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Abstract

In this study, we investigated the effects of forming gas (7% H, + 93% Ar) annealing (FGA) and recovery annealing (RA) in ambient oxygen on
the structure and electrical properties of BiFeO; (BFO) thin films. X-ray diffraction results indicate that BFO remains in the perovskite phase
following FGA. However, the spatial distribution of current maps obtained by conductive atomic force microscopy shows that FGA-treated BFO
thin films are less electrically insulating than those without prepared thermal annealing. Recovery annealing improves the structural and chemical
homogeneity of the FGA-treated films, thereby increasing the electrical resistance of the films.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Bismuth ferrite thin films have been widely investigated due to
their multiferroic properties and potential applications in a wide
range of novel devices [1,2]. Recently, numerous works have
reported the structural and physical properties of bismuth ferrite
thin films integrated with Si substrates in Si-based devices [3,4].
Although a great deal of effort has gone into improving the physical
properties of bismuth ferrite thin films to allow fabrication of
devices with high reliability, the high levels of leakage current of
bismuth ferrite in the form of a thin film structure remain a major
drawback limiting the application of such thin films in memory
devices. Considerable effort has gone into developing methods for
the deposition of bismuth ferrite thin films, including pulsed laser
deposition, chemical solution deposition, and sputtering [1,3,5-7].
Many factors related to structural and/or chemical defects in the
material have been proposed to affect the electrical properties of
bismuth thin films [1,3].

Forming gas annealing (FGA) can be used for the integration
of bismuth ferrite thin films in Si-based devices. This process is
adopted to neutralize the possibility of trapping charges that are
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generated during the preparation of the oxide heterostructure at
the Si/Si0O, interface. Several works have shown that such an
annealing markedly reduces the electrical properties of ferro-
electric or dielectric oxide thin films [8,9]. The electrical
properties of bismuth ferrite thin films are largely dependent on
the process parameters and techniques involved in their
synthesis, and the thermal annealing procedures of bismuth
ferrite thin films during fabrication are critical to the reliability of
the devices. However, only a limited number of studies have been
conducted on the effects of FGA with regard to the structural and
electrical properties of bismuth ferrite thin films. Moreover, to
improve the electrical properties of bismuth ferrite thin films in
nanodevice applications, it is necessary to understand the
correlation between material defect and the spatial distribution of
the current maps of bismuth ferrite thin films treated with FGA.
This work investigated the effects of FGA on the characteristics
of bismuth ferrite thin films. Moreover, we performed recovery
annealing (RA) in ambient oxygen at the same temperature as
FGA to determine the degree of recovery of the physical
properties of the FGA-treated bismuth ferrite thin films.

2. Experimental

Eighty-nanometer-thick BiFeO; (BFO) thin films were
grown on Pt (150 nm)/Ti/Si0,/Si (1 0 0) substrates with and
without the 100 nm-thick LNO buffer. Thin film deposition was
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performed using a radio-frequency magnetron sputtering
system. During deposition of the BFO thin films, the substrate
temperature was kept at 350 °C, and the gas pressure of
deposition was fixed at 15 mTorr with an Ar/O, ratio of 4:1. The
LNO bottom electrode was prepared at 500 °C, and the gas
pressure was 30 mTorr with an Ar/O, ratio of 4:1 [10]. Some of
the BFO thin films were subsequently annealed in a rapid
thermal annealing furnace with 300 Torr forming gas (7%
H, +93% Ar) at 400 °C for 20 min. The recovery annealing
was performed in an oxygen atmosphere (300 Torr) at 400 °C
for 40 min for the FGA-treated samples.

The crystallographic structures of the BFO thin films were
analyzed by X-ray diffraction (XRD) with Cu Ka radiation.
The composition depth profile was examined with secondary
ion mass spectrometry (SIMS). The surface morphology of the
BFO thin films was investigated with atomic force microscopy
(AFM). The chemical bonding states of the constituent
elements of BFO thin films were determined using X-ray
photoelectron spectroscopy (XPS). The surface current images
of the BFO thin films were observed by conductive atomic force
microscope (CAFM) with Ptlr tips under a bias voltage of 4 V.

3. Results and discussion

Fig. 1(a) shows that BFO thin films grown on Pt/Ti/SiO,/Si
(1 00) substrates (BFO/Pt) were polycrystalline with random
crystallographic features. Differences in the crystal structure and
chemical properties between BFO and Pt lead to the growth of
BFO thin films with a random crystallographic orientation on the
Pt. In contrast, BFO thin films grown on LNO-buffered Pt/Ti/
Si0,/Si (1 0 0) substrates (BFO/LNO) showed a satisfactory
(h 0 0)-oriented crystallographic structure (Fig. 1(b)). XRD
patterns show that the BFO/Pt and BFO/LNO thin films retained
their perovskite structure after FGA at 400 °C for 20 min. No
impurity phase was detected in the XRD patterns of the BFO/Pt
or BFO/LNO thin films treated with thermal annealing. However,
the intensity of the Bragg reflections of the BFO thin films
decreased after FGA. This decrease could be associated with the
fact that the films become more microstructurally heterogeneous
following FGA. Subsequent recovery annealing improved the
intensity of the Bragg reflections of FGA-treated BFO thin films;
however, the peak intensities were still lower than those of as-
deposited BFO films.

