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BST�Ba0.5Sr0.5TiO3�∕PZT�Pb0.52Zr0.48TiO3� photonic crystals were fabricated by magnetron sputtering and
annealed at 620°C−700°C. By controlling the crystallinity and the oxygen vacancies of the ferroelectric photonic
crystals, the optically and electrically controllable terahertz wave modulations were realized. The variation in
refractive index of the 680°C annealed sample showed the highest modulation to the optical pump and increased
to 11.9 due to the highest absorption near 532 nm. In the optical pump, the electrons from Ti3� 2p3∕2 ions could
be stimulated and captured by Ti4� 2p3∕2 ions, and the ratio of Ti3�∕Ti4� observed increased with the increasing
annealing temperature, indicating the increasing oxygen vacancies concentration, which increased the 532 nm
optical absorption and contributed to the improved optical modulation. The excess Pb migrating to the surface at
higher annealing temperature might be one reason for the degradation of optical modulation. The increasing
polarization and leakage current could contribute to the increasing permittivity and loss with the increasing
annealing temperature. Two different results were observed on the sample annealed at 680°C when the order
of applying external optical and electric fields was changed, due to the different migration mechanisms of excited
carriers. This work provides a potentially effective approach to fabricate THz sensing, imaging, and communi-
cations devices with multi-function in the modulation of optical and electric multi-fields. © 2020 Chinese Laser

Press

https://doi.org/10.1364/PRJ.377930

1. INTRODUCTION

In recent years, in order to achieve high modulation, a wide
range of active materials have been explored for terahertz
modulators, such as semiconductors (Si, Ge, GaAs) [1–4],
liquid crystals [5], 2D materials (graphene,MoS2) [6,7], super-
conductors [8], and phase change materials (VO2, GeTe)
[9,10]. Usually, these materials enable terahertz wave modula-
tion by temperature modulation of electron mobility, electro-
tuning Fermi level, or optically pumping electrons to achieve
changes in conductivity. Most of these materials have a narrow
bandgap and high intra-band electron mobility with obvious
thermal effects, causing an unstable state and volatile response,
especially under high-power electrical field or optical pumps. In
addition, these materials usually respond to a single driving
field, such as one of thermal, optical, or electrical stimulus.
All of these hinder their applicability for multidimensional
and high-power field modulation of terahertz waves.

In contrast, ferroelectric materials have advantages of pos-
sessing switchable electrical polarization, stable high dielectric

properties, and remarkable electro-optical and nonlinear optical
properties, and are used widely as actuators, transducers,
sensors, energy and memory storage devices, among others
[11–16]. Nevertheless, they are used mostly in microwave
range by electrical or thermal control, because they can be ef-
fectively pumped only by ultraviolet [17,18] or X-rays [19] due
to their wide bandgap. In order to narrow the bandgap, ferro-
electric materials can be fabricated by controlling doping [20],
fabrication conditions [21,22], thermal treatment [23,24], film
thicknesses [25,26], and other methods [27,28]. These meth-
ods engineer the band structure mostly by changing oxygen
vacancies and stresses. Oxygen vacancies have been a hot spot
in recent years and used widely in perovskite materials for pho-
tocatalysis, energy storage, and solar fuel technologies [29–31].
In order to change the bandgap in a wider range, composite
materials were proposed, one of which is photonic crystal.
Advances in epitaxial growth techniques guaranteed the ferro-
electricity and other properties in the extreme dimension
[32,33] for nanoscale films, and also brought non-negligible
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and novel interfacial phenomena, such as enhanced dielectric
properties [34], reduced leakage current [35], highly periodic-
ity-dependent built-in electric field [36], tunable valley and
spin polarizations [37], and lowered band gap and enhanced
polarization [38].

Nevertheless, the exploration of ferroelectric material has
been limited largely to visible and infrared frequencies, espe-
cially in terahertz range. Our intentions are to find the effects
of different annealing temperatures on the surface morphology
and structural, dielectric, and optical properties in the terahertz
region and to obtain a fundamental understanding of relation-
ships between the micro-structure and the properties for
achieving an optimum processing for practical device applica-
tions. Our research on the annealing temperature effect and
photonic crystal properties showed that the versatile and unique
properties of ferroelectric materials allow for the realization of
various terahertz functionalities such as thermally switchable
multilevel nonvolatile states, and optically controllable and
electrically driven light modulation. These unique features
could be used in conjunction with each other and provide novel
devices for efficient manipulation of terahertz waves.

