
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films (x = 0.0, 0.2, 0.3 and 0.5). films (x = 0.0, 0.2, 0.3 and 0.5).

3.2. Electrical properties

The dielectric permittivity constant () and loss tangent (tand) were used to evaluate the electrical
properties of the Cu-doped BiFeOs (x = 0.0, 0.2, 0.3 and 0.5) thin films. The " and tand are shown in
figures 6 and 7. Figure 6 shows an increase in the real dielectric permittivity constant of BiFe;—xCuxO3
thin films with an increase of Cu content over the measured frequency range, except when x = 0.3 to x
= 0.5 suddenly decreased. Conversely, the imaginary dielectric permittivity constant decreases with an
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increase in Cu content and it suddenly increases at x = 0.5 as shown in figure 7. Moreover, the dielectric
permittivity constant increases as the crystallite size decreases (from 2.92 nm to 2.57 nm) for the x = 0.0
to x = 0.3 samples, respectively. Generally, the decreases in the dielectric constant in the ferrite-based
nanoparticles such as BiFeOs or Fe;O4 are due to material preparation by doping which produces an
aggregation of small crystallite sizes [4-5]. Similarly, the dielectric constant of the Cu-doped BiFeOs
thin films in this work decreases which can be attributed to the decreases in crystallite size that cause
large insulating barriers to charge carrier mobility [4-5].
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Figure 8. Frequency dependence of tand of Figure 9. Grain boundary resistance (Rgp)
BiFe;—x CuxOs thin films (x = 0.0, 0.2, 0.3 and versus Cu content of BiFe;—x CuxO; thin
0.5). films (x = 0.0, 0.2, 0.3 and 0.5).

Figure 8 shows the tand values depend on Cu content, which can be attributed to the great electric
conductivity of copper. The grain boundary resistance (Rg) of the thin films as shown in figure 9 were
calculated by using the dielectric permittivity constant and loss tangent values [9-10, 12, 17-18]. The
Ry of the thin films are 9.1, 11.7, 35.7 and 6.5 kQ.cm for x = 0.0, 0.2, 0.3 and 0.5, respectively, which
increase with increases in Cu content. The grain boundary resistance of the x = 0.3 sample reaches the
maximum value. Clearly, this increase in Ry, may be due to the effect of decreases in crystallite size.

Moreover, the grain boundary conductivity (o) was calculated by o4, = RL [2, 11-12, 17]. The
gb

calculated grain boundary conductivity values of the thin films are 1.1 x107#, 0.8 x107#, 0.2 x10™* and
1.5 x107* S/cm for x = 0.0, 0.2, 0.3 and 0.5 samples, respectively. Clearly, the decreases in the crystallite
size with higher Cu content for x = 0 to x = 0.3 causes decreases in the oy, values. Moreover, Cu-doping
at x = 0.5 which was the largest crystallite size (3.44 nm) exhibits the highest values of the grain
boundary conductivity.

4. Conclusions

The BiFe|—xCuxOs thin films (where x = 0.0, 0.2, 0.3 and 0.5) were successfully fabricated by a spin
coating technique. The phase structure and morphology of the thin films were characterized by the XRD
and SEM methods. The oxidation state of Fe and Cu ions was confirmed by the XAS method. The
electrical properties of the dielectric permittivity constant and the loss tangent were studied. The results
show that Cu-doping of BiFeOs thin films can cause increases in the grain boundary resistance and
dielectric permittivity constant, which are related to decreases in the loss tangent or decreases in the
electrical properties. Clearly, Cu-doping can affect crystallite size which can influence the electrical
properties of the Cu-doped BiFeOs thin films.
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