Fig. 2 shows the measurements of SIMS for the BFO/Pt and
BFO/LNO thin films treated with FGA at 400 °C. A large
number of hydrogen atoms were present in the FGA-treated
BFO/Pt and BFO/LNO thin films. The diffusion of hydrogen
into dielectric oxide films following FGA at high temperatures
has been identified by SIMS depth profiling [8,11]. The
observation of the H signal in the SIMS spectra for the BFO/Pt
and BFO/LNO thin films prepared by FGA at 400 °C is in
agreement with previous studies. Hydrogen ions could lead to a
reduction of bismuth oxide. Moreover, hydrogen in the lattice
of the BFO or at the grain boundaries in the films resulting from
FGA at 400 °C may lead to deterioration in the quality of the
crystals in BFO/Pt and BFO/LNO thin films, further
influencing the electrical properties of the films. It has been
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Fig. 1. (a) XRD patterns of the BFO/Pt thin films without and with thermal
annealing at 400 °C. (b) BFO/LNO thin films with and without thermal
annealing at 400 °C. FGA and RA denote forming gas annealing and recovery
annealing in ambient oxygen, respectively.

reported that, following FGA, exposure to a reducing
atmosphere increases the number of oxygen vacancies, leading
to a reduction at the grain boundaries in polycrystalline
dielectric oxide films [12].

Fig. 3 shows narrow scans of the XPS spectra of BFO/Pt thin
films following thermal annealing. The bismuth and iron ions of
the as-deposited films were in a trivalent oxidation state (data
not shown). The Bi 4f orbital of the BFO thin films prepared by
FGA and recovery annealing at 400 °C (Fig. 3(a and b)) shows
that bismuth ions were not in the trivalent oxidation state. Fig.
3(a and b) shows the doublet of the oxidized Bi*? 4f core level
together with that of the Bi° 4f core level for BFO thin films
treated with FGA and recovery annealing. The metallic Bi® 4f
core level may be formed by the reduction of Bi*® in the
reducing atmosphere. The reduction of bismuth oxide to
metallic bismuth was observed after thermal annealing in
ambient hydrogen [13]. The area ratio of metallic Bi to Bi** at
the core level was comparatively larger for FGA-treated BFO
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Fig. 2. SIMS depth profiles of the BFO/Pt and BFO/LNO thin films prepared by
FGA at 400 °C: (a) BFO/Pt and (b) BFO/LNO.

thin films than for recovery annealed films, showing a
difference in energy between the Bi*® 4f doublet and the
metallic 4f doublet for the BFO thin film, with the ration for the
FGA films notably lower than that of the recovery annealed
films (~1.76 eV for FGA-treated films and 2.32 eV for the RA-
treated films). The Bi—O bonds were broken by FGA but could
be recovered through the reaction of Bi and O in ambient
oxygen during oxygen recovery annealing [14]. A high-
temperature recovery annealing process (700-800 °C) was
adopted to repair chemical defects in SrBi,Ta,O9 oxide thin
films following FGA treatment [15]. The chemical configura-
tion of iron ions in BFO thin films following thermal annealing
was a mixed-valence state. The origin of Fe** jons might be
associated with changes in the valance of Bi and/or the
occurrence of oxygen vacancies in the films following thermal
annealing [16,17]. XPS results reveal that FGA caused a
reduction in Bi** and the formation of oxygen vacancies in the
BFO thin films. Subsequent recovery annealing improved the
chemical homogeneity of the FGA-treated films.

Fig. 4 shows the surface topography of the BFO thin films
with and without thermal treatment. The surface of as-deposited
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Fig. 3. High-resolution XPS spectra of Bi 4f core levels of BFO thin films: (a)
FGA at 400 °C and (b) recovery annealing at 400 °C. The Fe 2p spectra are
shown in the insets. The arrows located at ~708.5 eV correspond to Fe*.

