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a  b  s  t  r  a  c  t

The  Mn  doped  0.63Bi(Mg1/2Ti1/2)O3–0.37PbTiO3 (BMT–0.37PT–xMn,  x = 0–0.01)  thin  films  were  deposited
on  Pt(1  1 1)/Ti/SiO2/Si  substrates  by  a  sol–gel  method.  The  effect  of  the  Mn  doping  concentration  on  the
structure  and  electrical  properties  of  BMT–0.37PT  thin  films  was  studied.  The  X-ray  diffraction  data  indi-
cate  that  the  B-site  Mn  substitution  does  not  change  the  perovskite  structure  of the  films.  The  X-ray
photoelectron  spectra  show  that  Mn  ions  mainly  exist  as  Mn3+ except  for  a few  as  Mn2+ for  the  1 mol%
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Mn  doped  BMT–0.37PT  film.  Moreover,  it was  found  that  the addition  of  a small  amount  of  Mn  effec-
tively  reduces  the  dielectric  loss  and  improves  the  resistivity  of  the  films.  The  BMT–0.37PT–0.005Mn  film
exhibits  lower  leakage  current  density  than the undoped  BMT–0.37PT  film  such  that  saturated  hystere-
sis  loops  can  be  achieved.  As  a result,  the BMT–0.37PT–0.005Mn  film  exhibits  the  largest  permittivity
(εr ∼ 1271  at  1 kHz)  and  remanent  polarization  (Pr ∼ 17.4  �C/cm2 at 100  Hz)  in all  studied  compositions.

m
co
lectrical properties

. Introduction

Much attention has been recently given to the ferroelec-
ric thin films with high Curie-temperatures (Tc) because both
igh electrical performances and good temperature stabil-

ty are required for applications in automotive, aerospace,
nd related industries [1–3]. Some BiMeO3–PbTiO3 and
i(Me1,Me2)O3–PbTiO3 solid solutions have been widely studied

ncluding BiScO3–PbTiO3 (BS–PT) [4], Bi(Ni1/2Ti1/2)O3–PbTiO3
BNT–PT) [5], and Bi(Mg1/2Ti1/2)O3–PbTiO3 (BMT–PT) [6]. BS–PT
eramics close to a morphotropic phase boundary (MPB) exhibit a
igh Tc (450 ◦C) and excellent piezoelectric properties (piezoelec-
ric constant d33 ∼ 460 pC/N and planar electromechanical coupling
actor kp ∼ 56%) [4]. 0.51BNT–0.49PT compositions possess a Tc

f >400 ◦C and good piezoelectric properties [5]. (1 − x)BMT–xPT
eramics were also been reported to have a relatively high Tc

∼430 ◦C), good piezoelectric properties (d33 ∼ 225 pC/N), and high
emanent polarization (Pr ∼ 38 �C/cm2) for the MPB  composition
x ∼ 0.37) [6]. However, the potential applications of BS–PT and
NT–PT systems were limited by the high cost of scandium
ources, and the relatively high conductivity and dielectric loss,

www.sp
espectively. By comparison, BMT–PT exhibits better potentials for
igh-temperature device applications because of its high Tc, good
lectrical properties and low cost.
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In our previous work, the MPB  BMT–PT thin films were
reported to exhibit excellent dielectric and ferroelectric proper-
ties with dielectric constant εr = 1477 and remanent polarization
Pr = 17.8 �C/cm2 at 1 kHz [7]. However, the hysteresis loop of
BMT–0.37PT films cannot be saturated owing to the relatively high
electrical conductivity. This phenomenon has also been found in
bulk ceramics [6,8]. The leakage current of ferroelectric thin films
could seriously hinder their applications because it would degrade
the long-term reliability of the storage elements and the refresh-
ing time, induce large power consumptions and further give rise to
the fatigue failure [9–11]. Therefore, it is essential to improve the
electrical resistivity of BMT–PT thin films.

