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Temperature-independent ferroelectric property and characterization
of high-TC 0.2Bi(Mg1/2Ti1/2)O3-0.8PbTiO3 thin films
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Longlong Fan (樊龙龙),1 Yangchun Rong (戎阳春),1 Jinxia Deng (邓金侠),1

Ranbo Yu (于然波),1 and Xianran Xing (邢献然)1,2,b)
1Department of Physical Chemistry, University of Science and Technology Beijing, Beijing, China
2State Key Laboratory for Advanced Metallurgy, University of Science and Technology Beijing, Beijing, China

(Received 19 April 2013; accepted 11 August 2013; published online 21 August 2013)

Ferroelectric property stability against elevated temperature is significant for ferroelectric

film applications, such as non-volatile ferroelectric random access memories. The high-TC 0.2Bi

(Mg1/2Ti1/2)O3-0.8PbTiO3 thin films show the temperature-independent ferroelectric properties,

which were fabricated on Pt(111)/Ti/SiO2/Si substrates via sol-gel method. The present thin films

were well crystallized in a phase-pure perovskite structure with a high (100) orientation and

uniform texture. A remanent polarization (2Pr) of 77 lC cm�2 and a local effective piezoelectric

coefficient d33
* of 60 pm/V were observed in the 0.2Bi(Mg1/2Ti1/2)O3-0.8PbTiO3 thin films. It is

interesting to observe a behavior of temperature-independent ferroelectric property in the

temperature range of room temperature to 125 �C. The remanent polarization, coercive field, and

polarization at the maximum field are almost constant in the investigated temperature range.

Furthermore, the dielectric loss and fatigue properties of 0.2Bi(Mg1/2Ti1/2)O3-0.8PbTiO3 thin

films have been effectively improved by the Mn-doping.VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4819205]

Thin films of ferroelectric materials with a perovskite

(ABO3) structure have been arousing widespread concerns,

because they exhibit remarkable achievements in the tech-

nology of ferroelectric and their potential applications, such

as non-volatile ferroelectric random access memories

(FeRAM).1–3 To date, a great need of the industry for mem-

ories has been raised for ferroelectrics for modern usage at

temperatures as high as possible. High Curie Temperatures

(TC) could guarantee operation at high temperature. The

relative low TC of the conventional ferroelectrics materials

(usually lower than 386 �C of Pb(Zr1�xTix)O3 (PZT)) limits

their applications.4 For applications with stability of struc-

ture and performance under specific temperature conditions,

the search for bismuth-based perovskite ferroelectric materi-

als has stimulated much interest due to the desirable behavior

of high TC, such as promising system of BiMeO3-PbTiO3,

where Me could be single trivalent cation (e.g., Sc3þ, In3þ,
and Fe3þ) or a mixed cation combination with an average tri-

valence (e.g., Zn1/2Ti1/2 and Mg1/2Ti1/2).
5–16 The improved

ferroelectric performances in the BiMeO3-PbTiO3 are

ascribed to the strong hybridization between oxygens and

A-site Pb/Bi or B-site cations which have a strong ferroelec-

tric activity, such as Ti and Zn.17,18 Bi substitution plays a

unique role in considerable enhancement on both large polar-

ization and high TC.
7 For instance, BiScO3-PbTiO3 (BS-PT)

solid solutions exhibit an excellent high temperature per-

formance (TC¼ 450 �C and Pr¼ 74 lC cm�2), which would

be the best high temperature ferroelectric materials so

far.5,19–21 However, in the case of high cost scandium sour-

ces, the broad and potential device applications of BS-PT is

severely restricted.