In this work, we report a study of BST/PZT photonic
crystals growing on Si substrates annealed at 620°C, 650°C,
680°C, and 700°C by terahertz spectroscopy with a 532 nm
continuous-wave (CW) laser pump. The application of a sam-
ple annealed at 680°C under optical/electric multi-fields is also
investigated.

2. EXPERIMENT

Preparation of samples. The samples of BST/PZT photonic
crystals were prepared by radio frequency magnetron sputtering.
The silicon crystals ([100] lattice orientation, electrical resistivity
>1000Ω, 5 mm� 0.03 mm thickness, 20mm × 20 mm-
square) were used as substrates. The BST and PZT layers were
grown with 20–30 nm/h deposition rate at 260°C with 100%
Ar, by alternating the BST and PZT targets for three periods.
Samples were annealed at 620°C, 650°C, 680°C, and 700°C
for 10 min rapid thermal annealing.

Characterization. Thicknesses (BST 35.2 nm, PZT
36.7 nm for one period) were measured by a surface probe step
meter (error of thickness values: 0.3 nm, vertical resolution:
0.001 nm). X-ray diffraction (XRD) was identified by an
X-ray diffractometer (PANalytical PW3040-60 MRD). The sur-
face morphology was tested by Veeco NanoScope MultiMode
scanning probe microscopy. X-ray photoelectron spectroscopy
(XPS) analysis was carried out using the AXIS-ULTRA DLD-
600W instrument produced by Shimadzu-Kratos Company,
Japan. The UV-Vis absorption spectra were obtained by a
Lambda 35 UV-Vis spectrophotometer, produced by Perkin
Elmer Company, USA. Raman spectra were achieved by a laser
confocal Raman spectrometer (LabRAM HR800) produced by
Horiba JobinYvon Company, France. The D–E loops were ob-
tained at room temperature by the Precision Ferroelectric
Tester system of Radiant Technologies, Inc.

Transmission spectra were measured by terahertz time-
domain spectrometer (THz-TDS, which is produced by
Zomega Terahertz Corporation, USA, 10 GHz frequency reso-
lution, 3 mm diameter spot at the focus). An all-solid-state green

(532 nm) CW laser was obliquely incident at an angle of 45° with
the polar axis upon the surface of the sample, and the spot size
was 5 mm in diameter. PZT film and BST film were in the ferro-
electric and paraelectric phases at 18°C room temperature. In ad-
dition, a sample of Si substrate was also measured to eliminate the
optical pump influence on the substrate.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figures 1(a)–1(d) show the surface morphologies of four sam-
ples. The root mean square (RMS) roughnesses of the surfaces
are 1.203, 2.379, 3.350, and 6.976 nm for samples annealed at
620°C, 650°C, 680°C, and 700°C, respectively. None of the
surface morphologies of the samples has defects or cracks.
These results guarantee smooth surfaces, reducing the pump
and probe light scattering in THz-TDS.

The structural investigations of the samples were performed
by XRD scan and are shown in Fig. 1(e) in a θ–2θ geometry
from 20° to 70°. Mainly BST/PZT (100), (110), (200), and
(210) peaks are observed, which clearly show the highly ori-
ented crystallization of thin films on Si substrate. With the
annealing temperature increasing, the (110) peaks of the per-
ovskite phase of BST/PZT show distinct increase and become
sharper.

To further analyze the lattice structure change by the
annealing temperature, the film crystallinity, lattice parameter,
and average grain size were calculated by XRD results and are

