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The structural and piezoresponse properties of c-axis-oriented Aurivillius
phase Bi5Ti3FeO15 thin films deposited by atomic vapor deposition
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The deposition by atomic vapor deposition of highly c-axis-oriented Aurivillius phase Bi5Ti3FeO15

(BTFO) thin films on (100) Si substrates is reported. Partially crystallized BTFO films with c-axis

perpendicular to the substrate surface were first deposited at 610 �C (8% excess Bi), and

subsequently annealed at 820 �C to get stoichiometric composition. After annealing, the films were

highly c-axis-oriented, showing only (00l) peaks in x-ray diffraction (XRD), up to (0024).

Transmission electron microscopy (TEM) confirms the BTFO film has a clear layered structure,

and the bismuth oxide layer interleaves the four-block pseudoperovskite layer, indicating the n¼ 4

Aurivillius phase structure. Piezoresponse force microscopy measurements indicate strong in-plane

piezoelectric response, consistent with the c-axis layered structure, shown by XRD and TEM.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4752007]

Ferroelectric materials within the bismuth-based Aurivil-

lius family have attracted a great deal of attention from tech-

nological, scientific, and environmental points of view.1–5

These Aurivillius phases have a series of layered Bi-

containing oxides in c-axis direction in which (Bi2O2)2þ

layers interleave pseudoperovskite blocks, with the formula

(An�1BnO3nþ1)2�, where A represents monovalent, divalent,

or trivalent ions; B represents tetravalent, pentavalent, or hex-

avalent ions; and n represents the number of BO6 octahedra in

the pseudoperovskite layer.6

The layer-structure compounds within the Bi4Ti3O12-

BiFeO3 system combine ferroelectricity with the potential

for ferromagnetic properties,7 making them attractive for

producing films for use in information processing and stor-

age applications. Bi5Ti3FeO15 (BTFO) is an example of the

Aurivillius phase material with of n¼ 4 (Bi4Ti3O12-BiFeO3)

and thus has a four-layered perovskite unit of

(Bi3Ti3FeO13)2� sandwiched by two (Bi2O2)2þ layers along

c-axis.8 Previous work undertaken on BTFO has shown it to

be both ferroelectric, with a Curie temperature of about

730 �C,9 and to possess antiferromagnetic order, with a N�eel

point of 80 K.10 The magneto-electric coupling behavior11

and an obvious magnetocapacitance effect12 have also been

observed. By Nd-doping13 or by substituting Fe with the

Co14 BTFO, solid-solution films have been reported to

exhibit ferromagnetism to some degree, although recent

work15,16 has shown that great care must be taken, when

interpreting ferromagnetic responses, to eliminate the effects

of ferromagnetic second phases, even at very low levels. In

addition, Jang et al.17 reported the photocatalytic and the

photoelectrochemical performance of BTFO material for

photo-current generation under visible light (k� 420 nm).

BTFO material has been investigated in both bulk and

thin film forms.11–19 While methods such as sol-gel,12,19

solid-state reaction,17,18 and pulsed laser deposition4 have

been used to fabricate BTFO films, to date there have been

no reports of the use of metalorganic chemical vapor deposi-

tion (MOCVD) methods to deposit Bi4Ti3O12-BiFeO3 sys-

tem materials, although there have been many reports on the

deposition of Bi4Ti3O12 or BiFeO3 by MOCVD or liquid-

delivery MOCVD.20,21 Atomic vapor deposition (AVD) is

based on pulsed liquid-injection chemical vapor deposition

with a volume of each pulse of the order of microlitres.22 It

has been proved that AVD can deposit high-quality high-k

dielectric or ferroelectric films with a largely uniform film

thickness, composition, and electrical properties and is

highly suitable for mass production.22–24

A horizontal flow Aixtron AIX 200/FE AVD reactor

equipped with pulsed liquid delivery system was used to de-

posit the BTFO films with Bi(thd)3 (thd¼ 2,2,6,6-tetra-

methyl-3,5-heptanedionate), Fe(thd)3, and Ti(O-iPr)2(thd)2

(O-iPr¼ iso-propoxide) dissolved in dry toluene as the liquid

metalorganic precursors. The concentrations of these precur-

sors are 0.1M and their intrinsic similarity in organometallic

chemistry makes them reasonably compatible. The volumet-

ric liquid precursor delivery ratio is set at 5.5:3:1 for

Bi(thd)3, Ti(O-iPr)2(thd)2, as well as Fe(thd)3, where an

excess of 10% Bi(thd)3 is added to compensate the Bi evapo-

ration during post-deposition annealing. The volumes of liq-

uid precursors are measured by liquid flow meters at room

temperature.

