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BiFeOs is a multiferroic material with physical properties very sensitive to its stoichiometry. BiFeOs thin films on
silicon substrate are prepared by the sol-gel method combined with layer-by-layer annealing and final annealing schemes.
X-ray diffraction and scanning electron microscopy are employed to probe the phase structures and surface morphologies.
Using Rutherford backscattering spectrometry to quantify the nonstoichiometries of BiFeOs thin films annealed at 100 °C—
650 °C. The results indicate that Bi and Fe cations are close to the stoichiometry of BiFeO3, whereas the deficiency of O
anions possibly plays a key role in contributing to the leakage current of 107> A/cm? in a wide range of applied voltage
rather than the ferroelectric polarizations of BiFeOj3 thin films annealed at high temperature.

Keywords: BiFeOs thin films, off-stoichiometry, high temperature annealing, backscattering spectrometry

PACS: 79.77.+g, 77.84.—s, 25.60.Dz, 82.80.Yc

1. Introduction

In the last several decades, it is well known that
perovskite-multiferroic BiFeO3; material has aroused a great
deal of interest due to its remarkable coupling behavior of
ferroelastic, ferroelectric, and ferromagnetic properties.!!=!
Pure rhombohedron phase BiFeO3 exhibits antiferromagnetic
nature at about 380 °C and ferroelectric behavior up to
810 °C,!8) which led to an inevitable research upsurge on
phase transition theory involving ferromagnetic and ferro-
electric ordering simultaneously.[*~'!] These experimental and
theoretical investigations would quicken the practical appli-
cations of multiferroic materials such as ferroelectric photo-
voltaic devices,!!>!3] high- performace nanocapacitor,!'* and
composite nanofibers.!1>16]

The physical properties of BiFeOs strongly depend on its
own textures including the stoichiometry, impurities as well
as other defect distributions. It is found that a significant
number of research communities have developed various syn-
thesis routes to prepare the perovskite structural BiFeOs3, al-
though it is not easy to obtain in the sense of high-quality
yield. Using the solid-state reaction method can prepare the
pure phase BiFeO3; ceramic, showing that it is an excellent
ferroelectricity after the primary impurity phase of BiyFe; 75

has been leached with dilute nitric acid.[®! Palkar ef al. pro-
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posed that the oxygen stoichiometry was critical to influence
the variation of Fe ionic state in BiFeO; film fabricated by
pulsed-laser deposition technique, which resulted in high con-
ductivity of the film at room temperature.!'”) The controver-
sies on the leakage current mechanism of BiFeOs-based het-
erostructures also focused on the stoichometries of cations
and anions in BiFeOj3 thin films fabricated by other epitaxial
grown methods. It was reported that Bi-excess and Fe-excess
in BiFeO3 thin films induced a structural change from mono-
clinic to thombohedral and formed the pyrochlore BiyFe4O9
as well as y-Fe; 03,18 respectively. Due to a high thermal
stability and slow rate of decomposition of Bi-precursor, sin-
gle phase BiFeOs film growth was difficult to attain the repro-
ducible mass-transfer in the process of metal organic chemi-
cal vapor deposition. "] Nuclear resonance scattering reaction
on 1%0(ar, @)'°0 at 3.045 MeV was employed to quantify the
oxygen concentration in BiFeOs thin film, and the contribu-
tion of oxygen concentration to the leakage current was dis-
cussed by Yang, et al.!?°) Therefore, the off-stoichiometry or
nonstoichiometry effect on BiFeO3 thin film has been further
amplified in order to explain the physical properties observed
in a certain range of temperature.

Compared with the high-cost epitaxial growth method,
the sol-gel or hydrothermal synthesis route is one of the most
popular methods to prepare BiFeO3, which can be achieved
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massively in liquid phase at low cost.>!-23] Combined with the
film prepared by the spin coating technique, BiFeO3 thin film
can be fabricated on the surface of the substrate. Subsequent
thermal treatment should be carried out for crystallization of
BiFeOs film. The film stoichiometry on the substrate can also
be analyzed by x-ray diffraction (XRD), x-ray photoelectron
spectrum (XPS), energy dispersive spectrum (EDS), and other
characterization methods.

