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The BiFeg 95 Mng 9503 (BFMO) thin films were deposited on Pt/Ti/SiO,/Si substrates using a metal organic
decomposition process combined with a sequential layer annealing method. The BFMO film annealed
for 10 min/layer exhibits a much larger remanent polarization (P, ~ 81 wC/cm?), a lower coercive field
(E.~178kV/cm), as well as stronger charge-retaining ability and fatigue resistance in comparison with
that annealed for 2 min/layer, demonstrating that prolonging the annealing time can favor the improve-
ment of the ferroelectric properties of BFMO film. These results are discussed based on the phase transition
as well as the formation of defect complexes between oxygen vacancies and acceptors during the anneal-

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

BiFeO3 (BFO) is one of the most intensively studied multifer-
roic materials [1-8], and has been demonstrated to be a promising
lead-free candidate for ferro- and piezoelectric devices. However,
the severe leakage problem and large coercive field (E.) of BFO-
based films may hinder its future application in devices. A lot of
efforts have been made to decrease the leakage current of BFO-
based film prepared by the chemical solution deposition method
[9-12]. Among these efforts, the isovalent-ion substitution of Mn3*
at Fe3* sites has been verified to be an effective method not only
for reducing leakage current but also for enhancing the ferroelectric
properties of BFO films. Unfortunately, the reported Mn-doped BFO
films exhibit a large coercive field (E- >300kV/cm)[13,14]. Consid-
ering that the BFO-based films may be aged to some extent due
to the formation of defect complexes between oxygen vacancies
[(Voz,)-..].and acceptors [(.Aﬁe})’], such as (Feggf)’ or (M.ni;g.+ Y
[15,16], it is natural to consider that such a large E. is not an intrin-
sic characteristic of BFO but should be due to that the ferroelectric
domains in the aged films are stabilized by the local field produced
by defect complexes. Thus, E. could be reduced to a great extent
through decreasing the content of (V2 )ee in the film. It is well
known that prolonging the annealing time can favor grain growth
of the film, which should in turn reduce the grain boundaries as
well as the content of (V;2- )ee, since that the (V,2- Jee are prone to
locating at the grain boundaries. That is, prolonging the annealing
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time should have a positive effect on deaging the film. On the other
hand, prolonging the annealing time could accelerate the diffusion
of (V2-)ee in the film, which may in turn lead to the full aging
of the film. Therefore, the above mentioned positive and negative
effects resulting from prolonging the annealing time on the aging
of BFO-based films should be investigated to clarify which effect is
dominant.

In the present work, the ferroelectric properties of the
BiFe( g5 Mng 9503 (BFMO) film annealed for 2 min/layer (BFMO» 1in )
and BFMO film annealed for 10 min/layer (BFMO1q i) Were com-
paratively investigated. The enhanced ferroelectric properties for
the BFMOqg iy film demonstrate that prolonging the annealing
time can favor the deaging of the BFMO film.

2. Experimental procedure

The BFMO thin films were deposited on Pt/Ti/SiO,/Si substrates using a metal
organic decomposition process. The precursor solution was prepared by dissolving
bismuth nitrate, iron nitrate and manganese acetate in acetic acid and ethylene
glycol. Each layer of the BFMOjon, film was deposited onto the substrate by
spin coating at 6000 rpm for 20s. Each layer was pyrolyzed at 400°C for 10 min
in air and annealed at 525°C for 10 min in N, atmosphere. These steps were
repeated several times before the desired thickness (600 nm) was obtained. For
comparison, BFMO; i, film with each layer annealed at 525°C for 2min in N;
was also fabricated. Au top electrodes were deposited on the films using a sput-
tering system through a shadow mask with a diameter of 200 wm for electrical
measurements. The crystal structures of the BFMO films were characterized by
an X-ray diffractometer (XRD, D8, Bruker, Germany). The surface morphologies
of the films were detected using an atomic force microscope (AFM, NSIV, Veeco,
NY) in the tapping mode. A standard ferroelectric tester (Radiant Technologies,
Albuquerque, NM) was used to measure the ferroelectric properties at room tem-
perature.
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Fig. 1. XRD patterns of BFMO1q min, and BFMO; i, films.

3. Results and discussions

Fig. 1 shows XRD patterns of the BFMOqg, film and the
BFMO3 in, film. It can be found that both films exhibit similar
polycrystalline structures except the differences in the relative
intensity and the full width at half-maximum (FWHM) of (01 2)
peak. The relative intensity of (0 12) peak for the BFMO1q i, film
is much stronger than that of BEMO, i, film, while the FWHM
of the (012) peak for the former (0.305) is smaller than that of
the latter (0.349). This should be due to that the grain growth
induced by the minimization of surface and grain boundary ener-
gies occurs through the motion of grain boundaries during the
course of prolonging the annealing time [Note that the (0 12) plane
has the lowest surface energy among all facets of the lattice.]
[17].

An evident difference of the grain size can be observed from the
surface morphologies in the AFM images shown in Fig. 2. The root
mean square (rms) roughnesses for BFMO5 i, and BEMO1 g i, films
are 2.375 and 3.424 nm, respectively. The larger rms roughness of
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Fig. 2. AFM images of (a) BFMO, i, film and (b) BFMO1g ;i film.

the latter should be due to its larger grain size compared with the
former, which is consistent with the XRD results.