Fig. 1. AFM images of four samples annealed at: (a) 620°C,
(b) 650°C, (c) 680°C, and (d) 700°C. The scan areas are 2 μm ×
2 μm, 2 μm × 2 μm, 0.8 μm × 0.8 μm, and 2 μm×2 μm, correspond-
ingly. (e) XRD spectra of four samples annealed at different tempera-
tures. (f) XPS spectra of four samples annealed at different temperatures.
(g) High-resolution Ti 2p XPS spectra; orange lines are the fitted Gaussian
curves. (h) High-resolution Pb 4f XPS spectra.
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listed in Table 1. It was found that three parameters were highly
affected by the annealing temperature. To analyze the change
caused by the annealing temperature, the crystallinity was de-
fined as [39] Crystallinity � ��BST� PZT� diffraction peak
intensity�∕�total intensity of diffraction peak� × 100%. The
crystallinity increased from 82.8% to 90.2% with the increas-
ing annealing temperature, indicating the decrease in the impu-
rity phase ratio. The increase in the lattice parameter could be
attributed to the increasing Ti3�∕Ti4� interstitials (confirmed
by XPS results later) caused by the increase in oxygen vacancies
[40–42]. The electrons caused by the generation of oxygen va-
cancy hopped between different titanium ions in the perovskite
structure, and then the Ti4� ions captured the electrons and
converted to Ti3� ions. Because the radius of Ti3� is larger
than that of Ti4�, it is clear that the reaction should be accom-
panied by a considerable volume expansion related to the ap-
pearance of Ti3�. The more oxygen vacancies, the more Ti3�

ions generated, making the lattice constant increase with the
increasing oxygen vacancy concentrations. The average grain
size was found increasing with the increasing annealing temper-
ature, which indicated the enhanced nucleation of the films.
This could also contribute to the increase in the surface rough-
ness observed in the atomic force microscope (AFM) results.

Figures 1(f )–1(h) show XPS surface scanning spectra of
BST/PZT photonic crystals at different annealing tempera-
tures. The C peak assigned to the adventitious carbon was
usually used as a reference for calibration. The XPS spectra
in Fig. 1(f ) confirmed the existence of Pb, Zr, Ti, O, Ba,
Sr, and C elements. The high-resolution Ti 2p XPS spectra
in Fig. 1(g) confirmed that four samples annealed at different
temperatures were likely to have both Ti3� and Ti4� ions in
the crystal lattice. The peaks of Ti3� 2p3∕2 and Ti

4�2p3∕2 were

well fitted by Gaussian curves, and the binding energy of
Ti3� 2p3∕2 was lower than 458.1 eV of Ti4� 2p3∕2 by 0.93 eV,
which agreed with a former report [43]. In ferroelectric materi-
als, oxygen vacancies can be easily formed by oxygen loss
from the crystal lattice during the annealing process, due to
the oxygen-reducing atmosphere or high annealing temperature
according to the Kröger–Vink notation [44]. For perovskite
structure ferroelectric materials such as PZT and BST, oxygen
vacancies should be formed around Ti3� to satisfy the require-
ment of charge equilibrium, Ti4� � e 0 → Ti3�. The Ti4� ions
could be partially reduced to Ti3� by capturing the electrons
created during the process described above, leading to an n-type
semiconducting nature with dielectric loss (leakage current).
The ratio of Ti3�∕Ti4� calculated from the XPS results in
Fig. 2(g) is 7.79%, 8.97%, 10.93%, and 12.91% [error less
than 0.25%, Δ � 1

n

P
n�1 − I exp∕I fit�2 ≤ 10−3, where I exp

and I fit were the experimental intensity and the optimized fit-
ting intensity of the Ti 2p XPS spectra in Fig. 1(g)], corre-
sponding to the sample annealed at 620°C, 650°C, 680°C,
and 700°C. These results indicated that the oxygen vacancies
increased with the annealing temperature increasing.

The above results show that the microstructure of the
material changes with the annealing temperature. On this basis,
we studied the terahertz wave modulation of photonic crystals
with the annealing temperature.

A. Optical Properties
The terahertz time domain transmission spectra were observed
changed in Fig. 2(a). This result indicated the optical and di-
electric properties changed with the annealing temperature and
the pump power. In order to explain the mechanism, the re-
fractive index and the dielectric property of the BST/PZT

Fig. 2. (a) Time domain transmission spectrum of air; samples with 0 mW and 400 mW optical pump. (b) Power dependence of the refractive
index variations of BST/PZT photonic crystals at 0.5 THz annealed at different temperatures. (c) UV-Vis absorption spectra of substrate (Si),
substrate with electrode, BST, PZT monolayer, and BST/PZT photonic crystals annealed at different temperatures.