Rutherford backscattering spectrometry (RBS) on the ba-
sis of energy-tunable particle accelerator apparatus, as a non-
destructive detection for elemental composition, depth profile,
and surface impurities in thin film, is widely used for ion beam
material analysis.'>*! Dedon et al. have taken full advantage
of RBS to probe the role of stoichiometry, which can have an
influence on the crystal and domain structures and properties

(251 Along with ion beam

of BiFeO3 thin films systematically.
channeling technology, RBS/channeling measurement can lo-
cate the interstitial atoms and other defects, in particular for
doped rare-earth elements in BiFeOs films. 26!

In this paper, the sol-gel method is utilized to prepare
colloidal sol that can be spin-coated onto the surface of the sil-
icon matrix to form BiFeQj3 thin film with a thickness of sev-
eral hundred nanometers. Next, the coated samples are sub-
ject to appropriate annealing schemes consisting of layer-by-
layer annealing at 350 °C and final annealing at a temperature
of 500 °C-650 °C. Eventually, the structure, stoichiometry,
and physical properties of BiFeOj3 thin film on the silicon are
characterized by XRD, RBS, scanning electron microscopy
(SEM), and electrical measurement system. In order to quanti-
tatively evaluate film stoichiometry, simulation software SIM-
NRA 6.05 is used for fitting experimental results. In light of
these cases, it is likely to give us a guidance for optimizing
the experimental preparation details and exploring a straight-
forward synthesis route to prepare the pure phase BiFeO3 thin
films.

2. Experimental details

The flow diagram of preparation details of BiFeO3 thin
films is displayed in Fig. 1(a). As the precursors, crystallized
Fe (NO3)3-9H,0 and excess Bi(NO3)3-5H,0 (with excess of
5 wt%) were dissolved in the mixture of 5-ml glycol solution
and 25-ml ethyl alcohol solution. Then 1-ml dilute nitric acid
was put into the mixture solution, which can catalyze the hy-
drolyzation of metal salts. Next, magnetic stirring of the mix-
ture was carried out for 1 h at a speed of 500 rpm/min. The
10-ml acetic anhydride was poured into the solution gradu-
ally while being stirred for at least 2 h. Finally, a sort of tan
colloidal solution was not formed until the molarity was mod-
ulated to 0.2 M after adding suitable glycol and ethyl alcohol
solutions. In the coming 5 to 7 days, the colloidal solution

stood in an airtight beaker. The following step was spin coat-
ing of the solution onto the surface of n-type (100) Si sub-
strate at a size of 10 mmx10 mm, which had been cleaned
ultrasonically 3 times with ethyl alcohol and deionized water
alternately. The speed of spin coater (KW-4A) was controlled
at 4000 rpm/min for 30 s. After spin coating, all the sam-
ples were directly baked in an oven, keeping the temperature
at 100 °C for 5 min. Then they were put into a furnace to pre-
anneal them at 350 °C for 5 min in the atmosphere. With re-
gard to thin films synthesized at several hundred nanometers,
it was necessary to repeat the spin coating process for pre-
annealing samples 10-20 times. The last annealing program
was set to range from 500 °C to 650 °C in the atmosphere, for
a dwelling time of 10 min.
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Fig. 1. (color online) (a) Flow diagram of details of preparing BiFeOj3 thin
films, and (b) schematic diagram of detection geometry in the target cham-
ber for ion beam analysis.

The XRD data were acquired using a standard diffrac-
tometer (D8 advanced) with Cu K radiation in steps of
0.4°/min in a range of 6-26 at 10° ~ 70°.
and cross-sectional morphologies were imaged by Sirion FEG
SEM with attachment EDAX genesis 7000 EDS. Ion beam
analysis was implemented on a 2 x 1.7 MV tandetron accel-

The surface

erator (GIC4117) using "Li** ions as projectiles at an initial
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energy of 2.72 MeV. The schematic diagram of detection ge-
ometry in the target chamber is illustrated in Fig. 1(b). The ion
beam current was 3 nA impinging onto the target perpendicu-
larly, and the circular spot diameter was 1.5 mm. A passivated
implanted planar silicon (PIPS, CANBERRA) detector with a
resolution of 15 keV was mounted at a backscattering angle of
170° to collect backscattered ions. A beam integrator was used
to monitor the ion current and record the total incident charge
numbers. The vacuum was kept at about 1073 Pa in the target
chamber. The BiFeOj3 films annealed at 550 °C and 600 °C
were made into heterostructures for leakage current measure-
ment at an applied voltage of 30 V, and ferroelectric measure-
ment using a ferroelectric tester (Radiant Technologies) at an
applied voltage of 12 V at 1 kHz.