Fig. 3(a) and (b) show the electric field dependence of P-E hys-
teresis loops for BFMO1g i, and BFMO; iy, films. It can be found
that the P-E hysteresis loops for BEMO1 ¢ i, film show higher rect-
angularity (Pr/Ps equals to 92%) than that (83%) of BFMO5 1, film
at electric field of 500 kV/cm. Note that the P, value (~81 u.C/cm?)
of BFMO1gmin film is about 53% larger than that (~53 wC/cm?)
of BFMO, i, film, while the E. value (~178kV/cm) of the for-
mer is about 10% smaller than that (~204kV/cm) of the latter.
It is well known that the Ps vector is along (11 1) direction for
the BFO with a rhombohedral structure. The P, ratio between the
(110) orientation and the (012) [(001).] orientation was /2/1
[1,18]. Accordingly, the stronger relative intensities of (0 12) peak
in BFMO1{g iy film indicate that its P- value should be lower than
that of BFMO, j, film. It is contrary to the results shown in Fig. 3(a)
and (b). This indicates that a phase transition from the distorted
rhombohedral to tetragonal structure should occur in BFMO films
[19,20], leading to that the Ps vector may be converted from (11 1),
direction into (012) [i.e.,, (001); indexed using the tetragonal
symmetry]| direction. Nevertheless, the difference of the relative
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Fig. 3. Room temperature ferroelectric properties of BFMO¢ min and BEMO; i, films. P-E hysteresis loops as a function of the electric field of (a) BEMO1 ¢ min film; (b) BFMO3 pin

film; (c) Pr and (d) E. as a function of the electric field for both films.
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Fig. 4. Room temperature ferroelectric properties of BFMO;gmin and BFMO, i, films: (a)The pulsed polarization (normalized AP) as a function of retention time for both

films and (b)The normalized AP as a function of switching cycles for both films.

intensity of (012) peaks in these two films can hardly account
for such a large distinction of the P, value. There should be other
crucial factors affecting the ferroelectric properties. Note that the
BFMO films in this work were annealed in N, at 525°C that was
much lower than the Curie temperature of BFO (850 °C). Therefore,
aging can inevitably occur because of the formation of defect com-
plexes between (V,2- Jee and (Aﬁ;’3+ ) [15,16]. The polarization (Pp)
of defect complexes can align along the direction of Ps during aging
[21], which in turn provides a driving force to hinder the switch-
ing of ferroelectric domains and eventually reverse as-switched
domains to their original orientations (i.e., domain backswitching)
[16]. Therefore, the larger P- value of BFMOg iy film than that of
BFMO5 i, film should be due to the less defect complexes formed
during the annealing treatment, which should result from the less
(Vg2-)ee because of the smaller volume fraction of grain bound-
aries. This demonstrates that prolonging the annealing time is an
effective method for deaging the film. On the other hand, the neg-
ative effect resulting from the diffusion of (V2 )ee as mentioned
in introduction can be ruled out in BFMO1q iy film, since that the
diffusion of (V,2- Jee can be accomplished in a short time.

The dependence of P; and E. value on the electric field are also
plotted for clarity as illustrated in Fig. 3(c) and (d), respectively. The
Pr and E. for BFMO1g i, film are readily to become saturated com-
pared with those for BEMO, i, film. This can be attributed to be the
lower E; for BFMOg i, film resulting from the adequate and uni-
form grain growth. The broad distribution of E. value for BFMO5 min
film should be due to that the increased leakage current originated
from the gradual release of (V;2- )ee from the defect complexes lead
to the decrease of effective electric field applied on the film.

As shown in Fig. 4(a), the loss of the pulsed polarization
[AP=P* (switched polarization) — P~ (nonswitched polarization)]
for BEMO1gmin film for the retention time up to 10%s is only 2%,
which is about one-fifth of that for BFMO, ,;, film. This provides
an evidence for the much weaker driving force resulting from the
less defect complexes in the former than that of the latter. On
the other hand, both films exhibit almost the same fatigue-free
behavior although BFMO, i, film exhibits an 8% polarization loss in
retention test [see Fig. 4(b)]. It has been proposed by Hu et al. that
the defects complexes of (Ai;;r Y =(V2-)ee can be broken by the
applied electric field [11]. However, the movement of the released
(Vgz-)ee during the fatigue test will be greatly limited by (Ai;g L)
through the recombination with (V- )ee, meaning that few oxy-
gen vacancies can reach the interface between the electrode and
BFMO films during the electric field cycling. It is worth noting that,
in contrast to the obvious fatigue behaviors in Zn-doped BFO film
reported by Hu et al. [11], the strong fatigue resistance in BFMO; i
film can be ascribed to the less (V- )ee released from the defect
complexes, because the electric field (1.2 E.) adopted for fatigue
test in the present work is much lower than those utilized by Hu et

al. (note that the E. for BFMO, i, film is about 33% lower than that
of Zn-doped BFO film).

4. Conclusions

In summary, the ferroelectric properties of BFMO; i, and
BFMO1 g min films were comparatively investigated. Phase transition
from the distorted rhombohedral to tetragonal structure should
occur in BFMO films, leading to that the Ps vector may be con-
verted from (11 1), direction into (0 12) [i.e., (00 1); indexed using
the tetragonal symmetry] direction. The BFMO1g i, film exhibits a
larger P, value (~81 wC/cm?) and smaller E value (~178 kV/cm) in
comparison with BEMO, i, film. This should be due to the higher
relative intensity of (0 12) peak and less defect complexes formed
in the former compared with those of the latter. This demonstrates
that prolonging the annealing time is an effective method for deag-
ing the BFMO film.
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