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High quality epitaxial BiFeO3 (BFO) thin films have been grown on (001) SrTiO3 substrate by

magnetron sputtering. Both a-axis and c-axis BFO orientations were studied. Prism coupler results

reveal that the c-axis and a-axis refractive indices of the BFO thin films were 2.721 and 2.653 at

632.8 nm; the corresponding propagation losses were 4.3 and 4.6 dB/cm, respectively. An electro-

optic (EO) modulator based on such BFO film has been demonstrated with a fast switching time

t¼ 3.8 ls at 632.8 nm for the a-axis orientation and t¼ 3.4 ls for the c-axis orientation. Moreover,

these BFO films gave the Pockels coefficient reff¼ 19.3 pm/V for the c-axis orientation and

reff¼ 15.9 pm/V for the a-axis orientation at 632.8 nm. Such an anisotropic refractive index and lin-

ear EO behaviors are attributed to the epitaxial strain and stripe domain structure in the BFO thin

films with mixed phases. This study illustrates the suitability of the BFO thin films for EO modula-

tors and optical switches beyond their current extensive spintronic and memory applications.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953201]

BiFeO3 (BFO) is well known as one important multifer-

roic material which possesses coupled electric, magnetic, and

structural order parameters at room temperature, thereby giv-

ing rise to simultaneous ferroelectricity, ferromagnetism, and

ferroelasticity.1,2 As a lead-free material, BFO is regarded as

one potential candidate for the next generation of low-power

consumable, multifunctional, and environmental-friendly

nanoelectronics due to its electric-field controllable interplay

of lattice, charge, orbital, and spin degrees of freedom.3–5

Other than bulk BFO material, the BFO thin film offers a

compelling combination of large remnant polarization, high

Curie temperature, and strong inherent couplings that have

recently attracted enormous attention on spintronic and mem-

ory applications which can be addressed both electrically and

magnetically.1,4 Of course, above all, the BFO thin films also

demonstrate some interesting optical characteristics such as a

small band gap in the visible range (�2.74 eV),6 weak absorp-

tion,7 large nonlinear optical coefficient,8 large birefrin-

gence,9,10 and remarkable photovoltaic effect.11,12

The well-established electro-optic (EO) modulator is in-

dispensable in the modern telecommunications industry.

Standard EO modulators are based on microscope ferroelec-

tric LiNbO3 (LNO) with an efficient Pockels coefficient of

�30 pm/V.13 Although the conventional lead-based ferroelec-

trics such Pb(Zr,Ti)O3 (PZT),14,15 (Pb,La)(Zr,Ti)O3 (PLZT),16

and Pb(Mg1/3,Nb2/3)O3-PbTiO3 (PMN-PT)17 have also been

used as the modulating media due to their high transparency

(�80%) and large Pockels coefficient (100–270 pm/V), the

pollution to the environment cannot be ignored as a result of

the existence of lead. Recently, there have been extensive

effects to create lead-free BaTiO3 (BTO) and their deriva-

tives.18,19 However, the ferroelectric transition of the BTO

thin film is just above room temperature, which seriously lim-

ited its operation over wide temperature ranges. By constant,

ferroelectric transition temperature of BFO is around 830 �C
which is much higher than room temperature, maybe offer

promise for thin-film optical modulator operating over a wide

temperature range. Meanwhile, first principle calculations

reveal that a fully tetragonal phase with huge c/a¼�1.26 and

a very giant polarization of �150lC/cm2 can be obtained at a

highly compressive strained BFO thin films.5,20,21 Moreover,

the BFO thin film also possesses a mixed tetragonal-mono-

clinic-rhombohedral transition phase induced by the epitaxial

stress,21–23 thereby leading to the presence of morphotropic

phase boundary (MPB) which is similar to a rhombohedral-to-

tetragonal phase boundary in the conventional lead-based PZT

and PMN-PT thin films. Therefore, the lead-free BFO films

possess the potential of optical modulators as a substitute for

the lead-based materials such as PZT, PLZT, and PMN-PT. In

this letter, we fabricated the thin-film optical modulators based

on high-quality epitaxial BFO thin films along the a-axis and

c-axis orientation. Their refractive indices, propagation loss,

switching time, and Pockels coefficients for both c-axis and

c-axis orientations were also studied systematically.

