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Abstract BiFeO3–PbTiO3 (BF–PT) solid solution thin

films were deposited on LaNiO3/SiO2/Si substrates by a

sol–gel multilayer deposition method in a super clean room

with rapid thermal annealing (RTA) technique. XRD pat-

terns of all the films demonstrate a single perovskite phase.

The induced orientation of LaNiO3 substrates leads to

highly (100) oriented texture. Cross-section SEM and EDS

pictures confirmed that the BFPT-based films are about

230 nm thickness and had formed a dense and uniform

solid solution. Film with a ratio of BF:PT = 1:2 (BFPT1-

2) possesses best ferroelectric properties. A saturated hys-

teresis loop with a remnant polarization of 66 lC/cm2

measured at room temperature was obtained, much higher

than that of BFPT7030 thin film, which was prepared by

depositing BFPT7030 sol directly on LaNiO3/SiO2/Si

substrates without multilayer deposition. BFPT1-2 thin

films also showed better dielectric and leakage current

properties than BFPT7030 thin film in the test range of

electric field and frequency. BFPT1-2 thin films exhibit

lowest leakage current and loss tangent, indicating that a

high quality of BFPT1-2 thin film was successfully pre-

pared by multilayer deposition method with a RTA tech-

nique with heating rate of 1 �C/s.

Keywords Ferroelectric � BiFeO3–PbTiO3 � Multilayer

deposition � Sol–gel

1 Introduction

BiFeO3 is an interesting ferroelectric material which shows

very high Curie temperature (TC*1103 K) [1]. High Curie

temperature indicates that it possesses high remnant po-

larization [2]. And the structure of its ferroelectric phase

shows huge shifts of Bi3? and Fe3? ions, as well as rota-

tions of oxygen octahedrons along h111i direction from the

nonferroelectric centrosymmetric cubic structure, resulting

in the R3c space group and a very high spontaneous electric

polarization [3]. Neaton et al. [4] calculated BiFeO3 has a

large ferroelectric polarization of 90–100 lC/cm2 with the

crystal structure of rhombohedral with space group R3c by

using density functional theory within the local spin den-

sity approximation method. Although in the past 10 years,

people gave numerous attentions on BiFeO3 [5–9], it is still

worth to research because of its obvious advantages and the

potential applications as high-density memories, thin film

capacitors, actuators and even in new energy devices [10].

BiFeO3 has a distorted perovskite structure which makes

it unstable on structure. In order to improve the ferro-

electric performance, different kinds of perovskite structure

were introduced to form solid solutions with BiFeO3 [11–

13]. Among them, PbTiO3 appears to be one of the most

promising end materials because the introduction of

PbTiO3 not only stabilizes the perovskite phase but also

forms a morphotropic phase boundary (MPB) with BiFeO3

due to the difference in crystal symmetry between PbTiO3

and BiFeO3. The (1 - x)BiFeO3–xPbTiO3 (BFPT100x)

system has attracted great attention since the system has

been suggested to exhibit high ferroelectric performance

with an MPB in BFPT100x at the composition of x & 0.3

[14]. BFPT100x system with different x has been studied

carefully to obtain its precise structural details [15–18]. It

is found that MPB structure is not only related to the x, but

& Haimin Li

lucialee@126.com

1 College of Materials Science and Engineering, Southwest

Petroleum University, Chengdu 610500, China

2 College of Materials Science and Engineering, Sichuan

University, Chengdu 610000, China

123

J Sol-Gel Sci Technol (2015) 75:353–359

DOI 10.1007/s10971-015-3706-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-015-3706-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-015-3706-4&amp;domain=pdf


also related to its sintered temperature [19]. Very recently,

Ashoka [19] have found that the metastable phase is a very

common feature in the BFPT100x system and it affects the

ferroelectric properties quite remarkably. MPB structure is

beneficial for piezoelectric properties and also, from the

data in the literatures, it is beneficial for enhancement of

remnant polarization of BFPT100x solid solution [19, 20].

