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Optical and electro-optic anisotropy of epitaxial Bay ;Sr;3TiO3 thin films
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The anisotropic optical and electro-optic properties of ferroelectric Bag-Sry;TiO5 thin films,
deposited on highly transparent single-crystal MgO (001), (011), and (111) substrates using pulsed
laser deposition, were investigated. The experimental results show a strong correlation between
optical, electro-optic properties, and the orientation of Ba,-Sry;TiO; thin films. The linear
electro-optic coefficient r, of the (001), (011), and (111)-oriented Ba, 7St 3TiO5 thin films are 99.1,
15.7, and 87.8 pm/V, respectively. Such a correlation may be attributed to the orientation dependent
distribution and magnitude of spontaneous polarization. © 2010 American Institute of Physics.

[doi:10.1063/1.3302453]

Complex ferroelectric oxide thin films with excellent op-
tical properties and strong electro-optic (E-O) effects have
now opened up the potential for guided-wave devices used in
multifunctional integrated circuits." Great efforts have been
made to explore suitable ferroelectric oxide materials that
have large E-O coefficient and can be epitaxially grown on
low-refractive-index substrates.” Ba,_ Sr,TiO; (BST), tra-
ditionally considered as a superior microwave dielectric ma-
terial for application in wireless communication, has recently
attracted much attention in the optoelectronic community be-
cause of its combination of high E-O coefficients,®’ high
optical clarity, and low optical loss.®” Furthermore, BST thin
films have potential to overcome the major drawbacks of
currently used E-O ferroelectric materials, such as the high
cost and long optical path length of LiNbO; and LiTaOj;
single crystals and the environmental burden of lead content
in (Pb,La)(Zr, Ti)O5 transparent ceramics and thin films.

Anisotropy in ferroelectric materials has been inten-
sively studied for years. The physical tensor, such as dielec-
tric and piezoelectric properties in ferroelectric materials
are closely correlated with the material’s spontaneous polar-
ization distribution. Optical properties of the ferroelectric
thin films are expected to be anisotropic, since the spontane-
ous polarization has been switched due to the lattice distor-
tion. We have previously reported the strain effect on E-O
properties of Bay;Sr);TiO3 thin films grown on various
substrates.” However, information pertaining to the optical
and E-O anisotropy of BST thin films is limited. The under-
standing of orientation dependent optical properties of BST
thin films is technically important for practical optoelectronic
device development. In this letter, we investigated the optical
(transparency, refractive index, and band gap energy) and
electro-optic properties of Bag;Sry3TiO5 thin films accord-
ing to their crystalline orientations.

Orientation engineered Ba;Sr3TiO; thin films with
surface normal orientations of (001), (011), and (111) have
been epitaxially deposited on optically double-side polished
single-crystal MgO (001), (011), and (111) substrates, re-
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spectively, by pulsed laser deposition (PLD) using a KrF
excimer laser (Lambda Physik COMPex 205) with a wave-
length of 248 nm, a pulse width of 28 ns and a repetition rate
of 10 Hz. The laser beam impacts the rotating stoichiometric
target with an energy density of 2 J/cm?. The distance be-
tween the target and the substrate was fixed at 5 cm, while
the substrate temperature was maintained at 750 °C. All
films were prepared by a fixed number of 6000 pulses in an
oxygen atmosphere of 27 Pa. The growth conditions used in
this work have been 0&)timized and agreed well with reported
data by other group.l

The crystal structures of the Bay;Sry;TiOz thin films
were examined using an x-ray diffractometer (Bruker D8
Discover) equipped with Cu K« radiation. No secondary ori-
entations and phases are detected from the 6/26 scans (fig-
ures not shown here), indicating the BST films are oriented
along the particular normal of the substrates with a pure per-
ovskite phase. The full width at half maximum of the x-ray
rocking curves (w scan) for the BST (001), (011), and (111)
peaks of the (001), (011), and (111)-oriented BST films are
0.46°, 0.57°, and 1.06°, respectively, implying that the crys-
tallites of all three films are fairly well ordered. The in-plane
texturing of the BST thin films with respect to the major axes
of the MgO substrates was confirmed by the XRD ¢ scan of
the BST (110), (010), and (100) reflections of the (001),
(011), and (111)-oriented BST films. The peaks from BST
films coincide in position well with those from MgO sub-
strates, as shown in Fig. 1, which suggests a nonlattice-
rotated epitaxial growth of all the as-deposited BST films.
For optical applications, epitaxial growth is desirable, since
it can reduce light scattering due to a refractive index mis-
match at grain boundaries.’ Epitaxial growth is also neces-
sary if the ferroelectric thin film is to have E-O properties
comparable to the bulks."