3. Results and discussion

Figure 2 depicts XRD patterns of BiFeOs thin films on
silicon annealed at 500 °C-650 °C in steps of 50 °C after
layer-by-layer pre-annealing at 350 °C. It is observed that
all the thin films belong with polycrystalline thombohedral
perovskite structure whose lattice parameters are a = b =
5.576 A, c = 6.919 A, affiliated to the R3¢ space group. There
are impurity phase peaks centered at about 29° which are as-
signed to Bi;Fe4Og, appearing at 500 °C, 550 °C, and 650 °C.
But almost no impurity phase is observed at 600 °C, which
is nearly in agreement with XRD results in Ref. [27]. This
implies that the pure phase BiFeOs thin film can be obtained
when annealing temperature is optimized at 600 °C.

# BisFe,Og

(101)

(122)
(300)
650 °C

Intensity /arb. units

260/(°)
Fig. 2. (color online) XRD patterns of BiFeOs thin films annealed at
500 °C-650 °C.

In order to detect the surface morphology and thickness
of BiFeOs3 thin film on the silicon substrate, two samples an-
nealed at 500 °C and 600 °C were imaged as shown in Fig. 3.
It is evident that BiFeO3 thin films on the surface of silicon
substrate are rather uniform, in spite of a number of porous
structures that cannot contribute to densification of thin films.
Fortunately, figures 3(c) and 3(d) indicate that there are less
cavities in the samples annealed at 500 °C and 600 °C than

in the sample annealed at 500 °C, and the interface between

thin film and substrate is more unambiguous with a thickness
of 298 nm (arrowed) of BiFeOj3 thin film annealed at 600 °C.

Fig. 3. Surface morphological and cross-sectional SEM images of BiFeO3/Si
annealed at ((a) and (b)) 500 °C and ((c) and (d)) 600 °C, respectively.
Figure 4 shows RBS spectra of the samples at room tem-
perature (RT) and 100 °C-650 °C. Three main chemical el-
emental peaks in thin films are visualized while the signal
peaks from silicon substrates can also be observed clearly. It
is found that BiFeOs3 films without thermal treatment and only
with baking in the oven at 100 °C have much larger thickness
values than those of films annealed at high temperature, which
can be inferred from the back-edge positions of Bi peaks. The
RT spectrum indicates that the massive interstitials are present
in the film without lattice restoration because the back edges
of Bi-peak and Fe-peak have been severely broadened. Once
the sample is annealed, the broadened back edge disappears.

3.2

2.8 1
2.4
2.0
1.6
1.2
0.8 - si

0.4 1

Backscattering yield/10% counts

0r——T— 1 T 1T T 1 T 17
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Fig. 4. (color online) RBS spectra of the samples at room temperature
and different temperatures ranging from 100 °C to 650 °C.