However, it is hard to find MPB structure in

BFPT100x thin films, most of BFPT100x thin films exhibit

cubic (pseudocubic) or monoclinic phase [21–24], whereas,

very recently, Esat et al. [25] have prepared a BFPT7030

thin film by pulsed laser deposition (PLD) method, which

showed rhombohedral–tetragonal mixed phase.

BFPT100x thin films suffered from large leakage mainly

due to oxygen vacancies, accompanied by the volatilization

of Bi and Pb, which results in difficulty to test out saturated

hysteresis loops even in those thin films that are supposed

to have MPB structure, i.e., BFPT100x (x & 3) thin films

[23, 24, 26]. PbTiO3 showed better insulation resistance

and have lager adherence force than BiFeO3 on substrate,

which arouse our interest to prepare BFPT100x thin films

by multilayer deposition method to flexibly adjust the

composition and deposition sequence. In this paper, we

prepared five BFPT-based thin films by sol–gel multilayer

deposition method in a super clean room and obviously

enhancement of ferroelectric, dielectric and leakage current

properties had been found in these films which can be

compared to those high-quality films prepared by pulse

laser deposition method [25]. Since BFPT7030 thin films

showed better ferroelectric properties than other

BFPT100x thin films prepared by sol–gel method [23, 26],

and MPB structure has been found in BFPT7030 bulk and

film material [16, 21, 25], therefore, we also prepared a

BFPT7030 thin film by directly depositing BFPT7030 sol

on the substrates. We found that BFPT-based films pre-

pared by multilayer deposition method showed much

higher remnant polarization, lower leakage current, and

less tangent than BFPT7030 thin film.

2 Experiment

BFPT-based thin films were deposited on LaNiO3(LNO)/

SiO2/Si substrates by sol–gel process. 0.3 M BiFeO3 (BF)

sol was prepared by dissolving bismuth nitrate pentahy-

drate and iron nitrate nonahydrate in acetic acid and

ethylene glycol. The solution was then stirred at room

temperature for 6 h in aerated environment. 0.3 M PT sol

was prepared by dissolving tetrabutyl titanate (stabilized by

acetylacetone) and lead acetate trihydrate in ethylene gly-

col and then stirred at 45 �C for 6 h in aerated environ-

ment. Diethanol amine was added to BF and PT sol to

increase the viscosity. BFPT7030 sol was also been

prepared; the detailed process has been discussed in our

previous work [27]. The depositions were carried out in a

super clean room by spin coating at 2500 rpm for 30 s.

Five BFPT-based multilayered deposition films of BFPT1-

1, BFPT1-2, BFPT1-3, BFPT2-1 and BFPT3-1 were pre-

pared. All the BFPT-based multilayered films contain

twelve layers with BF or PT alternatively deposited on the

substrates, and in all configurations, the PT layers were

deposited before the BF layers. For example, BFPT1-1 was

prepared by deposition of 1 layer PT followed by deposi-

tion of 1 layer BF and then repeated this circle six times.

BFPT1-2 was prepared by deposition of 2 layer PT fol-

lowed by deposition of 1 layer BF, and then this circle was

repeated four times. BFPT7030 thin film was prepared by

depositing eight layers of BFPT7030 sol directly on the

substrates. Each deposition layer was dried for 1 and 3 min

at 150 and 200 �C, respectively, and then annealed at

700 �C for 90 s by rapid thermal annealing (RTA) tech-

nique with heating rate of 1 �C/s.

X-ray diffraction (XRD, DX-1000, Dandong, China)

with Cu Ka radiation (k = 1.54056Å) in the mode of h–2h
scan was used for the phase analysis of the films. The

cross-section morphology and energy-dispersive spec-

trometer (EDS) of these films were analyzed using a field-

emission scanning electron microscope (FE-SEM, HITA-

CHI S4800, Japan). The ferroelectric properties of the films

were measured using Au as top electrodes, which were

directly evaporated on the annealed films through a shadow

mask with a diameter of 0.5 mm by dc sputtering, forming

a Au/BFPT/LNO/SiO2/Si(100) stacked capacitor. The

LaNiO3 (LNO) layer of the LaNiO3/SiO2/Si substrates was

used as a bottom electrode. LNO was deposited on SiO2/Si

substrate by rf magnetron sputtering at the substrate tem-

perature of 450 �C with the ratio of oxygen and argon of

10:40 SCCM (SCCM denotes cubic centimeter per minute

at STP) under a working pressure of 2.0 Pa. The hysteresis

loops of polarization (P) as a function of applied electric

field (E) (P–E curve) and leakage current properties of

these thin films were evaluated by using the Radiant Pre-

cision Ferroelectric Measurement System (RT2000 Tester,

USA). The dielectric constant and loss tangent measure-

ment were performed by Agilent 4194A precision impe-

dance analyzer.

