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Strong optical and electro-optic (EO) anisotropy has been investigated in ferroelectric Pb(Zrg 48Ti0.52)O3
thin films epitaxially grown on Nb-SrTiO3 (001), (011), and (111) substrates using magnetron sput-
tering. The refractive index, electro-optic, and ferroelectric properties of the samples demonstrate
the significant dependence on the growth orientation. The linear electro-optic coefficients of the
(001), (011), and (111)-oriented PZT thin films were 270.8, 198.8, and 125.7 pm/V, respectively.
Such remarkable anisotropic EO behaviors have been explained according to the structure correla-
tion between the orientation dependent distribution, spontaneous polarization, epitaxial strain, and

domain pattern. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927404]

Transparent ferroelectric oxides with perovskite phase ex-
hibit the best known combination of high transparency, large
refractive index, and excellent electro-optic (EO) effects in
wide wavelengths from the visible to the near-infrared (IR)
range,' ™ thus attracting much attention in the research and de-
velopment of various novel optical devices such as optical
modulator, beam deflector, and optical switches. ¥ Recently,
great efforts have been made to epitaxial growth of the corre-
sponding single crystal so as to obtain large linear EO coeffi-
cients. Such single crystal structure can efficiently reduce the
light scattering caused by surface roughness and grain boun-
daries which are usually presented in polycrystalline films. It
is also well known that optical tensors of the ferroelectric thin
films, such as refractive index (n) and EO coefficient, are gen-
erally anisotropic because the spontaneous polarization has
been switched due to the lattice distortion. Thus, fully under-
standing the optical and electro-optic anisotropy of such single
crystal is not only of scientific interest but also of industrial
importance.

Pb(Zr,_,Ti, )O3 (PZT) thin film with a composition at
morphotropic phase boundary (MPB, x = 0.52) has been found
to have remarkable spontaneous polarization (82 uC/cm?),’
high Curie temperature (450 °C),® and huge piezoelectric coef-
ficient d53 (311 pC/N),” which make it a superior ferroelectric
materials for multifunctional optoelectronic applications.
Currently, there have been some efforts to study EO behaviors
of single crystal PZT films on various substrates. Kurihara
et al. found one small EO coefficient of ~76 pm/V in PZT
films (100) epitaxially grown on Si wafer.'® Kang ef al. also
reported one larger EO coefficient of ~134.6pm/V in
epitaxial-grown PZT thin film on Nb-SrTiO; (Nb-STO) (001)
substrate.'! Using (Pbg gslag 14)TiO3 as the seeding layer, our
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previous study demonstrates the largest EO coefficient of PZT
thin film as high as ~219 pm/V.'? Although there are a few of
EO anisotropy behaviors reported in some ferroelectric oxides,
such as (Ba07Sr03)T103 and Pb(Mg2/3Nb1/3)O3-PbTiO3,13’14
information pertaining to optical and EO anisotropy of PZT
thin films is still limited. Shinozaki et al. observed the differ-
ence on EO behavior of (101)- and (100)-oriented epitaxial
PZT films on Si substrate, but the EO coefficient is very small
and only around 60 pm/V."> More importantly, to date, no a
systematic study on refractive index and electro-optic anisot-
ropy of single crystal PZT films has been performed yet. In
this letter, we investigated the optical, electro-optic, and ferro-
electric properties of epitaxial single crystal PZT thin films
according to their crystalline orientation. The underlying
mechanism for optical and electro-optic anisotropy has also
been discussed.

Polycrystalline Pb(Zr( 48Ti.5,)O3 ceramic disk plus 10%
excess lead was selected for sputtering target due to easy lead
evaporation. Orientation engineered PZT thin films with crys-
tal orientations of (001), (011), and (111) have been epitax-
ially grown on highly transparent two-side polished single
crystal Nb-SrTiO5; (001), (O11), and (111) substrates. The
detailed deposition conditions in this work have been reported
in our previous work.'? The samples were post-annealed by
rapid thermal processing (RTP) under oxygen atmosphere at
650 °C for 5 min to obtain high crystallinity. X-ray diffraction
(XRD) and Atomic force microscopy (AFM) were performed
to investigate the crystallinity and morphology of the as-
grown PZT thin films. The optical properties of these samples
were studied by spectroscopic ellipsometry VB-250 at wave-
lengths between 450 and 900 nm with 3 nm intervals. A modi-
fied ellipsometric measure setup using a 632.8nm He-Ne
laser was built to study the anisotropic EO behaviors of epi-
taxial PZT thin films. The polarization-electric field hysteresis
loops were measured using a four probe workstation.