A significant alternative system of BiMeO3-PbTiO3 is

involved in the Bi(Mg1/2Ti1/2)O3-PbTiO3 (BMT-PT), which

has being considerably studied due to its good performances

such as high TC, low cost, zero thermal expansion, and other

good properties.9–13 Especially, it was found that the ferro-

electric performance of BMT-PT ceramics is enhanced at

elevated temperatures, which benefits applications of devi-

ces. It is ascribed to improved domain switching mobility

which is associated with reduced lattice distortion.11

Furthermore, BMT-PT exhibits zero thermal expansion over

a wide temperature range (RT� 500 �C), which benefits to

reduce thermal shock and enhance the reliability of devices

during application with thermal fluctuation.9 For the consid-

eration as high-TC ferroelectric films, the temperature de-

pendence of ferroelectric properties is most crucial for

applications. However, most studies on thin films have only

been relevant to structure and ferroelectric properties at

room temperature or lower temperature.12,15,22 Studies on

high temperature performance are very rare. Therefore, it is

necessary to investigate the temperature dependence of fer-

roelectric property of thin films. The present study selects

(1� x)BMT-xPT to fabricate high-TC thin films. The present

adopted compositions of (1� x)BMT-xPT (x¼ 0.8) is

focused not at the MPB compositions (x¼ 0.37) as previous

studies normally did,12 but at the tetragonal phase, since the

composition of x¼ 0.8 is at the highest TC zone. The compo-

sition of 0.2BMT-0.8PT would show higher thermal stability

of ferroelectric properties.10

In this work, (100)-oriented 0.2BMT-0.8PT films were

fabricated on Pt(111)/Ti/SiO2/Si substrates by a sol-gel dep-

osition method. The dielectric, ferroelectric, piezoelectric,

leakage current, and fatigue properties were investigated.

Particular attention was paid to study the temperature

dependence of ferroelectric property. 0.2BMT-0.8PT
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films show comprehensive electric properties and

especially the temperature independent remanent polariza-

tion property.

The 0.2BMT-0.8PT thin films exhibit pure perovskite

phase, when annealed at 650 �C (Fig. 1). It was found that

the 0.2BMT-0.8PT thin films can be crystallized in a pure

perovskite structure by sintering at a temperature range of

600� 700 �C. This result shows that the 0.2BMT-0.8PT thin

films, consisting of two end members of tetragonal PbTiO3

and metastable perovskite orthorhombic Bi(Mg1/2Ti1/2)O3,
23

are stable in the perovskite structure. In the present study, PT

thin films are taken as a reference for the 0.2BMT-0.8PT

thin films.

The thin films of 0.2BMT-0.8PT have a highly prefer-

ential texture. The first peak at 2h¼ 22.54� of thin film

should be indexed as (100) profile, since it is close to the

(100) peak of bulk powders with the same composition. Due

to the fact that the intensity maximum of the films appears

at the (100) peak, only a weak (101)/(110) peaks and ab-

sence of (001) peak, it indicates that a highly (100)-oriented

film was obtained (Fig. 1). Furthermore, the first peak in the

XRD of 0.2BMT-0.8PT thin films is also close to the (100)

peak of PT thin films, also indicating the (100) orientation

property of the 0.2BMT-0.8PT thin films. The level of ori-

entation can be described by the Lotgering factor (f).24 In

view of a large value of f (0.82), the 0.2BMT-0.8PT thin

films possess a good texture. It is known that there are a se-

ries of factors resulting in preferential orientation, such as,

lattice match,25 surface energy of planes,26 temperature of

dry and pyrolysis, and interface layer of PbO.25,27,28 The

(100) preferential orientation of the present films under the

present treatment process could be due to the lower surface

energy of the (100) planes resulted from the difficult forma-

tion of c-axis perpendicular to the growth face with a large

tetragonality (c/a) of 0.2BMT-0.8PT and PT films by RTP.

The highly orientation of films could improve ferroelectric

and mechanical properties. Additionally, in terms of the

sharp profile of (100) peak, the 0.2BMT-0.8PT films should

be well crystallized.