3 Results and discussion

Figure 1 shows all the six thin films XRD diffraction pat-

terns in the 2h range of 20–80. All the films demonstrate

single perovskite phase despite different proportion of PT

and BF. No individual peaks of PT or BF were found in the

five BFPT-based thin films, suggesting intermixing of these

films during post-deposition heat treatment and formation
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of a solid solution. The five BFPT-based thin films pre-

pared by multilayer deposition method show the same

diffraction patterns as BFPT7030 thin film, and no peaks

were found splitting, indicating that the five BFPT-based

thin films have formed a single phase just as BFPT7030

thin film. All the films show highly (100) preferred orien-

tation. The preferential orientation parameter, ahkl, can be

calculated by the following formula:

ahkl ¼ Ihkl=
X

Ihkl ð1Þ

where Ihkl is the relative intensity of the corresponding

diffraction peaks. The calculated preferential orientation

a(100) of the BFPT1-1, BFPT1-2, BFPT1-3, BFPT2-1,

BFPT3-1 and BFPT7030 thin films deposited on LNO/

SiO2/Si substrate is 0.68, 0.70, 0.68, 0.69, 0.68 and 0.67,

respectively, indicating that these films are highly (100)

oriented with a single perovskite phase, which is quite

different from other BFPT100x films deposited on Pt/Si

substrates and SiO2/Si substrates. In this case, the LNO

substrate is one of the main attribution to the highly (100)

preferred orientation. PbO would also lead to highly (100)

preferred orientation [28, 29] since PTO was first deposited

on LNO substrate. However, we did not find any PbO peak.

And BFPT7030 also showed highly (100) preferred ori-

entation, while it showed highly (110) preferred orientation

when deposited on SiO2/Si substrate [27]. Thus, we figured

out that the highly (100) preferred orientation stem from

LNO substrate. Wu et al. [30] had confirmed that BiFeO3

thin films with (100) or (111) preferred orientation would

show higher spontaneous polarization and larger fatigue

endurance than that of (110) preferred orientation. Thus, in

this case, we consider that the highly (100) preferred ori-

entation is beneficial to the ferroelectric and dielectric

properties.

To further confirm these films form a solid solution with

a single phase instead of multilayer films, the cross-section

SEM pictures of BFPT1-1, BFPT1-2 and BFPT2-1 were

observed, as shown in Fig. 2. From the SEM pictures, we

can see that these films form a solid solution film, no in-

dividual layer of BF or PT was observed, which is con-

sistent with the XRD results.

And also, we noticed that the films prepared by multi-

layer deposition method were less porous and combine

more compactly than BFPT7030 films (BF is 0.7 M and PT

is 0.3 M, as in our previous work [27]) prepared by sol–gel

process deposited directly on SiO2/Si substrate without

multilayer deposition, as shown in Fig. 2. BFPT1-1,

BFPT1-2 and BFPT2-1 thin films thickness was about

230 nm, much less than the eight layers BFPT7030 thin

film. We consider one of the reasons is that PT layer ad-

heres to the substrates more intensely than BF layer and

BFPT7030 layer. In all these multilayered deposition films,

BF layer deposited after PT layer deposited on the sub-

strates and it intermixed well with PT layer during post-

heat treatment and formed a single phase. It is observed

from the pictures that as the BF content increased, the films

thickness also increased. We consider, in this case, that BF

would form more porous structure, which leads to the in-

creased thickness, and the oxygen vacancies also increased

as the porous structure increased and leads to large leakage

current.