Table 1. Film Crystallinity, Lattice Parameter, and Grain Size of Four Samples Annealed at 620°C, 650°C, 680°C, and
780°C

Annealing Temperature (°C)

Crystallinity Lattice Parameter (Å) Average Grain Size (nm)

BST� PZT BST PZT BST/PZT

620 82.8% 3.961 4.042 21
650 86.9% 3.973 4.051 52
680 89.6% 3.985 4.066 85
700 90.2% 3.992 4.071 100
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photonic crystals were extracted by T photonic crystal � T sample∕
T substrate (T representing transmission) from the Fresnel format
[45,46]. Figure 2(b) shows the variations in refractive index
increasing with the annealing temperature increasing, indicat-
ing more free carriers were excited in the process of migration
and diffusion. This can be illustrated as follows [47]:

Δn�I� � −
1

2
n3γeffE: (1)

Here, I , n, γeff represent the intensity of the optical pump
power, refractive index, and linear electro-optical coefficient,
respectively. E � −E0�1 − 1∕�1� I∕ID��, E0 � κγNA∕�qμ�,
ID � β∕s, E0, ID are the space charge field and coefficient
of dark irradiation, where κ, γ,NA, q, μ, β, s represent the glass
coefficient, photoionization section, acceptor concentration,
electron charge, immigration rate of electrons, thermal emis-
sion rate, and photo excitation area, respectively. Among them,
NA is likely to be greatly affected by annealing temperature and
optical pump power. When applying an external optical field,
the electrons in the illuminated area were excited and hopped to
the conduction band. They migrated to the dark area, which
led to a redistribution of carriers. The spatial redistribution of
carriers led to an internal build-in charge field shielding the
external field, and changed the samples’ refractive indices by
the electro-optic effect in Fig. 2(b). The photon energy of
the 532 nm CW laser for optical pump is about 2.3 eV, lower
than the bandgaps of BST and PZT, which indicates the con-
tribution of the excited free carriers from the sub-band.

To further confirm the existence of sub-bands, the UV-Vis
absorption spectra were obtained. The absorption peaks of BST
and PZT monolayers shown in Fig. 2(c) were at 318 nm and
324 nm, respectively, agreeing with previous studies [48,49].
Extra strong absorption peaks near 532 nm were observed
in photonic crystals due to the Brillouin zone folding of the
multilayer A/B periodic photonic crystals structure [50].
Oxygen vacancies have been reported to introduce a sub-band
closely below the conduction band bottom, and this could con-
tribute to the observed absorption peaks narrowing with a shift
to the lower frequency [38,51]. This optical modulation pro-
cess can be illustrated as follows: the Ti 3D electrons from the
sub-band (Ti3� 2p3∕2 ions) in the illuminated area can hop to
the conduction band [52]. They migrate to the dark area and
then are captured by the trap level of Ti4� 2p3∕2. The enhanced
crystallinity and PZT/BST interfacial effect with the increasing
annealing temperature resulted in enhanced absorption of light
energy. This led to the increased generation of carriers, which
contributed to the improved optical modulation with the in-
creasing annealing temperature. It is predictable that absorption
peaks in other frequency domains can be obtained, not only at
532 nm. Samples of Si substrate and electrode/Si (in Fig. 4)
were also tested and confirmed weak absorptions. These
may provide references in the practical application of terahertz
communication.

The highest absorption was observed in the sample annealed
at 680°C. More free carriers NA could be excited due to the
high absorption near 532 nm, which caused the maximum
variation in refractive index for the sample annealed at
680°C according to Eq. (1). It is worth noting that there was
a certain linewidth at the central frequency of the 532 nm laser;

the total absorption should be the sum of the absorption in
the linewidth. In the high-resolution XPS spectra of Pb 4f
in Fig. 2(h), the Pb 4f peaks of the sample annealed at
700°C were clearly observed to decrease compared with the
other three samples. This may be attributed to the excess Pb
migrating to the surface in the fabrication process as reported
in Ref. [53] and resulted in the decreasing variation in refractive
index of the sample annealed at 700°C.