The change in the c/a of poly-domain 0.2BMT-0.8PT

thin films could be observed in the XRD patterns (Fig. 1),

according to the movement of (100) profile. Only one dif-

fraction profile could be observed for the tetragonal diffrac-

tion index of {100}, and it has a small movement to the

lower angle by comparison with bulk powders, indicating

the a(b) axis has a small increase in the thin film. It should

be expected that the (001) profile shifts to high 2h position,

even though it is not shown in the XRD pattern. Thus, the

c/a of 0.2BMT-0.8PT should be reduced in the thin film

which should be smaller than the value of c/a¼ 1.059 in the

bulk powder state. A similar result was also revealed in the

PT thin films, which is confirmed by uplifted (001) peaks

and descending (100) peaks in the XRD patterns. The PT

thin films have a reduced c/a compared with the PT bulk

powders. The reduction in c/a could arise from size effect

and interfacial stress.29,30 The film stress would exist in the

0.2BMT-0.8PT thin films, deriving from thermal expansion

mismatch and incomplete relaxation of lattice mismatch

between the films and the substrates. Additionally, the resid-

ual films stress is reported to be more pronounced in the

a-axis domains than c-axis domains.29 So the present highly

(100)-oriented films with more a-axis domains would exhibit

a reduced c/a. A similar phenomenon was also observed in

PbTiO3 nano-powders and thin films due to the effect of

small grain.30

The inset of Fig. 1 shows the cross-sectional image of

the 0.2BMT-0.8PT thin films. The SEM micrograph indi-

cates that the different layers between substrate and film are

clearly visible except Ti layer with a thickness �220 nm of

the present films. The SEM surface micrographs exhibit a

uniform grain size with approximately �100 nm,31 which

would be easy to polarization switch due to the existing of

predominantly multi-domains in the grain.32

According to lattice dynamical theory, Raman scatter-

ing spectra of the present films could be associated with rap-

idly determining the change of spontaneous polarization

(PS), as shown in Fig. 2. The four peaks of A1(1TO),

E(2TO), B1þE, and A1(2TO) are identified corresponding

to the one reported for PT single crystals with those lying at

148 cm�1, 220 cm�1, 290 cm�1, and 360 cm�1,33 which

indicates that the local structure of the 0.2BMT-0.8PT thin

films are the same to tetragonal perovskite. Note that there

are three peaks at 110 cm�1, 123 cm�1, and 143 cm�1 below

150 cm�1 in Raman spectra of PT films. It was reported that

anharmonicity of the double-well potential can lead to line

shapes composed of multiple subpeaks of A1(1TO) in ferro-

electric PT.34 The main peak is A1(1TO) at 143 cm�1, and

the other two are the subpeak of A1(1TO) at 110 cm�1 and

the peak of E(1LO) at 123 cm�1, respectively.35 The posi-

tions of Raman peaks for the PT films with A1(1TO),

E(2TO), B1þE, and A1(2TO) located at 143 cm�1,

208 cm�1, 287 cm�1, and 340 cm�1, respectively, shift to

the low frequency side from those observed for PT single

crystals. This suggests that the Raman peaks shift would be

ascribed to stress effect in films confined by substrates.

Similar phenomenon has been observed in crystal samples

with the experiment of hydrostatic pressure.29,36,37 Hence,

the c/a should be changed by substrate induced strain in the

films due to lattice mismatch and thermal expansion

FIG. 1. XRD patterns of 0.2BMT-0.8PT and PT films. XRD of PT film is

adopted for a comparison. The inset shows the cross-sectional image of the

0.2BMT-0.8PT thin films.
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mismatch between the films and the substrates. It should be

also true in the 0.2BMT-0.8PT films. The Raman peaks shift

of PT films may also be partly due to the simultaneous con-

tribution of size effect on the Raman frequency.38 These are

consistent with the XRD discussion as described previously.

Taken together, the reduced c/a of PT and 0.2BMT-0.8PT

films is attributed to both stress effect and size effect by

Raman and XRD measurements. It is well known that the

movement and switching of non-180� walls involve a signif-
icant change in c/a. In 0.2BMT-0.8PT thin films with high

(100) orientation, the dominant domain would be the non-

180� domain, notably 90� domain. Hence, the reduced c/a
could enhance the active switchable ferroelectric domains,

which would improve the remanent and maximum

polarization.11,39

The A1(1TO) mode consists of the vibration of BO6

octahedra relative to A-site ions parallel to the PS direction

(c-axis). The A1(1TO) is a useful vibration mode to quickly

indicate the variation in PS of PT-based compounds not only

with normally reduced but also enhanced c/a.8 In the

A1(2TO) mode, B-site ions move in the c-axis direction rela-

tive to A-site and oxygen ions, which is sensitive to the

B-site PS displacement.40 To better understand the PS varia-

tion of the 0.2BMT-0.8PT films, detailed comparisons of the

frequency of the soft mode were carried out with PT thin

films. The Raman active modes of A1(1TO) and A1(2TO) of

the 0.2BMT-0.8PT films become soft. The downward shift

reveals a reduced PS according to the lattice dynamical

theory. The decrease would be due to the strong negative

quadratic effect of A-B coupling with the inclusion of Mg

ions in the 0.2BMT-0.8PT films.10 From the above, we

believe that the 0.2BMT-0.8PT films should have both

reduced c/a and PS.