Figure 3 shows the cross-section EDS results of BFPT1-

2 and BFPT2-1 thin films. From the XRD and SEM cross-

section pictures, we could not conclude that the films had

formed a uniform solid solution although no other phase or

individual BF or PT layers were found. To figure out

whether the films have formed a uniform structure, we test

the cross-section EDS of Bi, Fe, Pb and Ti elements dis-

tribution of BFPT1-2 and BFPT2-1 films. Figure 3a shows

the Bi, Fe, Pb and Ti distribution in vertical direction of

BFPT1-2 film. No obvious distribution difference of these

elements in the vertical direction could be found. Figure 3b

shows the Bi, Fe, Pb and Ti distribution in the rectangular

region, and it can be seen that the four elements are equally

distributed. Similarly, no obvious distribution difference of

these four elements could be found in the vertical direction

or in the rectangular region in BFPT2-1 thin film as seen in

Fig. 3c, d.

Thus, we can conclude that although the five BFPT-

based thin films were prepared by multilayer deposition

method, after subsequent heat treatment, they had formed a

uniform solid solution with single phase rather than mul-

tilayer structure.

The ferroelectric properties of these films tested at room

temperature (RT) are shown in Fig. 4. From the test results,

we can see that although BFPT7030 thin film showed a

saturated P–E loop, it showed a much lower Pr of 33 lC/

Fig. 1 X-ray diffraction patterns of BFPT1-1, BFPT1-2, BFPT1-3,

BFPT2-1, BFPT3-1 and BFPT7030 thin films
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cm2 and a higher Ec of 110 kV/cm than that of BFPT1-2

and BFPT1-3 films. Obviously enhanced ferroelectric

properties were found in BFPT1-2 thin film, which showed

a saturated hysteresis loop with the highest remnant po-

larization (Pr) of about 66 lC/cm2, higher than other high-

quality BFPT7030 thin films prepared by PLD method

[24]. Although high Pr value has also been found in other

BFPT7030 thin film [23], it was measured at a very low

temperature (-190 �C), which could not get a saturated

hysteresis loop at RT, indicating large leakage current in

the BFPT7030 thin films, and some other BFPT100x thin

films showed rather low Pr prepared by sol–gel process

[31] or PLD method [32]. The BFPT1-2 thin film prepared

by multilayer deposition method not only shows the

Fig. 2 Cross-section SEM pictures of BFPT1-1, BFPT1-2, BFPT2-1 and BFPT7030 thin films

Fig. 3 Cross-section EDS pictures of Bi, Fe, Pb and Ti elements of BFPT1-2 and BFPT2-1 thin films, respectively
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highest Pr at RT, but also exhibits a low coercive electric

field (Ec) of about 100 kV/cm, indicating that it has a high

resistance property. BFPT1-3 also shows a saturated hys-

teresis loop with Pr of about 50 lC/cm2 and Ec of 75 kV/

cm.

However, as BF content increased, the ferroelectric

properties decreased. For films of BFPT2-1 and BFPT3-1,

no saturated hysteresis loops were found. This is mainly

due to that BF had inferior insulation resistance. We

ascribe the enhanced ferroelectric properties of BFPT1-2

thin film into four reasons. The first and main reason is that

we prepared the films by a multilayer deposition method.

By this method, dense and less porous structure thin films

were prepared. BF would form more porous structure

which results from the hoping electrons from Fe3? to Fe2?

and leads to electric conduction. At the same time, oxygen

vacancies act as a bridge between Fe3? and Fe2? formed

during the variation valence of Fe ions and increase the

electric conduction [33]. Since there is little variation va-

lence in PT layer, oxygen vacancies would not form in PT

layers and PT could adhere to substrates more dense than

BF. By using multilayer deposition method, oxygen va-

cancies would only exist in BF layers rather than BFPT

layers without multilayer deposition method during heat

treatment. The second reason is that BFPT1-2 thin film had

a proper ratio of BF:PT (1:2), which combine the most

advantages of these two materials and form a stable per-

ovskite structure.