Single crystal (001) SrTiO3 (STO) was ultrasonically

cleaned in acetone, isopropyl alcohol, and de-ionized water

subsequently. BiFeO3 ceramic disk with 10% bismuth excess

was used to deposit the BFO thin films on STO substrates by

magnetron sputtering. The films deposited at a substrate tem-

perature of �300 �C and at a pressure of �5 mTorr by using

mixed oxygen and argon gases. The films were post-annealed

by rapid thermal processing (RTP) under oxygen atmosphere

at 700 �C for 20 min for high crystallinity. X-ray diffraction
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(XRD, Shimadzu), prism coupler spectroscopy (Metricon),

and transmission electron microscopy (TEM, JEOL2010F)

were performed to investigate the samples. An experimental

optical setup using a 632.8 nm He–Ne laser with transmission

geometry was built to study the a-axis and c-axis electro-

optic effects of the BFO thin films.

Fig. 1(a) shows a typical h-2h XRD pattern of BFO thin

film grown on (001) STO substrate. Only the (ool) peaks

from the film and the substrate are evident, indicating that

the as-grown BFO thin films are epitaxially grown on the

substrates. The full width at half maximum (FWHM) of the

rocking curve for the (002) BFO reflection is �0.39� (not

shown), which is relatively narrow and confirms the high

crystalline quality of the samples. Previous studies have

shown that the BFO thin films grown on (001) or (101) STO

substrates are monoclinically distorted from the rhombohe-

dral structure due to the epitaxial constraint.24,25 From these

diffraction angles, the d spacing of (001) BFO films is deter-

mined to be 4.02 Å, larger than that of bulk BFO (�3.96 Å).

This indicates an elongation of out-of-plane lattice dimen-

sion, which is a result of the in-plane compression from STO

substrate. Fig. 1(b) shows the corresponding U scans for

such (001)-oriented BFO thin film and STO substrate. It is

worthwhile to note that the U scan of the (001) BFO peak

clearly has four sharp peaks separated by 90�, which is also

consistent with the monoclinic structure. To further under-

stand the crystal structure of the BFO films, a high resolution

TEM was used to study the cross-section interface between

the BFO film and the STO substrate. Fig. 1(c) reveals a repre-

sentative cross-sectional TEM image of the BFO film on the

STO substrate. It can be seen that the BFO thin film is of high

crystallinity. As shown in the inset of Fig. 1(c), the selected

area diffraction (SAED) pattern of the BFO thin films derived

from fast Fourier transform (FFT) further confirms the single

crystalline quality of the films. Fig. 1(d) demonstrates the

schematic for crystal structure of monoclinic BFO film on

cubic STO substrate, as well as the corresponding HRTEM

image of the interface between the film and the substrate. It is

noted that the interplanar spacing of the monoclinic BFO films

are calculated to be dh200i ¼ 2.846 Å and dh020i ¼ 2.776 Å,

respectively. According to TEM and XRD analyses, the as-

grown BFO film on the (001) STO substrate is monoclinic

phase with a¼ 5.692 and b¼ 5.532, which is in agreement

with values typically reported for this phase by magnetron

sputtering.25,26 In addition, we also observe the coexisting of

the monoclinic and tetragonal mixed phases, as shown in Fig.

1(e). It is believed that the rhombohedral-tetragonal-mono-

clinic transition strongly depends on the thickness and growth

conditions.22,26 Plenty of study have confirmed that such

MPB-like interfaces in BFO films can effectively enhance the

electric properties of the BFO thin film. For example, the lon-

gitudinal piezoelectric coefficient can reach 120 pm/V in the

mixed-phase BFO film compared with 65 pm/V in the pure-R

phase and 30 pm/V in the pure-T phase.27 Therefore, it is

expect that such mixed phase boundary in BFO thin film can

improve its optical and electro-optic properties.

Fig. 2 shows the TE (transverse electric, c-axis) and TM

(transverse magnetic, c-axis) guided-mode spectra for the

as-grown BFO thin films. Three TE and three TM modes

have been excited. The sharp reflectivity dips indicate a

good confinement of light into the waveguide layer of the

films. Using all the TE and TM modes in the spectra, the re-

fractive indices of the BFO films can be determined to be nTE

¼ 2.721 and nTM¼ 2.653, giving a refractive-index difference

FIG. 1. (a) Typical h-2h XRD scans of BFO thin films grown on (001) STO

substrate. (b) U scans for (001)-oriented thin films. (c) Low-magnification

cross-section TEM image of the samples. The inset is the FFT of the BFO

film area. (d) Schematic for crystal structure of epitaxial monoclinic BFO

thin films grown on cubic STO substrate, as well as the interplanar spacing

of the BFO films. (e) High resolution TEM image of the phase boundaries

between M and T regions, indicated by redline.

