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Electro-optic effects of PbZr0.52Ti0.48O3 (PZT) and BaTiO3 (BTO) ferroelectric thin films in the
terahertz frequency range are studied with high-sensitive terahertz time-domain spectroscopy. A linear response of PZT film with the linear electro-optic coefficient rc ¼ 6.73 " 10#l1 m/V and a quadratic response of BTO film with the second-order electro-optic coefficient Rc ¼ 1.42 " 10#l7 m2/V2
are observed at the frequency of 1 terahertz under the applied static electric field less than 80 kV/cm.
The calculation of rc and Rc based on the Landau-Devonshire free energy theory explains the differC 2014 AIP Publishing LLC.
ent electro-optic effects of PZT and BTO well. V
[http://dx.doi.org/10.1063/1.4896036]
Terahertz (THz) communication has been proposed as a
promising way to further improve the transmission rate and
capacity due to its higher carrier frequency.1–4 Although
THz communication has many advantages over optical fiber
and microwave communications,5 it has not been widely
used in our daily life due to the lack of mature devices, such
as effective THz external modulators.6 The ferroelectric thin
films, with large nonlinear polarizabilities and electro-optic
coefficients,7–9 are good candidates for ultrafast nonvolatile
memory devices because of their extraordinary properties
such as short time response to electric field, deep polarization modulation, and high detection bandwidth,10,11 especially its stable dielectric constant in the THz band, so the
ferroelectric is the ideal material for developing THz electrooptic devices.
PbZr0.52Ti0.48O3 (PZT) is a very promising candidate
for ferroelectric nonvolatile memory devices because of the
low coercive field and large remanent polarizations.12
BaTiO3 (BTO) in the tetragonal ferroelectric phase at room
temperature is the simplest perovskite structure in ferroelectrics.13,14 Barium titanate based materials are critically important to the study of the electro-optic effects because of
their perfect electro-optic and nonlinear optical properties.8,9
Kim et al. have prepared Ba0.6Sr0.4TiO3 thin films on MgO,
which have a huge birefringence variation up to 9% at the
wavelength of 632.8 nm,9 while research on electro-optic
effects of PZT and BTO films has mainly been done in visible range, but just a few in terahertz range.
In our work, we prepare PZT and BTO ferroelectric films
and study their material characteristics and electro-optic
effects in the THz frequency range by measuring the electric
field induced birefringence with a terahertz time-domain
spectroscopy (THz-TDS).15 Compared to the traditional light
intensity detection methods, TDS is more sensitive to the
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small change of the reflective index of samples by coherently
detecting electric field of THz waves.16 Our findings indicate
that these two materials are potential candidates of THz
modulators.
The epitaxial PZT and BTO thin films are fabricated by
pulsed laser deposition on 0.5-mm thick SrTiO3(STO) substrates.14,17 The growth temperature, oxygen partial pressure
for PZT and BTO are kept at 700 $ C, 160 mTorr and 800 $ C,
5 mTorr, respectively. Two different sandwich structures of
films/platinum (Pt)/STO and films/SrRuO3(SRO)/STO, as
shown inset in Fig. 1, are used to study the electro-optic
effects in the THz frequency range and characterize the material properties, respectively. The Pt coplanar electrodes
spaced 100 lm are deposited by electron beam evaporation
on the substrate aligned along the [010] axis with the thickness of about 40 nm. The epitaxial SRO bottom electrodes
are deposited under 10 mTorr and 700 $ C. The crystal structure and epitaxial relationship are examined by X-ray diffraction (XRD) and high-resolution transmission electron
microscopy (HRTEM). The ferroelectric test system (RT
Precision workstation) is used to study the polarizationelectric (P-E) field hysteresis of the ferroelectric films.