Here, we have used the SIMNRA code to fit the exper-
imental results of thin films annealed at 100 °C-650 °C so
that film stoichiometry can be estimated quantificationally as
shown in Fig. 5. The corresponding atomic concentration per-
centages in the films are recited in Table 1 and most depth pro-
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files of atoms are detailed elsewhere.[?8! The results from fit-
ting data reveal that the thickness of BiFeOj3 thin film annealed
at 100 °C is almost twice as large as at high temperature, but
has more impurities. Especially, when the annealing tempera-
ture is over 100 °C, the exhaust of an excess of O content in the
form of nitrogen-containing molecules and carbon dioxide that
has escaped from thin films, makes it possible that the atomic
ratio of Bi, Fe, and O is approximately 1:1:3 at 600 °C. We
use a layer-by-layer annealing technique at 350 °C and suc-
cessive spin coating process 10-20 times to compensate for
the volatilization of Bi cations at high temperature, whereas
O anions still decrease from 45.37 at.% to 16.61 at.% with
the rise of temperature. It is possible to evaporate the organ-
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ics and decomposition of nitrogen-containing organics below
200 °C, to release the carbon dioxide at 300 °C—450 °C, and to
form the phase-crystallization step at 450 °C—600 °C with tiny
weight loss, which can be responsible for the weight losses in
films, summarized systematically by Xu ez al.'>!] The quanti-
tative analyses of BiFeOj3 thin films on silicon annealed in a
range of 100 °C-600 °C consistent with the results from their
proposals. When annealing temperature is as high as 650 °C,
oxygen deficiency is very visible to deviate from the theoret-
ical stoichiometry of perovskite BiFeOs. With respect to the
content variations of Si and impurities, it should be detailed in
the next discussion. So far, an optimized final annealing tem-
perature is 600 °C, derived from XRD, SEM, and RBS results.
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Fig. 5. (color online) Experimental and simulated RBS spectra of BiFeO3 thin films under annealing temperatures of (a) 100 °C, (b)

500 °C, (c) 600 °C, and (d) 650 °C.

Table 1. Fitting results from SIMNRA simulation software.

Concentration/at.% Bi  Fe (6] Si  Other Sum/(atoms/cm?)

100 °C 4.15 4.17 4537 27.41 18.90 2.13x1018
500 °C 5.99 580 31.27 50.37 6.57 1.15x10'8
600 °C 7.04 670 21.09 6236 2.81 1.10x10'8
650°C 7.92 8.05 16.61 66.68 0.74 1.23%x10'8

Figures 6(a) and 6(b) show the current density—electric
field (C-E) characteristics and ferroelectric polarization—
electric field (P-E) hysteresis loops measured at room tem-
perature for BiFeOj3 thin films annealed at 550 °C and 600 °C,
respectively. It is observed from Fig. 6(a) that the surface leak-
age current density is 107% A/em™2-107> A/cm? in a wide
range of applied electric fields, which reveals that BiFeO3 thin

films annealed at high temperature are eligible for heterostruc-
tures, even the leakage current is as low as 107% A/cm? at a low
applied voltage of 5 V, as compared with those of 10~ A/cm?
of single-crystal BiFeO3 bulk!*®! and 10~7 A/cm? of BiFeOs
thin film.['823] Figure 6(b) shows the relation of polarization
as a function of applied electric field, and the spontaneous po-
larization (P;) and remnant polarization (P;) are approximately
7.09 uC/cm? and 4.63 uC/cm?, the corresponding coercive
electric field is about 103 kV/cm for the sample annealed at
550 °C. The performance of high conductive thin film an-
nealed at 600 °C is worse with a P; of 3.82 uC/cm? and a P, of
2.24 uC/cm?. Tt is supposed that the lack of a bottom electrode
is a decisive factor that results in much weaker ferroelectric

behavior.[*" However, we design the initial RBS characteri-

047901-4



Chin. Phys. B Vol. 27, No. 4 (2018) 047901

zation of BiFeOs thin film for introducing as few as possible
chemical elements so that their concentrations can be deter-
mined accurately. Therefore, such BiFeOs thin films on sili-
con are available. Actually, oxygen deficiency in thin film in-
duces a large number of vacancies to contribute to the leakage
current mechanism rather than the increase of polarization. ']
We attempt to adopt a layer-by-layer annealing and continu-
ous spin coating technique to compensate for the volatilization
of Bi, but the O anions cannot be prevented from decreasing
effectively during high temperature annealing. Due to the fact
that the leakage current mechanism is not a predominating fac-
tor for the ferroelectric polarizing of multiferroic materials, the
O deficiency is extremely critical for leakage current instead of

polarization.
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Fig. 6. (color online) (a) Room temperature C-V characteristics and
(b) ferroelectric P-E hysteresis loops of BiFeOs thin films annealed at
550 °C and 600 °C.

It is counterintuitive that the impurities existing in
BiFeOs thin films are not only Bi;Fe4O9, labeled in Fig. 2,
because of the sorts of nitrates or carbonates that are proba-
bly going to be introduced into thin films synthesized using
the sol-gel method. Fortunately, these nitrogen-containing or
carbon-containing compounds are mostly disintegrated to cre-
ate oxynitride or carbon dioxide during high-temperature an-
nealing, which is likely to be dedicated to the weight loss of
thin film in accordance with RBS results.