It is known that doping is an effective and simple method to
tailor electrical properties of ferroelectric thin films. It has been
demonstrated that the Mn  doped ABO3 perovskite ferroelectric thin
films showed a reduction of the dielectric loss and an enhance-
ment of the resistivity value [12–14]. In this work, the Mn-doped
0.63BMT–0.37PT (BMT–0.37PT–xMn, x = 0.0, 0.002, 0.003, 0.005,
and 0.01) thin films were fabricated on Pt(1 1 1)/Ti/SiO2/Si sub-
strates by a sol–gel method. The effects of the Mn  doping contents
on the structure, dielectric, ferroelectric properties and leakage
current characteristics of the high-temperature thin films were
investigated.

.

2. Experimental

According to the stoichiometry of BMT–0.37PT–xMn films,
10 mol% excess Pb and Bi were used to compensate for

dx.doi.org/10.1016/j.apsusc.2012.12.087
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:piezolab@hfut.edu.cn
dx.doi.org/10.1016/j.apsusc.2012.12.087
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In  order to clarify the reason for the change of the peak position,
the valence states of Mn  ions for the 0.5 mol% and 1 mol% Mn  doped
BMT–0.37PT thin films were investigated by XPS. Fig. 2 shows Mn
2p XPS spectra of BMT–0.37PT–0.005 Mn  and BMT–0.37PT–0.01Mn

m

cn
Fig. 1. (a) XRD patterns of the BMT–0.37PT–xMn thin films annealed at 675 ◦C for

he volatilization loss. Firstly, Mg(NO3)2
. 6H2O (≥99.0%),

i(NO3)3·5H2O (≥99.0%) and Mn(NO3)2 (49% ∼ 51%) were dis-
olved in 2-methoxyethanol (2-MOE, ≥99.0%) in sequence.
i(OC4H9)4 (≥98.0%) was dissolved in 2-MOE using acetylacetone
s the stabilizer and chelating agents. Pb(OOCCH3)2·3H2O (≥99.0%)
as dissolved in glacial acetic acid. Then, Pb(OOCCH3)2 solution
as added to the Ti(OC4H9)4 solution and stirred for 10 min. Subse-

uently, the above mixed solution was added into a mixed solution
f Mg(NO3)2, Bi(NO3)3 and Mn(NO3)2 and simultaneously stirred
o form a stable sol by adjusting the pH value of ∼5.4. Finally, an
ppropriate amount of N-N Dimethylformamide as a drying control
hemical additive was added into the above solution to prevent the
lm from cracking. A little 2-MOE was added to adjust the viscosity
nd ultimately to form the BMT–0.37PT–xMn precursor solution
ith a concentration of 0.2 M.  After aging for 3 ∼ 5 days in air, the

hin films were deposited onto Pt(1 1 1)/Ti/SiO2/Si substrates by
 repeated spin-coating process at 4000 rpm for 30 s. After each
pin-coating step, the films were dried at 200 ◦C for 5 min, and
yrolyzed at 500 ◦C for 8 min  under ambient atmosphere. Finally,
he thin films were annealed at 675 ◦C for 30 min.

The  phase structures were characterized by an X-ray diffrac-
ometer (XRD, D/MAX2500 V, Rigaku, Japan) with Cu K� radi-
tion. High-resolution X-ray photoelectron spectroscope (XPS,
SCALAB250, Thermo, America) was used to determine the valence
tates of Mn  ions. The surface microstructure of BMT–0.37PT–xMn
hin films was observed by an atomic force microscope (AFM, Being
ano-Instruments CSPM-4000, Beijing, China). The dielectric prop-
rties (permittivity and loss tangent) as a function of frequency
ere measured by a precision impedance analyzer (HP 4194A,
ewlett-Packard, Palo Alto, CA). A ferroelectric testing system (Pre-
ision LC, Radiant Technologies Inc., Albuquerque, NM)  was used to
valuate the ferroelectric properties and the leakage current char-
cteristics of the thin films.