FIG. 2. (a) TE and TM mode spectra at a wavelength of 632.8 nm for the

BFO thin films grown on (001) STO substrate. (b) Scattered intensity from

TE0 and TM0 modes of the BFO films at 632.8 nm. The inset is a schematic

diagram of experimental arrangement for surface scattering loss.
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(birefringence), i.e., Dn¼ nTE�nTM¼ 0.068 at k¼ 632.8 nm.

The large birefringence can be ascribed to the highly (001)-

oriented texture of the BFO film. The refractive indices of the

samples are also in agreement with the values of the epitaxial

BFO thin films prepared by molecular beam epitaxy and

pulse laser deposition.9 Noted that the surface scattering is

the main propagation loss in transparent ferroelectric

thin films which can be derived for the film from measure-

ments of the out-of-plane scattered light intensity. Fig. 2(b)

shows the scattered intensity form TE0 and TM0 modes

at 632.8 nm. A least square fit gives the propagation losses

of 4.3 dB/cm and 4.6 dB/cm for TE0 and TM0 modes at

632.8 nm, respectively. Although the accuracy of propagation

loss is limited due to the small samples size and the short

scattering length, the prism coupler gives a good approxima-

tion, and the results are comparable to those values in other

perovskite ferroelectric thin films such as PZT and PMN-

PT.14,28 Obviously, the prism coupling technique is really

one quick and easy method to determine the refractive index

and propagation loss of the transparent ferroelectric thin

films, as compared to spectroscopic ellipsometry which

always requires substantial effort to simulate the raw data and

hence extract mathematically for the tensor components

along the ordinary and extraordinary principal axes of BFO

thin films.9 Table I summarizes the derived values of the ordi-

nary (no) and extraordinary (ne) refractive indices for perov-

skite EO materials using the prism coupling method at room

temperature, as well as the corresponding propagation loss.

These perovskite ferroelectric materials are divided into two

categories: lead-based EO materials (PZT,14 PLZT,16

(Pb,La)TiO3 (PLT),29 and PMN-PT28) and lead-free EO

materials (LNO,30 BTO,31 (Ba,Sr)TiO3 (BST),32 and

Na0.5K0.5NbO3 (KNN)33). Obviously, the BFO thin film dem-

onstrates the largest refractive index of �2.721 at 632.8 nm

which is propitious to utilize the prism coupler, compared to

other perovskite EO materials. Moreover, the BFO thin film

also possesses a low propagation loss which can be further

reduced by optimizing the growth process. Such a large re-

fractive index and a low propagation loss demonstrate the

potential of BFO as a substitute for the lead-based materials

in optical modulators.

An experimental optical setup with transmission geome-

try was used to carry out the electro-optic measurement of

the BFO thin films, as shown in Fig. 3(a). The details of this

method were presented in our previous works.15,34 In order

to determine the a-axis and c-axis electro-optic properties of

the BFO thin films, the electric fields along the two different

orientations are developed, as shown in Figs. 3(b) and 3(c).

In the typical transmission geometry, an input laser beam is

focused through the film onto the top electrode. Under the

applied electric field (a-axis, parallel to film surface), the

laser beam propagates through the BFO thin film (Fig. 3(b)).

Then, an oscilloscope converts this phase shift into an inten-

sity modulation, which is measured by a photodetector

locked to the frequency of the excitation voltage. On the

other hand, the second electric field direction is perpendicu-

lar to the surface (c-axis), as shown in Fig. 3(c). Transparent

indium tin oxide (ITO) and SrRuO3 (SRO) thin film are de-

posited as the top and bottom electrodes, respectively.

Fig. 4(a) shows a strong field-induced optical modula-

tion, as the external electric field is varied from 20 to 60 kV/

cm. The field-induced refractive index changes have been

summarized as functions of the external electric field (E), as

shown in Fig. 4(b). It is noted that all the BFO thin films ex-

hibit linear EO behavior and a strong dependence of EO

responses on the electric field orientation is clearly seen. The

linear EO coefficient (Pockels effect) of the BFO thin films

is given by15

Dn ¼ � 1

2
n3reffE; (1)

TABLE I. Derived values of the ordinary (no) and extraordinary (ne) refractive indices for perovskite EO materials using prism coupling method at room

temperature.