© 2015 AIP Publishing LLC
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Nb-STO has been selected as a substrate material not
only for one small lattice mismatch (3.4%)"° but also for its
excellent conductivity which makes it possible to be used as
bottom electrodes in the ferroelectric and electro-optic meas-
urements. Figs. 1(a)-1(c) show the typical XRD profiles of
the PZT thin films grown on Nb-SrTiO; substrates with
narrow diffraction peaks. It confirms that the PZT films epi-
taxially grown in (001), (011), and (111) Nb-STO substrates
have been obtained. The films are with pure perovskite
phase, and no secondary orientation or impurity phase has
been detected from the 0/20 scanning. Meanwhile, X-ray
rocking curve analysis (not shown) of the full width at half
maximum (FWHM) has also been performed on these PZT
thin films with remarkable growth orientation. The FWHM
of these samples is 0.2°, 0.31°, and 0.37°, respectively. Such
narrowness of the three peaks represents the films’ high sin-
gle crystalline quality from epitaxial growth. The in-plane
texturing of the PZT thin films with respect to the major axes
of the Nb-STO substrates was also confirmed by the XRD
Phi-circle scan, as shown in Figs. 1(d)-1(f). The peaks from
PZT films coincide in position well with those from Nb-STO
substrates, which suggests a nonlattice-rotated epitaxial
growth of all the as-grown PZT thin films."* Such epitaxial
growth is desirable for optical applications since it can effec-
tively reduce light scattering caused by grain boundary and
surface roughness in thin films.

The surface roughness of PZT films has been measured
by AFM, as shown in Fig. 2(a). The surface roughness is
about 3.8 nm and no pores between irregular-shaped grains
are observed, indicating that the films are very smooth and
homogeneous. This can also help to minimize the light loss
due to surface scattering. Fig. 2(b) shows the calculated
refractive indices of the three epitaxial (001), (011), and
(111)-oriented PZT films measured by spectroscopic ellips-
ometry over a wavelength range of 450-900 nm. The mea-
sure ellipsometric parameters ¥ and A in (001)-, (011)-, and
(111)-oriented PZT films are shown in the inset of Fig. 2(b).
It is noted that the number of oscillations depends on the
thickness of the thin films. The refractive indices of the PZT
films are extracted using Cauchy dispersion model given by
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FIG. 1. XRD patterns of PZT thin films deposited on (a) (001)-, (b) (011)-,
and (111)-oriented single crystal Nb-STO substrates. (d), (e), and (f) are the
corresponding @ scan, providing nonlattice-rotating epitaxial growth of PZT
thin film.
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FIG. 2. (a) Surface morphology of PZT thin films from AFM. (b) Refractive
index of PZT thin films with (001), (011), and (111) orientation. The inset is
the original tan'¥ and cos A of (100)-, (011)-, and (111)-oriented PZT thin
films by ellipsometry measurement.

n(2) = A+ (B/2%) +(C/7Y), (D

where A, B, and C are the Cauchy parameters and 4 is the
wavelength of the incident light.'*'” The dispersion curves
rise rapidly toward shorter wavelengths, suggesting the typi-
cal shape of dispersion near an electronic inter-band transi-
tion. Conspicuous orientation dependence of refractive index
is discernable, especially in near infrared region. The (001)-
oriented PZT films exhibit the highest refractive indices in
near IR wavelengths, while the (011)- and (111)-oriented
thin films have lower refractive indices. Noted that the BOg
octahedra in an oxygen-octahedral ABO; perovskite ferro-
electric dominates its corresponding optical property, so the
lowest energy oscillator is the largest contributor to the dis-
persion of the refractive index.'® Meanwhile, voids imposed
by surface roughness and porosity inside the film should also
be responsible for the observed variation in refractive index
of PZT thin films with different growth orientations.

The modified ellipsometric electro-optic measurement
setup with a longitudinal geometry is shown in Fig. 3(a). As
in the reflection geometry, an input laser beam is focused
through film at an incident angle of 45° onto the top elec-
trode. Under the applied electric field, the laser beam reflects
and propagates back through the PZT thin film. Later, then
an oscilloscope converts this phase shift into an intensity
modulation, which is measured by a photodetector locked to
the frequency of the excitation voltage. Fig. 3(b) summarizes
the birefringence shift of PZT thin films with different growth
orientations as a function of the applied electric field (E).
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FIG. 3. Experimental setup for a reflection measurement of electro-optic coef-
ficients: A, Attenuator; P, Polarizer; C, Compensator; PD, Photodetector; O,
Oscilloscope; PC, Personal Computer; and DC, Direct Current from ampli-
fier.(b) The birefringence 0(An) as a function of the external electrical field
(E) in all three PZT thin films.

Noted that all the thin films exhibit linear EO behavior and
strong orientation dependence of EO effects is clearly seen.
The EO effect of (111)-oriented PZT film is relatively weak,
while large birefringence changes (An) are observed in (001)
and (011)-oriented films. The linear EO coefficient (Pockels
effect) is given by'?

An = —=n’r.E, ()

where n and E are the refractive index and the applied elec-
tric field, respectively. In this case, the linear EO coefficient
of the (001)-, (011)-, and (111)-oriented PZT thin films is
calculated to be 270.8, 198.8, and 125.7 pm/V, respectively.
The difference in EO properties in all three kinds of oriented
PZT films may be attributed to the changes in distribution
and magnitude of spontaneous polarization in the orientation
engineered films. Further study may be needed to clarify the
correction between the ferroelectric polarization, the electro-
optic properties, and the crystalline orientation.