. Results and discussion

.1.  XRD spectra

www.sp
The  XRD patterns of the BMT–0.37PT–xMn thin films annealed
t 675 ◦C for 30 min  are shown in Fig. 1. The diffraction peaks were
dentified by using the standard powder diffraction data of pure
in, and (b) locally magnified (2 0 0) diffraction peaks for all studied compositions.

PT.  It is found that all the films consist of a single perovskite phase.
The diffraction peak positions of the BMT–0.37PT–xMn thin films
are roughly in agreement with the standard diffraction peak pos-
itions of PT, indicating that the Mn  doping does not change the
perovskite structure of the film. However, as shown in Fig. 1 (b), the
position of the (2 0 0) diffraction peak is shifted to a higher angle
with increasing the Mn  doping content up to 0.5 mol%, indicating
that the unit cell volume is decreased. This can be attributed to the
substitution of high-valance Mn  ions (Mn3+ ∼ 0.58 Å, low spin for
CN = 6; ∼0.645 Å, high spin for CN = 6; Mn4+ ∼ 0.53 Å, for CN = 6) for
Ti4+ (∼0.605 Å,  for CN = 6) [15]. However, as the Mn  doping content
increases from 0.5 mol% to 1 mol%, the position of the (2 0 0) peak
does not change any more.

3.2.  XPS spectra

.co
m.
Fig. 2. X-ray photoelectron spectroscopic spectrum of Mn  2p for the BMT–0.37PT
thin  films doped with 0.5 mol% Mn  and 1 mol% Mn.  The “�” symbol represents the
experimental  data. The wide solid line represents the best fit to the experimental
data.  The thin solid lines represent the fitted multiple peaks.
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Fig. 3. Surface morphologies of BMT–0.37PT–xMn thin films

amples. For the evaluation of the XPS data, the backgrounds have
een subtracted from the spectra by the Shirley method [16], and
he peaks were fitted by the software XPS-PEAK. It can be seen that
or both spectra, the main peak located at about 645.3 eV should
orrespond to the 2p3/2 orbit peak of Mn3+, and another peak at
bout 655.9 eV should be the 2p1/2 orbit peak of Mn3+ [17]. Com-
ared to the 0.5% Mn  doped sample, the 1 mol% Mn  doped sample
till has two extra peaks which correspond to the 2p1/2 orbit peak
f Mn2+ at about 641.5 eV and 653.3 eV, respectively. Therefore,
he shift of the diffraction peak position to higher angles can be
ttributed to the substitution of Mn3+ for Ti4+ as the Mn  doping con-
ent increases to 0.5 mol%. However, the diffraction peak positions
o not change as the Mn  doping content increases from 0.5 mol% to

 mol%. This is because Mn2+ (larger ionic radius) and Mn3+ (smaller
onic radius) substitute for Ti4+ simultaneously. However, the ionic
adius of Mn2+ (0.67 Å, low spin for CN = 6;0.83 Å, high spin for
N = 6) is larger than that of Ti4+ [15]. As a result, the substitution
f Mn2+ for Ti4+ would be limited, so that some Mn2+ ions would
emain at the grain boundary.

.3.  Morphology

Fig. 3 displays the surface morphology of the samples with dif-

www.sp
erent Mn-doping concentrations. It can be observed that the films
ith low Mn-doping contents exhibit a dense microstructure and a
niform grain size distribution. However, as the amount of Mn  was
urther increased up to 1 mol%, inhomogeneous grain growth was
 = 0.0, (b) x = 0.002, (c) x = 0.003, (d) x = 0.005 and (e) x = 0.01.