Materials no ne Propagation loss (dB/cm) Wavelength (nm) References

BFO 2.721 2.653 4.3–4.6 632.8 This work

PZT 2.454 2.433 �4.2 632.8 14

PLZT 2.365 2.345 �4.0 632.8 16

PLT 2.375 2.271 … 633 29

PMN-PT 2.542 2.448 4.1–4.8 633 28

LNO 2.233 2.203 … 632.8 30

BTO 2.224 2.219 … 1539 31

BST 2.219 2.170 2.6–3.0 632.8 32

KNN 2.286 2.232 … 655 33

FIG. 3. (a) Schematic diagram of optical setup for electro-optic measure-

ment in BFO thin films. (b) Interdigital electrodes with 100 nm Au and 5 nm

Ti are used in the a-axis orientation. (c) ITO and SrRuO3 thin films are used

the top and bottom electrodes in the c-axis orientation.
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where n and E are the refractive index and the applied elec-

tric field, respectively. In this case, the a-axis and c-axis

coefficients of the BFO thin films were calculated to be 19.3

and 15.9 pm/V, respectively. This value is superior to

12.0 6 0.3 pm/V of (101)-oriented BFO thin film by pulsed

laser deposition (PLD) method.9 As shown in the inset of

Fig. 4(b), the EO modulator based on such BFO films has

been demonstrated with a fast switching time t¼ 3.8 ls at

632.8 nm for the a-axis samples and t¼ 3.4 ls for the c-axis

samples, which is comparable to those values typically

reported in PMN-PT thin films.35 In fact, the linear EO coef-

ficient of perovskite ferroelectrics strongly depends on the

spontaneous polarization and dielectric constant36

rijk ¼ 2e0 ekl � dklð Þgo
eff ;ijk

Ps

n3
; (2)

where rijk, e0, ekl, dkl, go
eff ;ijk, Ps, and n are the linear EO coef-

ficient, dielectric permittivity, dielectric tensor, Kronecker

delta, temperature independent quadratic polarization-optic

coefficient of the octahedral, spontaneous polarization, and

packing density of octahedral (n¼ 1 for perovskite materials).

It can be seen that the linear EO coefficient of perovskite fer-

roelectric thin film is proportional to its spontaneous polariza-

tion (Ps) which significantly lies on the epitaxial strain and

domain structure in BFO thin films.24 The strain-driven MPB

of BFO films on STO substrate has been extensively discussed

previously.26,37 It can be considered as the free-energy cross-

over between the giant axial T-like phase and the R-like phase

akin to the bulk during the relaxation process of the elastic

energy.37,38 In the mixed-phase BFO system, the formation of

dislocation is replaced by the formation of the M-like phase,

as shown as Fig. 4(c). To accommodate the lattice mismatch

between T and M phases, the more compliant M phase

exhibits an expansion of the out-of-plane lattice constant

whereas the strain relaxes with the distance apart from the

phase boundary. A similar strain relaxation trend can be found

in lanthanum-doping tetragonal-like BFO thin films.38 Such a

strain gradient should account for the extraordinary polariza-

tion in the mixed-phase BFO films.27 Figs. 4(d) and 4(e) show

the topography and piezoelectric force microscopy (PFM)

images of the BFO thin films. The BFO films grown (001)

STO substrate demonstrate a typical twin-wall orientations for

stripe-like domains which match well with those predicted

from phase-field simulation.39 It is known that different do-

main structures of the BFO films grown on miscut (001) STO

substrates result in different ferroelectric properties.40 The in-

plane PFM images confirm two variants (r1 and r4) in the

BFO film on miscut STO substrates (Fig. 4(e)), which corre-

spond to 71� and 109� domains.41 In this case, the elastic

strain energy in BFO films are effectively relieved without

forming additional domain variants (r2 and r3).38,40 As a

result, the epitaxial strains and stripe domain structure in the

mixed-phase BFO thin film should be responsible for its ani-

sotropic optical and EO behaviors.15

In summary, the electro-optic modulator based high qual-

ity epitaxial (001)-oriented BFO thin films has been demon-

strated. Both a-axis and c-axis BFO orientations were studied.

The c-axis and a-axis refractive indices of BFO thin films

were 2.721 and 2.653 at 632.8 nm; the corresponding propaga-

tion losses were 4.3 and 4.6 dB/cm, respectively. These thin-

film BFO modulators have also been demonstrated with a fast

switching time t¼ 3.8 ls at 632.8 nm for the a-axis orientation

and t¼ 3.4 ls for the c-axis orientation. Moreover, it gave a

large Pockels coefficient reff¼ 19.3 pm/V for the c-axis film

and reff¼ 15.9 pm/V for the a-axis films at 632.8 nm. Besides

the nature of electricity and magnetism, this study illustrates

the potential of the BFO thin films for optoelectronic applica-

tions such as electro-optic modulators and optical switches

beyond their spintronic and memory applications.
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