BFO/LNO thin films was smoother and denser than that of the as-
deposited BFO/Pt thin films (Fig. 4(a and d)). The root-mean-
square (RMS) surface roughnesses of the BFO/Pt and BFO/LNO
thin films without thermal annealing were ~4.31 and 2.3 nm,
respectively. The LNO buffer layer reduced the surface roughness
of the BFO thin films. Moreover, the surface topography of the
BFO/Pt and BFO/LNO thin films was not markedly changed by
thermal annealing, perhaps because the temperature of FGA and
recovery annealing (400 °C) was slightly higher than the
temperature during the growth of the BFO thin films. The
annealing temperature was inadequate to provide the driving
force required to cause a transformation in the topography of the
thin films. The FGA slightly roughened the surface of the film
from 4.31 to 5.36 nm and from 2.3 to 2.75 nm for BFO/Pt and
BFO/LNO films, respectively. Moreover, the subsequent
recovery annealing in an oxygen atmosphere did not reduce
the surface roughness of the films (the RMS roughnesses of the
RA-treated BFO/Pt and BFO/LNO films were 5.43 and 2.79 nm,
respectively.) The relatively rough surface of the film resulting
from FGA was more likely to cause nanoscale electrical
inhomogeneity in the dielectric oxide films [18].

Fig. 5 shows the current maps for the BFO/Pt and BFO/LNO
thin films with and without thermal annealing measured at an
applied bias of 4 V during AFM scanning. The color of the
current maps of the as-deposited BFO/Pt and BFO/LNO thin
films was dark, revealing that the films remained highly
electrically resistant under an applied voltage of 4V,
corresponding to an average electric field of 500 kV/cm.
Furthermore, the FGA-treated BFO/Pt and BFO/LNO thin
films showed a large number of spots (white regions) of high
current leakage over the area of interest. Hydrogen atoms
diffuse into the BFO films during FGA, causing a reduction in
Bi*? in the BFO thin films, and accumulation of hydrogen at the
grain boundaries of the BFO thin films is associated with FGA
at 400 °C. The poor electrical resistance of the dielectric oxide
thin films is attributable to these factors. Recent work has
suggested that defects and impurity energy levels in the band
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Fig. 4. AFM surface images of the BFO/Pt and BFO/LNO thin films: (a) as-deposited BFO/Pt, (b) BFO/Pt with FGA at 400 °C, (c) BFO/Pt with recovery annealing at
400 °C, (d) as-deposited BFO/LNO, (e) BFO/LNO with FGA at 400 °C, and (f) BFO/LNO with recovery annealing at 400 °C.

gap can lead to high leakage currents [19]. FGA causes a large
increase in current leakage in perovskite SrTiOj; films [20]. It is
been suggested that interstitial hydrogen acts as a shallow donor
in dielectric SrTiOj, contributing to the conductivity of the
oxide [21]. Moreover, oxygen vacancies have been verified as
the main cause of high current leakage in BFO thin films [22].
BFO/Pt thin films had a higher level of electrical leakage than
BFO/LNO thin films under the same FGA conditions,
indicating that the relatively rough surface topography of
BFO/Pt thin films results in worse structural inhomogeneity in
the film when treated with FGA. In contrast, the subsequent
recovery annealing of FGA-treated BFO/Pt and BFO/LNO thin
films in ambient oxygen markedly recovered the nanoscale
leakage characteristics of the films, as shown in Fig. 5. The
highly conductive regions of BFO/Pt and BFO/LNO thin films
were largely reduced following RA, compared to those of FGA-

treated thin films. Although the duration of recovery annealing
was double that of FGA, the recovery annealed BFO/Pt and
BFO/LNO thin films were not electrically insulating, with an
electric field strength of 500 kV/cm. This observation is
consistent with previous studies and has been associated with
the fact that oxygen-recovery annealing may eliminate the
negative effects of incorporating hydrogen in the oxide;
however, many oxygen vacancies remain in the crystal
following recovery annealing, reducing the electrical resistance
of the dielectric films. A comparison of the current maps
between recovery annealed BFO/Pt and BFO/LNO thin films
demonstrated that the BFO film grown without an LNO buffer
had worse leakage characteristics than films grown with an
LNO buffer. This result reveals that the homogeneity in the
surface of the original film also influences the nanoscale
electrical properties of annealed BFO thin films.
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Fig. 5. The current maps of the BFO/Pt and BFO/LNO thin films with and without thermal annealing. The current maps were obtained under the bias voltage of 4 V

during AFM measurements.

4. Conclusions

The diffusion of hydrogen into BFO oxide films treated with
FGA at 400 °C was identified using SIMS depth profiling. A
marked reduction of Bi*® in the BFO thin film was observed
following FGA at 400 °C. Moreover, the subsequent recovery
annealing of FGA-treated BFO thin films in ambient oxygen led
to an improvement in the chemical homogeneity of the films. A
reduction of Bi*? in the film and hydrogen in the oxide lattice in
conjunction with the possible accumulation of grain boundaries
might account for the poor electric insulating properties of
FGA-treated BFO thin films. The leakage current of FGA-
treated films largely decreased following recovery annealing at
400 °C in ambient oxygen, although the films were not as
electrically insulating as as-deposited films.
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