Optical constants can be evaluated using the “envelop
method” developed by Manifacier et al."* For an insulating
film on a transparent substrate, assuming the film is weakly
absorbing and the substrate is completely transparent, the
optical band gap energy Eg,,, and refractive index n can be
derived from the transmission spectra. The optical transmis-
sion of the Baj,Sry3TiO5 thin films was measured using a
Perkin Elmer (precisely) Lambda 950 UV-VIS spectrometer
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FIG. 1. (Color online) XRD ¢ scans of (a) Bay;Sry5TiO3 (110) and MgO
(110) reflections of (001)-oriented film (b) Bay;Sr,sTiO; (010) and MgO
(010) reflections of (011)-oriented film and (c) Bay;Sry3TiO5 (100) and
MgO (100) reflections of (111)-oriented film, providing nonlattice-rotating
epitaxial growth of Ba;Sr;;TiO; thin films.

in the wavelength range of 200-2000 nm. All three BST
films are highly transparent in the visible to near infrared
regions, as shown in Fig. 2, which is favorable for applica-
tions in optical communication (e.g., A=1.3 and 1.5 um).
The transparency of the films drops sharply in the UV region
and the threshold wavelength is located at 311, 319, and 317
nm for (001), (011), and (111)-oriented films, respectively.
The optical band gap energy E,,, of a thin film can be de-
duced from the spectral dependence of the absorption con-
stant (v) by applying the Tauc relation'®

ahv=const(hv— Eg,)"", (1)

where v is the frequency and & is the Planck’s constant,
r=2 for a direct allowed transition. The absorption constant
a(v) is determined from the transmittance spectrum using the
relation'*

1

a(v) = [lnﬁ]/d’ (2)

where T(v) is the transmittance at frequency v and d is the
film thickness. Thickness of the BST thin films were mea-
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FIG. 2. (Color online) Optical transmission spectra of (001), (011) and

(111)-oriented Ba, St 5TiO5 thin films. Inset is the plots of (ahv)? vs hv for

Bay ;51 3TiO; thin films. The optical band gap energy Eg,, is obtained by
applying a “baseline” method.
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FIG. 3. (Color online) Variation of refractive indices of (001), (011), and
(111)-oriented Bay;Sr3TiO; thin films as a function of wavelength. The
solid lines are the fitting curves based on Cauchy equation.

sured by alpha-step profiler. [ 187, 193, and 225 nm for (001),
(011), and (111)-oriented films, respectively]. The optical
band ga;s) energy is then obtained by applying a “base line”
method"” in order to minimize the impact of reflectance
losses at air-film and film-substrate interfaces. Inset of
Fig. 2 shows the plots of (ahv)? versus hv for Bag;Sr,;TiO;
thin films grown on MgO substrates. The optical band gap
energies are found to be 3.57*0.01, 3.50*0.02, and
3.55+0.01 eV for (001), (011), and (111) oriented films,
respectively. It is obviously that the absorption edges and
optical band gap energy of the Bag;Sry;TiO; films are ori-
entation dependent. Although the grain size effect on ogtical
band gap energy of BST thin films has been reported,1 it is
believed that orientation is the predominant factor that is
responsible for the observed difference of Ey,, in our case,”’
as the average crystallites dimensions estimated by Scher-
rer’s formula for the three films are comparable. Similar ori-
entation dependence of band gap energy has also been ob-
served in other oxygen-octahedral perovskite ferroelectrics,
such as Pb(Mg,3Nb,/3)03-PbTiO;, etc.!”

The refractive index n of the as-deposited BST films was
derived on the basis of the following express.ions:12

n=\N"+\N'>-n?, (3)

_ 1+ n? Zns(Tmax — Tmin)
2 Tmamein

!