observed.  This may  be due to the abnormal grain growth induced by
the remaining Mn2+ ions at the grain boundary. Compared with the
undoped BMT–0.37PT film, the grain size is smaller and the surface
is more dense and smooth for films doped with a small amount of
Mn.  However, with the increase of the Mn  doping content, the grain
size increases. The possible reasons are given as follows: on the one
hand, doping tends to change the crystallization process [18]. As
Mn ions were doped in BMT–0.37PT, the crystallization mechanism
could change from a homogeneous nucleation to a heterogeneous
nucleation. The heterogeneous nucleation would promote the grain
nucleation rate and simultaneously inhibit the grain growth, so that
the grain size becomes smaller for the Mn  doped samples; on the
other hand, because Mn  ions mainly exist in the state of Mn3+, Mn3+

ions are likely to enter the B site to replace Ti4+. To satisfy the
requirement of charge neutrality, the extrinsic oxygen vacancies
would be formed according to the following equation:

2Mn3+ + 2Ti4+ → 2Mn′
Ti + 7OO + V••

OE (1)

where  Mn′
Ti stands for a Mn3+ ion at a Ti4+ site, OO strands for the

oxygen ion on its normal site and V••
OE stands for the extrinsic oxy-

gen vacancy. The increased oxygen vacancies tend to promote the
lattice diffusion, and thereby speed up the grain growth [19]. As

shown in Fig. 1 (b), the diffraction peak position was shifted to the
higher angle as Mn-doping contents increase to 0.5 mol%, indicat-
ing that more Mn3+ ions enter the B site. As a result, the grain size
increases with the increase of the Mn  doping content.
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ig. 4. The dielectric permittivity and loss tangent as a function of frequency for
MT–0.37PT–xMn thin films as indicated.

.4. Dielectric, ferroelectric and leakage current measurements

The frequency dependence of the dielectric permittivity and
issipation factor for the BMT–0.37PT–xMn thin films is shown

n Fig. 4. There is no sudden change of dielectric permittivity in
he frequency range up to 100 kHz for Mn-doped BMT–0.37PT
lms. The dielectric permittivity exhibits a slight decline as the sig-
al frequency increases from 1 kHz to 100 kHz. For the undoped
MT–0.37PT thin film, the dielectric permittivity declines dis-
inctly at lower frequencies. This can be attributed to the reduced
pace charge polarization. The dielectric permittivity of Mn-doped
MT–0.37PT films is smaller than that of the undoped sample. This

s a typical feature of the “hard” doping. The BMT–0.37PT–0.005Mn
hin film demonstrates the largest dielectric permittivity among
ll Mn-doped samples. This might be due to the relatively large
rain size for the 0.5 mol% Mn  doped BMT–0.37PT film, as com-
ared with other doped films in this study. However, for the
MT–0.37PT–0.01Mn film, the bad topography would result in the
egradation of dielectric properties. The effect of the grain size on
he electrical properties of thin films has been studied in our previ-
us work [7]. In the low frequency range, the dissipation factors of
n-doped BMT–0.37PT thin films are obviously reduced compared

o those of the undoped film, although the surface topography of
MT–0.37PT–0.01Mn film is not dense enough. Mn  doping effec-
ively reduces the dielectric loss, meaning that the leakage current
an be reduced by Mn  doping.

Polarization  versus electric filed (P–E) hysteresis loops of
MT–0.37PT–xMn thin films are shown in Fig. 5. It can be found that
aturated hysteresis loops are obtained for the Mn  doped samples at

 frequency of 100 Hz, while much higher frequencies are required
or the undoped BMT–0.37PT thin film. The BMT–0.37PT–0.005Mn
hin film measured at 100 Hz showed a more saturated hystere-
is loop than the undoped one at 1 kHz, as can be seen from
ig. 5 (a). This means that the leakage current was reduced effec-
ively by Mn  doping. Fig. 5(b) shows the P–E loops measured at
00 Hz for BMT–0.37PT films doped with different contents of
n. Compared with the undoped BMT–0.37PT thin film, the Mn

oped samples show a decreased remanent polarization Pr and a
educed coercive field Ec. This is because the large leakage current
or the undoped BMT–0.37PT film might result in a nonphysical
ncrease of the remanent polarization and the coercive field [20].