Generally, it was known that the linear electro-optic
coefficient is dependent on the spontaneous polarization and
dielectric constant'®°

riit = 2Pseo (e On)gin / 3)

where 1y, P, £, £, O ijn and & are the linear EO coeffi-
cient, the spontaneous polarization, the dielectric permittivity,
the dielectric tensor, the Kronecker delta, the temperature in-
dependent quadratic polarization-optic coefficient of the octa-
hedral, the packing density of the octahedral (for perovskite,
&=1), respectively. Fig. 4(a) demonstrates the dependence
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between the linear EO coefficient and spontaneous polariza-
tion. All PZT films, regardless of growth orientation, demon-
strate symmetric, well-saturated polarization-electric field
hysteresis loops (Fig. 4(a) inset). The spontaneous polariza-
tions of all samples are 75.5, 58.0, and 40.2 uC/cm®, respec-
tively. It is noted that the linear EO coefficient increases as
the spontaneous polarization increases, which is well agree-
ment with the equation above. The polarization changes could
originate from: (1) the magnitude variation of the relative dis-
placement of the Ti*" with respect to 0%, (2) the lattice dis-
tortion by the epitaxial strain in the perovskite structure, and
(3) the change of domain growth mechanism. Hence, the
orientation-dependent EO behaviors of PZT thin films can be
attributed to the difference of their Ti*"-O?" displacement
when the ABOj structure is distorted under electrical field.
Fig. 4(b) gives the schematic illustration of the nature of in-
plane strain, as represented by underlying Nb-STO substrate
(green) and PZT thin film (yellow). Noted that PZT film near
MPB possesses a tetragonal structure with lattice parameters
(a=4.036 and ¢ = 4.146),'° while Nb-STO possesses a cubic
phase with a=3.905. As a result, there are two scenarios for
in-plane strain, depending on the orientation of the film. For

S 300 ( ) —
a =0
E ?L 50, —:lll; -75
£ (001) £ <<
- 240- . =
5 2 60 2
° p— A -200 . 0 200 U
2 Electric field (kV/cm) =3
= (o011 =
) a”
(3 —n—, 45
——
8 1204 " (1T
Orientation
(111)

g S ,\

Pb O Zv/Ti
[ [ J °

[1-10]

[ot0] 101

21y )
!-‘J!

(011)

(111)

FIG. 4. (a) Relationship between the linear EO coefficient and spontaneous
polarization in (001)-, (011)-, and (111)-oriented PZT thin films. The inset is
polarization—electric field hysteresis loops as a function of electric field. (b)
Schematic illustrations of strain application on the oxygen octahedra of the
system for (001)-, (011)-, and (111)-oriented PZT thin films. (c) Schematic
illustrations of the domain structures are provided for (001)-, (011)-, and (111)-
oriented PZT thin films. (001)-oriented PZT films show the majority P3*
(orange) and minority P;" and P,” (yellow) domains, while (011)-oriented
thin films possess majority P3* (orange), minority P," and P, domains
(blue), and small P, (grey). (111)-oriented PZT films have complex nano-
twinned domains with P~ (yellow), P, (blue), and P;~ (orange).
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(001)-oriented PZT/Nb-STO heterostructures, there is a com-
pression along the out-of-plane directions and an expansion
along the in-plane direction. Similarly, (011)- and (111)-ori-
ented samples possess both a compression and an expansion
along the different octahedral faces. It can be seen that the
biaxial nature of epitaxial strain could be expected to induce
anisotropy in the electrical and optical properties of the PZT
systems, thereby leading to anisotropic optical and EO proper-
ties. Moreover, the domain growth mechanism of PZT films
maybe responsible for the obvious electro-optic anisotropy.
As shown in Fig. 4(c), P, =, Py, and Py represent the
domains with polarization along the positive and negative
[100], [010], and [001] axes, respectively. It has been found
that the (001)- and (011)-oriented PZT possess a typical poly-
domain structure with majority Ps™~ domains and minority
P,*'~ or P,/ domains, while the (111)-oriented PZT film
has a complex, metastable domain pattern which consists of a
high density of nanotwinned domains, thereby degenerating
polarization variants.?' Other factors such as dielectric permit-
tivity may also be responsible for the orientation-dependent
EO behaviors on our tetragonal-distorted PZT films.
Nevertheless, the linear EO coefficients of (001)- and (011)-
oriented PZT films are considerable higher than that of com-
monly used LiNbOj single crystals (~31 pm/V),”>* showing
their potential for use in active waveguide applications.

To conclude, we have reported a strong correlation
between the optical, electro-optic properties, and crystalline
orientation of single crystal PZT thin films epitaxially grown
on Nb-STO substrates. Through the spectroscopic ellipsome-
try, the refractive index of the samples exhibits a strong de-
pendence on the growth orientation. The linear electro-optic
coefficient r, of the (001), (011), and (111)-oriented PZT thin
films was found to be 270.2, 198.2, and 125.3 pm/V, respec-
tively. Such remarkable anisotropic optical and electro-optic
behaviors maybe attributed to the structure correlation
between the orientation dependent distribution, spontaneous
polarization, epitaxial strain, and domain pattern. Our results
suggest that the (001) and (011)-oriented PZT thin films are
promising for integrated optics applications.
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