(4)

in which T,,,, and T, are the corresponding maximum and
minimum of the envelop around the interference fringes at a
certain wavelength N, n; is the refractive index of MgO,
which is taken from Ref. 18 based on Sellmeier dispersion
equation. The experimental values of the refractive index are
found to fit closely to a Cauchy function as a formula

n=A+(B/\)?+ (C/N)* (5)

where A, B, and C are determined from fits to the experimen-
tal spectra. The calculated »n and the dispersion of the refrac-
tive index for the three BST thin films were given in Fig. 3.
The dispersion curves rise rapidly toward shorter wave-
lengths, showing the typical shape of dispersion near an elec-
tronic interband transition. Conspicuous orientation depen-
dence of refractive index is discernable, especially in near
infrared region. The (001)-oriented film exhibits the highest
refractive index in near IR. The optical properties of an
oxygen-octahedral ABO; perovskite ferroelectric are domi-
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FIG. 4. (Color online) Change in birefringence 8(An) as a function of ap-

plied dc electric field for (001), (011), and (111)-oriented Bag 7Sty 3TiO5 thin
films. The birefringence was determined at a wavelength of 632.8 nm.

nated by BOg octahedra, which govern the low-lying conduc-
tion bands and the highest valence bands. This lowest energy
oscillator is the largest contributor to the dispersion of the
refractive index.' Meanwhile, voids caused by surface
roughness and porosity inside the film is another controlling
factor for the variation of refractive index.'*** Moreover,
changes in electronic structure due to lattice distortion and
some variations in atomic coordinate® may also be respon-
sible for the observed variation in refractive index of differ-
ently oriented BST thin films.

Electro-optic properties of the Bag;Sr)3TiO5 thin films
were measured with a transverse geometry at the wavelength
of 632.8 nm using modified Sénarmont method. Details of
this method were presented in our previous work.” The elec-
trode pattern used for E-O characterization consisted of two
gold coplanar electrodes, with dimensions 1.0X 8.0 mm?
separated by a 20 um wide gap. The film surface was set
with the direction perpendicular to the incident light passing
through the 20 um electrode spacing and the electric field
was applied normal to the incident light beam. The field
induced birefringence of the thin films was measured as a
function of dc electric field E at room temperature and the
result is shown in Fig. 4, in which strong orientation depen-
dence of E-O effect is clearly seen. E-O effect for the (011)-
oriented film is relatively weak, while large birefringence
changes 8An are revealed in (001) and (111)-oriented films.
All the three films exhibit predominantly linear birefringence
change with respect to the applied dc electric field. A slight
hysteresis behavior is observed in the SAn versus E plots for
(001)-oriented film, which is consistent with its enhanced
ferroelectric properties.21 Generally, the birefringence shift
due to linear E-O effect (Pockels effect) is given by Eq. (6)
as following:

SAn= %n3rCE. (6)

With this Eq. (6), the effective linear electro-optic coefficient
r. can be deduced from the slope of the SAn versus E plots.
In this case, the linear E-O coefficient r, of the (001), (011),
and (111) oriented BST thin films were calculated to be 99.1,
15.7, and 87.8 p.m./V, respectively. The difference in E-O
properties in the three kinds of oriented BST films may be
attributed to the changes in distribution and magnitude of
spontaneous polarization (electric) in orientation engineered
films. The polarization changes could originate from: (1) the
magnitude variation of the relative displacement of the Ti**
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with respect to 0%, (2) the change of domain growth mecha-
nism, and (3) the lattice distortion caused by the stain in
perovskite structure.”' Other factors, such as dielectric per-
mittivity, may also be responsible for the orientation depen-
dence of E-O effect in our tetragonal-distorted BST thin
films.** Further investigation needs to be conducted in order
to clarify the underlying physics of the E-O anisotropy in
BST films. Nevertheless, the linear E-O coefficients r. of
(001) and (111) oriented BST films are considerable higher
than that of commonly used LiNbOj; single crystals (30.8
pm/V),23 showing their potential for use in active waveguide
applications.

In summary, we reported a strong correlation between
the optical, electro-optic properties and the crystalline orien-
tation of epitaxial Ba;Sr;3TiO; thin films grown on single-
crystal MgO substrates by PLD. Understanding of the optical
and electro-optic anisotropy in ferroelectric thin films is a
critical issue for device design and fabrication. The refractive
index and band gap energy were extracted from the transmis-
sion spectra of the thin films by employing an envelop
method. The linear electro-optic coefficient r, of the (001),
(011), and (111)-oriented Bay,Sry;TiO; thin films were
found to be 99.1, 15.7, and 87.8 pm/V, respectively. Our
results suggested the (001) and (111)-oriented Bay;Sr,;TiO;
thin films are promising for integrated optics applications.
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