The third reason is that we use a rapid thermal annealing

(RTA) technique with a heating rate of 1 �C/s. In our

previous work, we found that RTA technique is beneficial

to BFPT-based thin films prepared by sol–gel process,

which would reduce the volatilization of Bi and Pb ions.

And the heating rate of 1 �C/s is helpful for getting a better

microstructure [27]. And the last reason is that the films

were prepared in a super clean room, which prevents pol-

lution from the air dust or other impurities.

Figure 5 shows the leakage current properties of these

six films measured at RT. We test the leakage current of the

six films at the same voltage; however, BFPT7030 thin film

electric field is lower than other five films, which results

from the higher film thickness.

From the test results, it is easy to find that as BF content

increased, the leakage current density also increased, which

is consistent with the results of ferroelectric hysteresis

loops. BFPT1-2 and BFPT1-3 show the lowest leakage

current density. However, it is found that the dot lines of

leakage current density of BFPT1-2 and BFPT1-3 thin

films were more random than other three films; this maybe

due to the difference of conduction mechanism of these

films. BFPT7030 thin film showed the highest leakage

current, which could be ascribed to the more porous

structure as shown in Fig. 2.

The relative dielectric constant (er) and loss tangent

(tand) testing values measured at room temperature are

shown in Fig. 6. It was found that BFPT7030 thin film has

the largest dielectric constant, er is 542 at 1 kHz, and im-

proved dielectric constant can also be found in films of

BFPT1-1, BFPT1-2 and BFPT1-3, which is 492, 426 and

434 at 1 kHz, respectively. As the proportion of BF in-

creased, the er of the films decreased dramatically. The er

values are the smallest for the films of BFPT3-1, and it

decreased to 217 at 1 kHz, much smaller than that of other

films.

Although BFPT7030 showed highest er, it showed much

higher loss tangent than other films and it increased quickly

with increase in frequency. At 1 kHz, tand of the

BFPT7030 film is 0.108. However, BFPT-based films

prepared by multilayer deposition method showed much

lower loss tangent. When at 1 kHz, tand of the BFPT3-1

films is 0.06. The tand value for the films of BFPT1-1 and

Fig. 4 Room temperature measurement of P–E hysteresis loops of

BFPT1-1, BFPT1-2, BFPT1-3, BFPT2-1, BFPT3-1 and BFPT7030

thin films

Fig. 5 Leakage current density as a function of electric field of

BFPT1-1, BFPT1-2, BFPT1-3, BFPT2-1, BFPT3-1 and BFPT7030

thin films
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BFPT1-2 is 0.05 at 1 kHz, smaller than that of other films.

Furthermore, the loss tangent values for the film of BFPT1-

2 are lower than that of other films at the frequency range

from 1 to 100 kHz. Therefore, enhanced dielectric prop-

erties were found in BFPT1-2 thin film.

4 Conclusion

High-quality thin film of BFPT1-2 was prepared by sol–gel

multilayer deposition method. XRD and SEM–EDS pat-

terns showed that BFPT1-2 form a uniform solid solution

film without any individual peaks of BF or PT, indicating

that during the post-deposition heat treatment, BF and PT

layer intermixed well with each other. And all the films

showed highly (100) preferred orientation due to the in-

duced orientation of LNO substrates. SEM fracture surface

pictures indicate that more BF content, more thickness

films were grown, which illustrate that BF would form

more porous structure and leads to more thickness, and

maybe this is the main reason for oxygen vacancies.

The electric properties test results showed obviously

enhanced ferroelectric and dielectric properties in film of

BFPT1-2. A saturated hysteresis loop measured at RT was

found in BFPT1-2 with the highest Pr of 66 lC/cm2 and a

low Ec of 100 kV/cm, and also BFPT1-2 showed higher er

than other films except for BFPT1-1 and BFPT7030 thin

film, and lowest tand at the test frequency range of

1–100 kHz, indicating that with proper thickness and ratio

of BF:PT, high-quality BFPT1-2 thin films can be prepared

by sol–gel multilayer deposition method. And the RTA

technique with heating rate of 1 �C/s also plays an im-

portant role for the improvement of ferroelectric and di-

electric properties.
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