ith increasing the Mn  doping content, the remanent polarization
f the film decreases and the coercive field increases except for
he BMT–0.37PT–0.005Mn film. Since Mn  ions belong to acceptor

www.sp
opants in this case, the formed oxygen vacancies would induce
hard” characteristics. In hard piezoelectric materials, ferroelec-
ric domains are pinned by the internal bias field owing to defect
ipoles caused by a non-centric distribution of oxygen vacancies
Fig. 5. P–E hysteresis loops of BMT–0.37PT–xMn thin films (a) x = 0.0 and 0.005 at
different  signal frequencies, and (b) x = 0.0–0.01 at 100 Hz.

and dopants Mn  ions [21,22]. As the Mn  doping content increases,
more ferroelectric domains are pinned. As a result, the switching
of domains becomes harder. Therefore, the remanent polarization
tends to decrease and the coercive field tends to increase. Similar to
the result of dielectric properties, the BMT–0.37PT–0.005Mn thin
film shows the optimum ferroelectric properties with the largest
Pr ∼ 17.4 �C/cm2 at 100 Hz, which is almost the same as that in the
undoped film at 1 kHz. The Pr value of BMT–0.37PT–0.005Mn thin
film is almost as same as that of the bulk ceramics (Pr = 18 �C/cm2)
prepared by a solid-state reaction process with the addition of
polyethylene glycol [22], and higher than that of bulk ceramics
(Pr = 7.9 �C/cm2) fabricated by a conventional solid-state reaction
method [8]. However, it is much lower than that of bulk ceramics
(Pr = 38 �C/cm2) prepared by a high-pressure technique [6].

Fig.  6 shows the electric field dependence of the leakage current
density of the undoped BMT–0.37PT and BMT–0.37PT–0.005Mn
thin films. It is noticeable that the BMT–037PT–0.005Mn film
shows lower leakage current density than the undoped sample.
The leakage current density of both films increases gradually
with increasing the applied electric fields. The current density of
BMT–0.37PT–0.005Mn film is 3.1 × 10−5 A/cm2 under an electric
field of 0.2 MV/cm. Owing to the lead and bismuth volatilization
during post annealing, intrinsic oxygen vacancies and free electrons
are possibly formed according to the following equation:
OO ↔ V••
OI + 2e′ + 1/2O2 (2)

where  V••
OI denotes the intrinsic oxygen vacancy and e′ denotes the

free electron. As demonstrated above, when Mn3+ acceptor replaces
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ig. 6. Leakage current characteristics of undoped BMT–0.37PT and BMT–0.37PT
0.005Mn  thin films.

i4+, the extrinsic oxygen vacancy would be formed. As the substi-
ution of Mn  ions increases, the content of the extrinsic oxygen
acancy would increase. The increased oxygen vacancy eventually
educes the amount of both intrinsic oxygen vacancies and free
lectrons [14,23]. Therefore, the current density of the 0.5 mol% Mn
oped BMT–0.37PT film can be significantly decreased as compared
ith that of the undoped thin film.

. Conclusions

The BMT–0.37PT–xMn thin films were fabricated by a sol–gel
ethod on Pt(1 1 1)/Ti/SiO2/Si substrates. The X-ray diffraction

esults indicate that the B-site Mn  substitution does not change
he perovskite structure of the films. The grain size was  reduced
y doping a small amount of Mn,  whereas increased as the Mn
oping content becomes more. Mn  doping effectively enhances
he resistivity and decreases the loss tangle of the films. The
MT–0.37PT–0.005Mn film shows lower leakage current density
han the undoped BMT–0.37PT film such that saturated hysteresis
oops can be obtained. The BMT–0.37PT–0.005Mn thin film exhibits
he largest dielectric permittivity and remanent polarization in the
oping concentration range.
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