With the characteristic analysis above, it is interesting to

investigate the electric properties of 0.2BMT-0.8PT film. The

ferroelectric, conductive, dielectric, and piezoelectric proper-

ties were characterized by polarization-electric field (P-E),
leakage current-electric field (J-E), permittivity (dielectric

loss)-frequency, and displacement-voltage measurements,

respectively. Well-saturated hysteresis loops for the highly

(100)-oriented 0.2BMT-0.8PT films were measured at room

temperature (Fig. 3(a)). It can be clearly seen the growth of

P-E loop at a typical low-frequency of 100Hz with increas-

ing applied electrical fields. A saturated polarization up to

54lC cm�2 was observed. A remanent polarization (2Pr) of
77lCcm�2 and a coercive field (Ec) of about 121 kV cm�1

were calculated for the 0.2BMT-0.8PT films, which are

comparable with 0.25Bi(Ni1/2Ti1/2)O3-PbTiO3 thin films

(Pr� 40.9lCcm�2 and Ec� 117 kV cm�1) with the same

orientation and tetragonal composition.41 The high Ec of the

0.2BMT-0.8PT films would be due to the factors of small

grain size, interface stress, the (100) preferential orientation

with many 90�-domains, and the relatively large c/a when

compared with those compositions at MPB. As mentioned,

well-saturated hysteresis loops and good polarization could

be ascribed as follow: First, the (100) preferential orientation

indicates very good texture and homogeneous microstructure;

Second, more importantly, the high-TC 0.2BMT-0.8PT thin

films have a reduced c/a compared with bulk powders, which

would improve domain wall mobility. Note that the

0.63BMT-0.37PT thin films near the MPB composition did

not show saturated hysteresis loop owing to the leakage

current, and exhibit a relatively low Pr (17.8lCcm�2).12

However, the property of saturated hysteresis loops of present

tetragonal 0.2BMT-0.8PT thin films exhibits a considerable

high insulation resistivity, which is consistent with the low

leakage current property.31

Simultaneously, the local piezoelectric response depend-

ence of applied voltage is shown in Fig. 3(d). The measure-

ment of local piezoelectric displacement was carried out by

keeping the SPM tip fixed on the interesting grain with a DC

voltage from �9 to 9 V to record piezo-response signal. A

typical well-shaped “butterfly” loop is observed with a maxi-

mum displacement of 0.35 nm at 8.0 V. Through the obser-

vation of the piezoelectric hysteresis loop, the local effective

piezoelectric coefficient d33
* is estimated to be approxi-

mately 60 pm/V at 2.5 V. It is comparable to the piezoelec-

tric response of highly (100)-oriented BS-PT thin films

FIG. 2. Raman scattering spectra of 0.2BMT-0.8PT and PT films.

FIG. 3. Electric performances of the

0.2BMT-0.8PT films at room tempera-

ture; (a) The growth of ferroelectric

hysteresis loop measured at 100Hz at

different applied fields; (b) Local

piezoelectric response versus applied

voltage.

082902-3 Zhang et al. Appl. Phys. Lett. 103, 082902 (2013)



(70 pm/V).25 The fine piezoelectric response of the

0.2BMT-0.8PT thin films probably arises from the (100)

preferential orientation with many 90�-domains.

Fatigue is one of the most important factors in determin-

ing the lifetime and reliability of ferroelectric devices. The fa-

tigue characteristic of the 0.2BMT-0.8PT thin films is

displayed in Fig. 4. The fatigue measurement was performed

according to the normal electric fatigue process with a fatigue

signal of 8 V (about 3EC) in amplitude and 100 kHz in fre-

quency. It can be seen that the polarization decreases by

nearly 45% of the starting values after about 108 cycles,

which is comparable to the PZT thin films with the same elec-

trodes of Pt but inferior to the oxide electrodes,42 and chemi-

cal doping. In addition, the 0.2BMT-0.8PT thin films exhibit

a high dielectric constant of about 620 at 100 kHz. It needs to

note that a large dielectric loss of 0.08 was observed, which

should be reduced for the applications.31 To improve the fa-

tigue and dielectric performances, 0.5 mol. % Mn-doping was

carried out in the present 0.2BMT-0.8PT thin films. As shown

in the Fig. 4, the polarization decreases slightly after 108

cycles, indicating the enhanced fatigue stability. The dielec-

tric loss has also been reduced from 0.08 to 0.044 by the Mn-

doping.31 The improved performances would be due to the

reduction of hole and defect concentration resulting in lower

leakage current density by the Mn-doping.16 Furthermore,

Mn-doped films possess the same remanent polarization with

the undoped 0.2BMT-0.8PT films.