B. Dielectric Properties
In order to discuss the micro-mechanism of the change in
optical properties, the THz-dielectric spectra in Figs. 3(a)
and 3(b) were analyzed, and the coupled oscillator–relaxator
model was applied [54]:

ε�ω� � ε∞ � f �1 − iω∕γc� � g�ω2
s − ω

2 − iωsΓ� � 2δ
ffiffiffiffiffiffi
f g

p
�ω2

s − ω
2 − iωsΓ��1 − iω∕γc� − δ2

,

(2)

where ωs is the soft mode (SM) frequency, mainly of external
field dependence; Γ is the damping coefficient; f is the oscil-
lator strength; γc and g are the bare relaxation frequency and
strength of the central mode (CM), respectively; δ is the
coupling coefficient; ε∞ is the high-frequency permittivity.
The evaluated SM parameters are listed in Table 2.

In order to confirm the accuracy of fitting results, Raman
spectra of E� A1 � B1 modes of the BST/PZT photonic crys-
tals with different annealing temperatures were achieved and
are shown in Fig. 3(c). One E mode and one B1 mode came
from the T2u mode [55]. E� A1 modes were active in tetrago-
nal (4 mm) or rhombohedral (3 m) point groups stemming
from the cubic F1u � F2u representations. All the A1 and E
modes were infrared and Raman active, while the B1 mode was
only Raman active. The lowest wave-number E(1TO) in the
spectra originated from Pb/Ba/Sr ions vibrating against the
TiO6 octahedra network in the direction perpendicular to
spontaneous polarization [56–58], and corresponded to the
SM. With the oxygen vacancies increasing, localized vibrations
associated with oxygen vacancies and the lack of translational
symmetry contributed to the vibration frequency E(1TO)
moving to a lower frequency [59,60]. With the annealing tem-
peratures increasing, the perovskite phase developed. As a re-
sult, the strength of the Raman peaks of active modes increased,
which was a good indication of the development of crystallinity
for the PZT/BST perovskite phase [61,62]. E(1TO) frequency
in Table 3 also agreed well with the fitting results at the 0 mW
pump power in Table 2. This confirmed that the fitting results
were accurate and could be used to analyze the optical
pump state.

To explain the photoinduced change of SM frequency, the
field-induced SM variation is given as [63]

ω2
s �E� �

ω2
0

2f εvac
� 3β

2

�
P2
S �

2f εvac
ω2
0

·PS ·E �
�
f εvac
ω2
0

�
2

E2

�
,

(3)

where εvac, β, f ,ω0,Ps, E are the vacuum permittivity, fourth-
order anharmonicity of the SM potential minimum, oscillator
strength, initial value, spontaneous polarization, and built-in
electric field, respectively. In Table 2, the SM frequencies of
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four samples increase with the increasing optical pump power.
As previously illustrated, the external optical pump led to a
carrier redistribution, formed a built-in electric field increasing
with increasing pump power, and resulted in hardening of the
SM according to Eq. (3). f , Γ also show noticeable increases in
Table 2. In this case, f � Nq2∕με0 is proportional to the

number of oscillators N � �eℏω∕kT − 1�−1, and q, μ, ε0 are
the effective charge, reduced mass, and vacuum permittivity,
respectively. The damping coefficient Γ was proportional to
T −1∕2. Consequently, in the photonic crystals, the optical
pump could cause the temperature increase, leading to in-
creased f , Γ.

In Figs. 3(d) and 3(e), the dielectric permittivity and the loss
tangent increased with the annealing temperature and the
pump power increasing. To explain this phenomenon, con-
firming the variation of polarization and leakage current with
annealing temperature is worthwhile.

Before D–E loops tests, about 50 nm conductive perovskite-
structured metal oxide (LaNiO3) layers were magnetron sput-
tered as top and bottom electrodes. This method not only

Fig. 3. Frequency dependence of the (a) real part and (b) imaginary part of dielectric permittivity of four samples annealed at different temper-
atures with 0 mW (spheres) and 400 mW optical pump power (stars). The data points are experimental values, and the solid lines are the fits by
Eq. (2). (c) Raman spectra of four samples annealed at different temperatures. Pump power dependence of (d) dielectric permittivity and (e) loss
tangent of four samples at 0.5 THz. (f ) D–E loops of BST/PZT photonic crystals annealed at different temperatures measured at the electric field
of 5000 kV/cm.