High purity oxygen was employed as the oxidizing me-

dium with a flow rate of 600 sccm (standard-state cubic cen-

timeter per minute). The reactor pressure and the substrate

temperature were fixed to 10 mbars and 610 �C, respectively.

Other deposition conditions, such as evaporator temperature

(220 �C), injection frequency (1 Hz), and carrier gas flows

were varied to find out the optimal deposition conditions. To

improve the film uniformity, the substrate susceptor was

driven to rotate with a nitrogen flow of 40 sccm. N-type

(100) silicon wafer was used as the substrate. Before being

loaded into the reactor, the substrate was cleaned with meth-

anol and iso-propanol and dried by nitrogen. To reduce the

reaction between the film and Si substrate, oxygen was intro-

duced to reactor at 610 �C, to form a SiO2 protective layer,

before the deposition of BTFO film.a)Electronic mail: panfeng.zhangtolj@gmail.com.
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The crystalline structure of the films was examined by

x-ray diffraction (XRD) equipped with a Cu-Ka radiation

source (PANalytical X’pert PRO). Transmission electron mi-

croscopy (TEM) samples were prepared using focused ion

beam thinning procedures and examined at 200 kV (JEOL

2100). Energy dispersive (EDX) measurements were

obtained on JEOL 2100 instrument equipped with Oxford

Instrument EDX detector. Piezoresponse force microscopy

(PFM) measurements were conducted on a commercial

atomic force microscope (MFP-3DTM, Asylum Research) in

contact mode. The surface morphology and the thickness

were examined using scanning electron microscopy (SEM).

Figure 1(a) shows the h-2h XRD pattern of the as-grown

BTFO thin films on Si. Only three peaks of (008), (0010),

and (0014) planes can be observed indicating that the

as-grown BTFO is partially crystallized with c-axis perpen-

dicular to the substrate surface. It is reported that the film

composition and structure are sensitively affected by the sub-

strate temperature and the precursor delivery ratio.21 It is

found that at the substrate temperature of 610 �C the film

composition is very close to the precursor delivery ratio,

which means the liquid precursor supply mixing ratio can be

transferred into the as-grown film. In this case, the atomic

element ratio in the as-grown film is approximately 5.4:3:1,

similar to the liquid precursor supply mixing ratio mentioned

above. We speculate that there are two reasons for the accu-

rate ratio transferring: the first is that due to the relative high

vaporization temperature all liquid precursors can be vapor-

ized completely and the tube between vaporizer and reactor

is maintained at 240 �C without any condensation of gas pre-

cursors;21 the second is that the substrate surface has similar

absorption/desorption efficiency for all gas precursors. The

accurate controllability of composition in the deposited film

will facilitate the deposition of more complex Bi4Ti3O12-

BiFeO3 system thin films with integer or fractional n
values.7

To get a better crystal structure, the as-grown film was

annealed in a conventional furnace at 820 �C for 10 min. (In

the fabrication of SrBi2Ta2O9 (SBT) thin film by AVD, the

SBT film was also deposited at low temperature (510 �C)

and converted to crystallized film after annealing

(750 �C).24) Figure 1(b) shows the h-2h XRD pattern of the

annealed BTFO thin film. Up to (0024) plane diffraction

peak can be observed and no obvious second or impurity

phases are detected, indicating that a well layered Aurivillius

phase BTFO film formed. The c-axis lattice parameters, cal-

culated from h-2h peak positions, with weightings according

to the intensities of the lines, are 4.14 6 0.01 nm and

4.104 6 0.004 nm for the as-grown and annealed films,

respectively. The reduction in the c-axis parameter on-

annealing indicates a reduction in the out-of-plane stress of

ca 1% during the annealing process. As the pre-annealed

out-of-plane stress is tensile, the pre-annealed in-plane stress

must be compressive. After annealing, the peaks become

sharper and the value of FHWM (full width at half maxi-

mum) decreases (e.g., the (0014) peak FHWM decreases

from 0.56� to 0.29�). A calculation of the average thickness

of the scattering particles in the out-of-plane direction using

the Scherrer formula applied to all the available peaks, and

using the breadth of the Si lines as an in-built peak-breadth

standard and again weighting the measurements according to

the XRD line intensities, indicated an increase in average

grain size from 14.1 6 1.3 nm to 27.0 6 4 nm.