FIG. 1. The schematic diagram of THz-TDS for measuring the electro-optic
effects in sample films. E: THz emitter, R: THz receiver, S: sample,
M1 % M4: parabolic mirrors, P: THz polarizer, A: THz analyzer, DC: direct
current source. The inset is the structure diagram of the sample. F: ferroelectric film.
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FIG. 2. The properties characterized
by XRD and RT Precision workstation.
The XRD patterns of PZT (a) and BTO
(c) films; The P-E curves of PZT (b)
and BTO (d) thin films.

A THz-TDS is used to characterize the electro-optic
effects by measuring static electric field induced birefringence, as shown in Fig. 1. The optical beam (800 nm, 150 fs,
10 nJ, 76 MHz) is split into two parts, one of which goes
through a translational stage to provide a relative time delay
between the two arms.18 The optical pump pulses illuminate
the 1-mm thick ZnTe and generate THz pulses, which are
focused on the sample and are collected by an off-axis parabolic mirror. Then, the THz pulses and the synchronized
sampling probe pulses converge on the THz receiver, which
ensures that the THz electric-field elliptically polarizes the
probe pulses based on the electro-optic sampling principle.
The probe pulses passing through the THz receiver are
detected by a pair of photodiodes after passing through a k/4

plate and a wollaston prism. Then, the signal is fed to a lockin amplifier and computer.19
Reflective geometry is exploited in the specular direction, as the substrate material STO of the sample has a strong
absorption of THz. The THz polarizer and analyzer located
between the parabolic mirrors are used to ensure that the
THz polarization direction is parallel to the horizontal plane.
The THz pulses passing through the THz polarizer shine on
the film between the two Pt electrodes with an angle of 45$
become elliptically polarized after reflecting from the sample
because of the birefrigent effect, and only the horizontally
polarized component can be detected. To avoid the influence
of the coercivity, we use virgin samples, in which no external
electric field has yet been applied in the measurements.

FIG. 3. Field induced birefringence of the (001)-oriented PZT thin film in an
external electric field of up to 70 kV/cm. Red square dots are the experimental value. Blue line is the linear fitting curve.

FIG. 4. Electro-optic response of the (001)-oriented BTO thin film in an
external electric field of up to 80 kV/cm. Black triangle dots are experimental value of field increasing process. Red circle dots are experimental value
of field decreasing process. Blue line is the polynomial fitting curve.
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TABLE I. The comparison of Pr, rc, and Rc between the experiments and the calculations.
Pr (lC/cm2)
Sample
PZT/STO
BTO/STO

Rc (m2/V2)

rc (m/V)