Table 2. Summary of Evaluated SM Parameters of BST/PZT Photonic Crystals with Different Annealing Temperaturesa

Pump Power (mW)

BST/PZT (620°C) BST/PZT (650°C) BST/PZT (680°C) BST/PZT (700°C)

f ωs Γ f ωs Γ f ωs Γ f ωs Γ
0 4.4 74.3 7.5 5.4 72.6 12.5 6.8 70.9 19.7 7.7 68.5 24.7
80 5.4 74.6 9.6 6.9 72.9 19.6 8.8 71.3 23.6 9.7 69.1 25.6
160 5.9 76.0 15.3 7.7 76.9 33.1 10.3 72.3 47.1 11.3 70.4 41.1
240 6.8 76.9 20.6 8.6 78.1 39.4 11.7 75.5 60.6 12.6 75.1 52.5
320 8.1 78.8 25.6 10.5 80.3 45.1 14.2 78.5 70.5 15.1 78.4 63.5
400 9.6 82.0 31.5 12.9 81.3 52.4 17.2 79.2 85.4 18.1 79.3 83.4
For CM, γ is 2.1−2.6, δ is 57−60, g is 5000.

af are given in cm−2, ω and τ are given out in cm−1.

Table 3. Lowest-Frequency E(1TO) Phonon of BST/PZT
Photonic Crystals with Different Annealing Temperatures
in Fig. 3(c) Raman Spectra

Annealing Temperature (°C) 620 650 680 700

E(1TO) Frequency (cm−1) 74.17 72.44 70.73 68.99
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ensured that the voltage could be applied to the photonic crys-
tals by possessing good interface adhesion [64], but also en-
sured that the sample would not shield terahertz waves
when applying the external electric field in further application
(Fig. 4). Figure 3(f ) shows D–E loops of BST/PZT photonic
crystals measured at the electric field of 5000 kV/cm. The test-
ing frequency is 10 Hz. The polarization of the photonic crys-
tals is clearly observed increased in Fig. 3(f ), which could be
attributed to the increasing grain growth caused by increasing
the annealing temperature [65]. The D–E loops became more
and more typical when the annealing temperature decreased,
which indicated that the leakage current decreased with the de-
creasing annealing temperature. These results indicate that en-
hanced nucleation and increasing oxygen vacancies could
contribute to the increasing dielectric permittivity and loss, re-
spectively [66].

To illustrate the loss mechanism with the optical pump, the
dielectric loss tangent tan δ � ε 0 0∕ε 0 was investigated. The re-
sults in Fig. 3(e) indicate that conduction loss plays a primary
role in the entire loss, as conduction loss is well known to in-
crease with the external field increasing [67]. Conduction loss is
attributed mainly to three currents: the drift current jdrift �
eûNE [68], photovoltaic current jphv � �βijkEjEk � c�∕2 ∝ I
[69], and diffusion current jdiff � ûkBT · grad�N � [70,71],
where, e, û,N , E are the elementary charge, mobility tensor,
density of movable carriers, and electric field; βijk,Ej,Ek, c, I

are the photovoltaic tensor, components of the light wave, a
real current constant, and light intensity; and kB ,T are the
Boltzmann constant and temperature, respectively. The tem-
perature and free electrons generated by the optical pump
are mainly pump power I dependent, and these lead to increas-
ing conduction loss with increasing pump power.

4. APPLICATION

Oxygen vacancy concentration can be tuned by annealing tem-
perature, then modulating the sub-band gap of photonic crys-
tals, and ultimately different modulations of terahertz waves
can be achieved. Based on the above results, the 680°C
annealed sample showed the highest modulation of dielectric
and optical properties. Consequently, it was chosen to modu-
late a terahertz wave with 532 nm optical/direct-current (DC)
electric multi-fields to discover its potential in practical
application.