Figure 2 shows the surface morphology of the as-grown

and annealed BTFO films. For the as-grown BTFO film, the

surface is rough and the grains are not well coalesced. The

line-shaped grains have lengths between 100 nm and 300 nm.

After annealing, most of the grains are coalesced well and

possess plate-like morphology forms, which is characteristic

of layered structures of Aurivillius phase materials.19 There

is an approximate doubling of the grain size in the in-plane

direction, which is in-proportion with the change in grain

thickness measured in the out of plane direction reported

above. The as-grown film has a thickness of 100 nm and no

obvious change is observed after annealing in average

thickness.

Figure 3(a) shows the cross-section TEM image of the

annealed BTFO/Si sample. The BTFO layer has a clear lay-

ered structure and shows a good uniformity within whole

thickness. In addition, the film is free of intergrowth of

other-n Aurivillius phases.26 An interlayer between the

BTFO film and underlying amorphous layer was observed

and its thickness is 1–2 nm. Apart from the interlayer, EDX

spectra confirm the BTFO film to possess stoichiometric

FIG. 1. h-2h x-ray diffraction patterns of the as-grown (a) and annealed (b)

Bi5Ti3FeO15 films, in which the Si substrate peaks are marked by asterisks.

FIG. 2. SEM images of surfaces of the as-grown (a) and annealed (b) Bi5Ti3
FeO15 films. The images were taken at a tilt of 60�.
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composition and the amorphous layer with a composition of

SiO2. The high resolution TEM (HRTEM) image of

annealed BTFO film is shown in Fig. 3(b). The stacking

structure of bismuth oxide layer and the four-block pseudo-

perovskite layer along c-axis of BTFO can be clearly

observed showing the film has the n¼ 4 Aurivillius phase.

The c-axis lattice parameter measured from HRTEM image

is about 4.12 6 0.02 nm, in good agreement with that from

XRD results.

It is well-known that odd-n-numbered Aurivillius phase

materials show minor Ps along the c-axis as well as major Ps

along the a-axis while even-n-numbered ones show sponta-

neous polarization (Ps) only along the a-axis.25 For BTFO

with n¼ 4 there would be a linear dielectric response on

measurements of ferroelectric properties in out of plane

direction.4,25 So PFM was used to investigate the piezoelec-

tric properties of the films at room temperature. Vertical and

lateral single frequency measurements were conducted at a

drive frequency of 100 kHz. Vertical PFM images show that

there is no obvious phase contrast (Fig. 4(a)) and weak am-

plitude (Fig. 4(b)). It should be pointed out that the bright

areas in Fig. 4(b) are due to the rough grains over surface not

the intrinsic piezoresponse, as seen in Fig. 2(b). Lateral PFM

images show a strong phase contrast and amplitude contrast

as seen in Figs. 4(c) and 4(d), respectively. These results are

significantly different from the samples on Si made by sol-

gel method, where the orientation of grains is distributed ran-

domly and strong phase and amplitude contrasts are clearly

observed in vertical direction.19

In summary, BTFO thin films were deposited on (001)

Si substrates at 610 �C by AVD with diluted liquid precur-

sors and the structural and piezoelectric properties were

investigated. A SiO2 layer was formed before the deposition

of BTFO layer to reduce the reaction between the BTFO film

and Si substrate. The as-grown film was slightly crystallized

with c-axis perpendicular to the substrate surface and post-

deposition annealing (820 �C, 10 min) was performed to

increase the crystallization. In the as-grown film, Bi has an

excess of 8% and stoichiometric composition was achieved

after annealing. XRD and TEM confirm that the annealed

BTFO film has a well-developed c-axis-oriented layered

structure with a c-axis length of about 4.104 6 0.004 nm.

PFM measurements prove that the polar a-axis is parallel

with the substrate surface and the BTFO film shows strong

in-plane piezoresponse.
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