Experimental

Calculated

Experimental

Calculated

Experimental

Calculated

28
10

34
12

6.73 " 10#11
…

7.77 " 10#11
8.27 " 10#12

…
1.42 " 10#17

7.16 " 10#19
1.59 " 10#17

The XRD patterns of PZT and BTO films shown in Figs.
2(a) and 2(c) indicate both PZT and BTO are grown along the
(001) direction without any secondary phases. The HRTEM
results reveal that heterostructures of PZT/SRO and BTO/
SRO are coherent without any obvious intermixing and of
good epitaxial quality,20 and the thickness of PZT and BTO
films are 215 nm and 80 nm, respectively. The lattice
parameters of PZT and BTO are calculated from HRTEM to
be a(PZT) ¼ b(PZT) ¼ 0.402 nm, c(PZT) ¼ 0.420 nm; a(BTO)
¼ b(BTO) ¼ 0.394 nm, c(BTO) ¼ 0.398 nm, respectively.
Figs. 2(b) and 2(d) show the P-E curves of PZT and BTO thin
films, which indicate that both of them have good ferroelectric
properties. The remanent polarizations and coercive field of
PZT and BTO thin films are about Pr(PZT) ¼ 28 lC/cm2,
Pr(BTO) ¼ 10 lC/cm2,
Ec(BTO)
Ec(PZT) ¼ 95 kV/cm;
¼ 500 kV/cm, respectively.
In our experiments, the static field induced refractive
index variation Dn of the sample, which is proportional to the
horizontal component of the THz intensity,7,18 is measured as
a function of the static electric field E at room temperature,
and the results are shown in Figs. 3 and 4, respectively.
Fig. 3 shows the refractive index variation as a function
of applied field for PZT thin film on STO. The data exhibits
predominantly a linear electro-optic response under the
electric field, with a maximum Dn of 2.52 " 10#3 when
E ¼ 70 kV/cm. According to the linear fitting curve of
Dn ¼ 3.58 " 10#5E, we can get the linear electro-optic coefficient of the film rc ¼ 6.73 " 10#11 m/V.
Fig. 4 depicts the birefringence variation of the BTO
thin films. A predominantly quadratic and slightly asymmetric electro-optic behavior is observed for the film. The
field-induced Dn starts from zero and increases continuously up to 4.22 " 10#3 when E equals 80 kV/cm. The
second-order electro-optic coefficient is Rc ¼ 1.42 " 10#17
m2/V2, which can be calculated from the quadratic fitting
curve of Dn ¼ 6.85 " 10#7E2 # 1.9 " 10#4. It is interesting
that the two measurements do not overlap with each other
when the electric field is either increasing or decreasing,
which indicates an obvious ferroelectric hysteresis phenomenon, while the electric hysteresis being about 10 kV/cm.
With Landau-Devonshire free energy theory, we calculate the electro-optic coefficients of PZT and BTO films
using the parameters acquired from the performance measurement. The knowledge of the potential GLD(T, P, um) as a
function of temperature T, polarization Pi, and mismatch
strain um enables the complete thermodynamic description of
the films.21–23 Based on the well-known expression for the
elastic Gibbs function of a “cubic” ferroelectric, we add the
term of external electric field E to the thermodynamic potential GLD(T, P, um),24 which can be written as

GLD ðT; P; um Þ ¼ G0 þ a)1 P2 þ a)11 P4
þ a111 P6 þ

u2m
# EP;
s11 þ s12

(1)

where G0 is the free energy of paraelectric phase, aijk* is the
modified rigidity coefficient of the sample,25 sij is the electrostrictive coefficient, and P is the polarization induced by
the external electric field E.22,26 We calculate the critical
thickness for dislocation formation and replace aijk and um
with equivalent lattice constants and equivalent misfit
strain.27–29 With the remanent polarizations (Pr, when E ¼ 0)
and the electric field induced polarizations (PE, when E 6¼ 0),
we obtain the linear polarization coefficient f and the secondorder polarization coefficient g, which indicate the linear
electro-optic coefficient rc of Pockels effect and the secondorder electro-optic coefficient Rc of Kerr effect, respectively,
as
rc ¼ f ðe # e0 Þ * f e;

Rc ¼ gðe # e0 Þ2 * ge2 ;

(2)

where e is sample’s dielectric constant at THz frequency domain. According to the above method, parameters of Pr, rc,
and Rc are calculated, as shown in Table I.
The results show that electro-optic coefficients can be
simulated according to the Landau-Devonshire free energy
theory. The theoretical results of remanent polarizations are
in good agreement with experimental results. The ratio of rc
and Rc of PZT is about 5 " 103 times larger than that of
BTO, so that the PZT thin film exhibits a linear behavior as
rc is the leading factor of the final electro-optic effects while
the BTO thin film shows a quadratic behavior as Rc plays the
most important role in the final electro-optic effects under
the external electric field which is less than 107 V/m.
In conclusion, epitaxial PZT and BTO ferroelectric thin
films are deposited on STO(001) substrates using the pulsed
laser deposition method. Obvious electro-optic effects are
observed in the THz frequency range. The PZT film exhibits a
linear electro-optic effect while a predominantly quadratic and
slightly asymmetric electro-optic behavior is observed for the
BTO film. We also observe an obvious ferroelectric hysteresis
phenomenon in BTO film in our experiments. The calculated
electro-optic coefficients of the film samples in the terahertz
range by means of the Landau-Devonshire free energy theory
agree well with the experimental measurements.
This work was supported by the National Natural
Science Foundation of China under Grant Nos. 11104352
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