It was believed that there were two ways to change the trans-
missions in these processes: the change in carrier concentration
caused by the optical pump, and the polarization caused by an
external electric field. The electric field was not high enough to
pump the carriers, but could make the carriers move in the
electric field direction or form polarization. Multiple modula-
tions of electric field and optical field will result in different
distributions of photogenerated carriers, changes in polarization

Fig. 4. Schematic diagrams of multi-field modulation processes of 680°C annealed sample: (a) pumped by static 532 nm optical field with
dynamic electric field bias and (c) transmission modulation; (b) pumped by dynamic 532 nm optical field with static electric field bias and (d) trans-
mission modulation; e, h, Pe, and Eo (including Eo1,Eo2) representing electrons, holes, electric field induced polarization, and built-in electric field
induced by photo-generated carriers. Transmission modulation of 680°C annealed sample: (e) pumped by static 1064 nm optical field with dynamic
electric field bias and (f ) pumped by dynamic 1064 nm optical field with static electric field bias.
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field, and the coupling between them. Therefore, different
modulation results were achieved, as shown in Fig. 4. The
residual total transmittance after sputtering top and bottom
LaNiO3 electrodes with a thickness of 50 nm was
about 82.1%.

To describe the experimental process and explain the
mechanism of the phenomena, schematic diagrams are shown
in Fig. 4(a); we maintained the optical pump with constant
power intensity in the electrical modulation process. As shown
in Figs. 4(a) (i)–(iii), the applied voltage promoted the migra-
tion of electrons in the bright area to the dark area, and thus
enhanced the carrier diffusion caused by concentration differ-
ence. This redistribution finally balanced because the carrier
concentration was a function of the optical pump power.
Then, only the polarization increased with the increasing elec-
tric field in Fig. 4(a) (iv). As a result, the transmission modu-
lation [|transmission (50 V) − transmission (0 V)|/transmission
(0 V)] increased from 9.8% to 25.1% with the increasing op-
tical pump power in Fig. 4(c). In Fig. 4(b), we maintained DC
electric field in the optical modulation process. As shown in
Fig. 4(b) (i)–(iii), the polarization formed when applying the
DC electric field and then was depolarized by the built-in elec-
tric field due to the redistribution of photo-generated carriers
when applying the optical field. The carrier migration in ver-
tical direction came to be stable when the polarization vanished
with the increasing optical pump power. After that, the increas-
ing photo-generated carrier would distribute only in the
horizontal direction, as shown in Fig. 4(b) (iv). Since the polari-
zation increased with the DC electric field, the carrier migration
in vertical direction was enhanced. As a result, the migration in
horizontal direction reduced, which led to a decrease in trans-
mittance variation with the optical pump power when the
electric field increased. Thus, the transmission modulation
[|transmission (400 mW) − transmission (0 mW)|/transmission
(0 mW)] decreased from 24.7% to 5.5% with the increasing
DC field in Fig. 4(d).

In order to confirm the role of photo-generated carriers in
the multi-field modulation process, the modulation of the
680°C annealed sample with 1064 nm optical/DC electric
multi-fields was obtained.

Figures 4(e) and 4(f ) show the transmission modulation of
different orders of applying optical field and electric field. There
was no significant difference between the results in Figs. 4(e)
and 4(f ), since a 1064 nm laser cannot pump a large number of
photo-generated carriers. This result confirmed that the differ-
ent couplings of the photo-generated carriers and the polariza-
tion played a significant role in 532 nm-optical/DC electric
multi-field modulation.

5. CONCLUSION

BST/PZT photonic crystals were achieved by magnetron sput-
tering and annealed at four different temperatures of 620°C,
650°C, 680°C, and 700°C. The optical and electrical control-
lable terahertz wave modulations were achieved. In the optical
pumping process, the variations in refractive index were attrib-
uted to an increased built-in electric field caused by carrier re-
distribution. Different annealing temperatures changed the
oxygen vacancies concentration of photonic crystals, which

directly resulted in different sub-band gaps and absorption.
Polarization was observed to increase with the annealing tem-
perature increasing due to the enhanced nucleation, as well as
the leakage current due to the increasing oxygen vacancies. The
degradation of optical modulation for a 700°C annealed sample
was likely because excess Pb migrated to the surface at a higher
annealing temperature. The loss of the 680°C annealed sample
was observed to increase with the increasing external field due
mainly to conduction loss. The 680°C annealed sample was
chosen to modulate a terahertz wave with optical/electric
multi-fields. Two different results were observed due to the dif-
ferent carrier migration processes. The results in this paper pro-
vide a reference for THz devices controlled by external fields.
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