It is worth to noting that local temperature of an operat-

ing computer is easy to be higher than 100 �C for the appli-

cation. A significant fraction of the computer memory

industry, such as FeRAM, is involved in the performance

stability under elevated temperature. In the present study,

the ferroelectric hysteresis loops of the 0.2BMT-0.8PT films

were measured at different temperature at 1 kHz (Fig. 5(a)).

It is interesting to find that Pr, EC and polarization at maxi-

mum field (Pmax) are observed to remain constant with

increasing temperature (Fig. 5(b)). At temperature higher

than 100 �C, the slightly increase in the polarization is con-

tributed by an increased conductivity due to easy thermal

activation. It is interesting to note that the 0.2BMT-0.8PT

thin films show a much different behaviour of temperature-

polarization to the fundamental relationship in normal ferro-

electric materials. Commonly, with increasing temperature,

the cation PS displacement should be reduced and polariza-

tion values decrease continuously.43 Here, the temperature-

independent polarization property of the 0.2BMT-0.8PT

thin films should be due to the fact of high TC (about

550 �C).9,13 The investigated temperature (125 �C) in the

present study is sufficiently lower than its TC, and the PS

should slightly decrease in the investigated temperature

range from RT to 125 �C. It is well known that polarization

of ferroelectric is ascribed to not only the intrinsic polariza-

tion from cation displacement but also the extrinsic contri-

bution from domain wall motion. Hence, the identical

polarization values as function of temperature would be also

ascribed to the fact that domains with the same dipoles

become easier to switch with an increase in the amount of

switchable non-180� domains. By taking account both facts

of slightly decreasing PS and easier domain wall motion at

elevated temperatures, the property of temperature-

independent polarization is achieved in the 0.2BMT-0.8PT

thin films. The reliable temperature-independent polariza-

tion could be an important criterion for applications of

FeRAM. For further improvement on application at higher

temperature, the exploration would be encouraged to focus

on handing the leakage characteristics at more elevated

temperatures.16,31

In summary, the high-TC 0.2BMT-0.8PT thin films with

a thickness of 220 nm were deposited on Pt(111)/Ti/SiO2/Si

substrates via sol-gel method. The films show high (100) ori-

entation and uniform microstructure. The piezoelectric and

ferroelectric properties of the present low cost films exhibit

d33
* of 60 pm/V and 2Pr of 77 lC cm�2, which is better than

the BMT-PT thin films with 35.6 lC cm�2 near the MPB

composition. The good thermal stability of polarization

makes it interest to further exploration for ferroelectric mate-

rial applications. Furthermore, Mn doping effectively

reduced dielectric loss and enhanced fatigue reliability.

FIG. 4. Normalized polarization (PSW) versus switching cycles for the

undoped and 0.5 mol. % Mn-doped 0.2BMT-0.8PT thin films.

FIG. 5. Temperature dependence of

(a) ferroelectric hysteresis loop, (b) Pr

(remanent polarization), EC (coercive

field) and Pmax (polarization at maxi-

mum field) for 0.2BMT-0.8PT films

measured at 1 kHz.
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11J. Chen, X. L. Tan, W. Jo, and J. Rödel, J. Appl. Phys. 106, 034109 (2009).
12L. D. Liu and R. Z. Zuo, J. Am. Ceram. Soc. 94, 3686 (2011).
13C. A. Randall, R. Eitel, B. Jones, and T. R. Shrout, J. Appl. Phys. 95, 3633
(2004).

14J. Chen, X. R. Xing, C. Sun, P. H. Hu, R. B.Yu, X. W. Wang, and L. H.

Li, J. Am. Chem. Soc. 130, 1144 (2008); J. Chen, K. Nittala, J. S.