It should be pointed out that the RBS characterization us-
ing Li®* ions as the incident beam is not sensitive enough
to light the nucleus, such as C, N, and O, but can improve

the mass resolution of the heavy nucleus, especially for larger
mass separations in a multi-component target.3!! When Li>*
ions are selected as incident ion beams, kinematic factors of
the interactions with 12C, N, and '°0 are about 0.07, 0.11,
and 0.15 at a backscattering angle of 170°,['71 so their scat-
tering cross sections will overlap seriously into a signal peak
of Si substrate in the low-energy region of the RBS spectrum.
Therefore, the fitting data of O concentrations are not so ac-
curate as Bi and Fe concentrations in Table 1. Because most
of BiFeOs thin films have O-deficiency, resulting in a mass of
O vacancies contributing to leakage current, which has been
studied extensively in the literature. To some extent, O de-
ficiency in BiFeOs thin film annealed at high temperature is
considered as a paramount factor for leakage current. In turn,
the accurate detecting of O concentrations in BiFeOs thin films
must employ more sensitive characteristic methods, such as
150(ar, o0)!1°0 at 3.045 MeV and PO(P, 7)!1°0 at 3.4 MeV

(241 With the improvement of annealing temperature,

indirectly.
the Si content in thin film increases dramatically as listed in
Table 1. This means that the atomic diffusion occurring on
the interface between thin film and Si substrate is extremely
intense during high temperature annealing. The influences on
electrical and magnetic properties of BiFeO3 thin film due to
the interfacial diffusion of Si atoms at high temperature have
been corroborated and discussed systematically in our previ-
ous work. [28-3%]

As is well known, there are some factors to deter-
mine the leakage current mechanism of BiFeO;3 thin film,
such as the nonstoichiometry,[18’20’33] the thickness, 343!

the impurity,[®'°! the matrix,?6-3]

annealing schemes and
microstructure.*®! In our work, it is speculated from MeV-
ion backscattering spectrometry that using layer-by-layer an-
nealing can make the ratio of Bi to Fe approach to 1:1 of
off-stoichiometry film and can also produce few impurities,
but O deficiency is still predominant inducing a large leak-
age current over 600 °C. The annealing temperature is as high
as 500 °C exerted on the thin film at a thickness of 300 nm,
which seems to degrade the resistance, because annealing tem-
perature below 450 °C has been suggested for BiFeO3 thin

(211 Selecting

film prepared by the chemical solution method.
Si wafer as the deposition matrix is feasible, but it is proba-
bly going to lead to interfacial atomic diffusion at high tem-
perature that may weaken the physical properties of BiFeO3
thin film, and the lattice mismatch between BiFeO3; and Si
substrate has to be taken into consideration. In addition, the
bottom electrode, the buffer layer of metallic oxides and rare-
earth element doping in thin film can reduce the leakage cur-

26.30.35.37] Fyrther studies on these aspects will

rent obviously.!
pave the way to the improvement of the ferroelectric property
of BiFeOj3 thin film prepared by the sol-gel method with the

help of the layer-by-layer annealing technique.
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4. Conclusions

We prepare BiFeOsthin films with off-stoichiometry by
the sol—gel method combined with a layer-by-layer annealing
technique, and O deficiencies and impurities in thin films are
leading factors to have an influence on the physical properties.
The XRD patterns indicate that the primary impurity phase is
BiyFe4O9 and few amorphous inorganic salts, and pure phase
BiFeOs is attained in the condition of annealing temperature at
600 °C. The quantitative results of off-stoichiometry films are
figured out by RBS fitting program SIMNRA 6.05, which ex-
plains the weight losses of the samples annealed from 100 °C
to 650 °C by performing the reductions of total atomic num-
bers in thin films. The layer-by-layer annealing scheme can
compensate for the exhausts of Bi and Fe cations instead of O
anions at high temperature, which is possible to induce a leak-
age current as high as 107> A/cm? in a wide range of applied
voltage instead of ferroelectric polarization features of BiFeO3
thin films annealed at high temperature.
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