Forrester, J. L. Jones, J. X. Deng, R. B. Yuand, and X. R. Xing, ibid. 133,
11114 (2011).

15L. X. Zhang, J. Chen, H. Q. Zhao, L. L. Fan, Y. C. Rong, J. X. Deng, R. B.

Yu, and X. R. Xing, Dalton Trans. 42, 585 (2013).
16S. W. Ko, H. G. Yeo, and S. Trolier-McKinstry, Appl. Phys. Lett. 95,
162901 (2009); S. Y. Lee, S. W. Ko, S. Lee, and S. Trolier-McKinstry,

ibid. 100, 212905 (2012).
17I. Grinberg, M. R. Suchomel, P. K. Davies, and A. M. Rappe, J. Appl.

Phys. 98, 094111 (2005).
18M. Yashima, K. Omoto, J. Chen, H. Kato, and X. R. Xing, Chem. Mater.

23, 3135 (2011).

19T. Yoshimura and S. Trolier-McKinstry, Appl. Phys. Lett. 81, 2065

(2002).
20H. Wen, X. H. Wang, C. F. Zhong, L. K. Shu, and L. T. Li, Appl. Phys.

Lett. 90, 202902 (2007).
21J. Z. Xiao, A. Wu, P. M. Vilarinho, A. R. Ramosb, and E. Alvesb,

J. Mater. Chem. 19, 5572 (2009).
22M. A. Khan, T. P. Comyn, and A. J. Bell, Appl. Phys. Lett. 91, 032901
(2007).

23D. D. Khalyavin, A. N. Salak, N. P. Vyshatko, A. B. Lopes, N. M.

Olekhnovich, A. V. Pushkarev, I. I. Marozand, and Y. V. Radyush, Chem.

Mater. 18, 5104 (2006).
24F. K. Lotgering, J. Inorg. Nucl. Chem. 9, 113 (1959).
25H. Wen, X. H. Wang, X. Y. Deng, and L. T. Li, Appl. Phys. Lett. 88,
222904 (2006).

26P. Verardi, F. Craciun, M. Dinescu, and C. Gerardi, Thin Solid Films 318,
265 (1998).

27W. Gong, J. F. Li, X. C. Chu, Z. L. Gui, and L. T. Li, Acta Mater. 52,
2787 (2004).

28H. Wen, X. H. Wang, and L. T. Li, J. Am. Ceram. Soc. 90, 3248 (2007).
29S. H. Lee, H. M. Jang, S. M. Cho, and G. C. Yi, Appl. Phys. Lett. 80, 3165
(2002).

30E. K. Akdogan, C. J. Rawn, W. D. Porter, E. A. Payzant, and A. Safari,

J. Appl. Phys. 97, 084305 (2005); B. Jiang, J. L. Peng, L. A. Bursill, and

W. L. Zhong, ibid. 87, 3462 (2000); T. Ohno, D. Suzuki, K. Ishikawa, and

H. Suzuki, Adv. Power Technol. 18, 579 (2007).
31See supplementary material at http://dx.doi.org/10.1063/1.4819205

for experiment, SEM, leakage current, and dielectric properties of 0.2Bi

(Mg1/2Ti1/2)O3-0.8PbTiO3 Thin Films.
32S. B. Ren, C. J. Lu, J. S. Liu, H. M. Shen, and Y. N. Wang, Phys. Rev. B

54, 14337 (1996).
33M. D. Fontana, H. Idrisso, G. E. Kugel, and K. Wojick, J. Phys. Condens.

Matter 3, 8695 (1991).
34C. M. Foster, M. Grimsditch, Z. Li, and V. G. Karpov, Phys. Rev. Lett. 71,
1258 (1993).

35S. M. Cho and H. M. Jang, Appl. Phys. Lett. 76, 3014 (2000).
36J. A. Sanjurjc, E. Lopez-Cruz, and G. Burns, Phys. Rev. B 28, 7260
(1983).

37F. Cerdeira, W. B. Holzapfel, and D. Bauerle, Phys. Rev. B 11, 1188
(1975).

38K. Ishikawa, K. Yoshikawa, and N. Okada, Phys. Rev. B 37, 5852 (1988).
39T. Leist, T. Granzow, W. Jo, and J. Rödel, J. Appl. Phys. 108, 014103
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